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Editorial on the Research Topic
The present and future of chrono-nutrition studies

Introduction

The circadian clock plays an important role in the regulation of eating pattern and
food absorption/metabolism in mammals. Moreover, nutrient intake modifies the circadian
clocks. Such mutual relationship suggests that the timing of food/nutrients intake can act
as a key modifiable lifestyle factor for circadian physiology and metabolic health, which has
remained to be an active area of investigation in the field of nutrition research. Therefore,
“chrono-nutrition” was newly established as an emerging discipline that considers the calorie
intake and dietary composition from the perspective of chronobiology. This Research Topic
is aimed at collecting papers to understand the recent progress and evidence of chrono-
nutrition studies, and to facilitate the development of the global communities of chrono-
nutrition research. We appreciated colleagues who submitted manuscripts to this topic, and
finally 14 papers were accepted. In this editorial, we summarize those papers and discuss the
present and future of the chrono-nutritional research.

Effects of dietary composition on the circadian
system

High-fat diet (HFD) induces obesity and is also known to dampen locomotor activity
rhythm and gene expression rhythms in the peripheral tissues in mice. To investigate how
non-diet induced obesity affects circadian thermoregulation, Herrera-Garcia et al. showed
that Neotomodon alstoni mouse, naturally obese mouse, develop low amplitude in their daily
rhythms of body temperature, of caloric expenditure, and of cold response, suggesting lower
aerobic metabolism and thermoregulation. Importantly, functional foods targeting the clock
may help to improve circadian function. For instance, caffeine has a potent effect on the
circadian clock by changing the period, phase, and amplitude of its rhythmicity (1). Hironao
et al. showed that HFD-induced obesity and circadian clock disturbance could be prevented
by the black soybean seed coat polyphenol. Circadian clock disturbances are also common
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in neurodegenerative disorders. In a mouse model of Huntington’s
disease, Whittaker et al. demonstrated that ketogenic diet feeding
prevented the age-related disturbances of sleep/wake cycle and
motor function.

Time-restricted feeding/eating as a
confirmed chrono-nutritional
treatment

Time-restricted feeding (TRE one of intermittent fasting)
protocol focus on the best interval/window for food intake. TRF is
suggested as an efficient strategy to prevent HFD-induced obesity in
mice. In humans, meta-analyses has confirmed that time-restricted
eating (TRE) by restricting eating time for 8-10h in a day (2)
can control weight and improve metabolic dysfunctions in those
who are overweight or obese. Daytime TRE enhances not only
mitochondrial function but also day-night rhythmicity of clock
gene expressions (3). Circadian clock entrainment induced by TRE
and the consequent behavioral changes were revised by Trzeciak
and Steel, they summarized the inconsistency of experimental
protocols and suggest a series of future food entrainment studies.
The strength of TRE and intermittent fasting was evidenced by da
Costa Oliveira et al,, they show that intermittent fasting improves
hypothalamic signaling of leptin, insulin, autophagy, inflammation,
and brain-microbiota axis, contributing to weight loss in obesity.
TRE is also effective on the blood pressure in humans by meta-
analysis (4). Hou et al. demonstrated that TRE in the light phase
resulted in reverse dipping of blood pressure in wild-type and
diabetic db/db mice.

In spite of the benefits of TRE as compared with other
intermittent fasting protocols, the adherence of TRE intervention
needs to be improved in the future. O’'Neal et al. discuss
social, family, work, and other lifestyle factors, that hamper
the adherence to TRE, especially with short eating windows
of 6-10h. Although in the basic concept of TRE intervention,
participants can consume food anytime during the eating window,
Guerrero-Vargas et al. demonstrated that distributed food timing
during the TRF (ie., food given every 3h in 12-h TRF) in
rats had more improving effect on the constant light-induced
disturbances of locomotor activity rhythm, body temperature
rhythm, and estrus cycle, compared with TRF with free access
of food during the 12-h window. Taking together, TRE has
been identified as a chrono-nutritional intervention protocol for
improving health, such as body weight and blood pressure, with
sufficient evidence.

Timing of nutrient intake

For decades, how much and what we eat are considered most
essential modifiable nutritional factors affecting our wellbeings.
However, chrono-nutrition studies are pointing out another
important pillar of this paradigm: when we eat. Indeed, meta-
analyses have demonstrated that breakfast skipping, and bigger
dinner are associated with weight gain (5, 6), indicating that
late calorie intake increases the risk for obesity. In this issue,
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Begemann and Oster investigated how late consumption of
one of our favorite snacks—chocolate affects metabolism. They
found that rest-phase chocolate consumption in mice leads to
a higher body temperature and increased locomotor activity
compared to active-phase chocolate consumption, which may
contribute to the late-night snack-induced weight gain. Cross-
sectional study by Imamura et al. showed that sodium/potassium
intake at lunch or lipid intake at dinner influenced the blood
pressure, suggesting the importance of timing of nutrient intake
for our health. Kim et al. demonstrated that protein intake
for breakfast in elderly participants, relative to the daily total
protein intake, resulted in higher handgrip strength and muscle
mass. An experimental study also concluded that milk protein
in the morning rather than in the evening favored an increase
of muscle mass in elderly women. The authors also confirmed
the timing effect of protein intake on the muscle synthesis
using overloading-induced muscle hypertrophy model mice (7).
Caba-Flores et al. reviewed the importance of contents and
timing of breast milk supplementation to the babies, since the
glucocorticoids and melatonin would be the circadian cue for the
infant clock. Recent study suggests the importance of the timing
of nutrient intake on the gestation length in the pregnant mother
(8), thus more research on the chrono-nutrition in pregnancy
is needed.

Binge eating disorder vs. circadian
disorder

Patients with eating disorders, such as night-eating syndrome,
often express evening chronotype with insomnia and overweight.
Individuals with binge eating behavior tend to binge during late
hours of the day. Moreover, morning bright light therapy is
effective for reducing the binge eating behavior, suggesting that
a change of the patients daily rhythms to a morning chronotype
can be a successful treatment strategy. One opinion article (Plano
et al) and one systematic scoping review (Romo-Nava et al.)
summarized recent findings about the binge eating disorder with
the circadian clock and concluded that the circadian system
may play a role in the etiology of binge eating behavior.
However, further research is needed for understanding a more
detailed connection.

Future directions

As mentioned above, novel chrono-nutritional evidence was
already confirmed by the meta-analysis which might be ready for
the clinical translation. The newly developed chrono-nutritional
research should be applied to the health guidelines, such as
national dietary reference intakes, in each country. Furthermore,
dietary suggestions should be tailored to the individual when
considering chronotype, age, gender, social background (e.g.,
shiftwork), and genetic background. It is fortunate that a growing
number of researchers are joining this chrono-nutritional research
area. In Japan, the Japan Chrono-Nutrition Society (JCNS)
established in 2014. Society members include physicians, public

frontiersin.org
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health nurses, nutritionists, and food companies in addition to
nutrition researchers. Around the world, food companies are
elaborating products in which the effective timing of intake is
suggested. A good example is Brazil, where different products
suggest the beneficial effects for sleep or for the activity
performance. However, in Japan, based on the Japanese law,
products excepting medicine, cannot suggest to the consumers
about the timing of intake, which certainly should be changed in
the future. In the US, the Dietary Guidelines Advisory Committee
appointed by the Departments of Health and Human Services
and Agriculture is considering including recommendations on
meal timing into the coming Dietary Guidelines for Americans,
2025-2030. This highlights the increasing awareness of chrono-
nutrition. In Mexico, a country with high levels of overweight
and obesity, a growing interest in chrono-nutrition is expressed
by nutritionists and food companies. However, more clinical
studies are necessary to provide the scientific evidence and
benefits for physiology and behavior. Finally, the present collection
raises the need to continue the studies on chrono-nutrition
and to organize a worldwide chrono-nutrition conference in
the future.
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Background: The effects of different intake patterns of meal protein on muscle mass
have not been clarified. We cross-sectionally and longitudinally examined the effect of
different timing of protein intake on sarcopenia-related factors in older adults.

Methods: This cross-sectional study 1 included 219 (male, n = 69, female, n = 150)
elderly subjects aged >65 years. Subjects who consumed more protein at breakfast
than at dinner were grouped into the morning group (MG, n = 76; male, n = 26;
female, n = 50), and those who consumed more protein at dinner than at breakfast
were grouped into the evening group (EG, n = 143; male, n = 43; female, n = 100). In
cross-sectional study 2-1 (female, n = 125), the subjects were classified into four groups
according to the number of meals with sufficient protein intake. In cross-sectional studies
2-2 (female, n = 125) and 2-3 (female, n = 27), the subjects were classified into eight
groups and three groups according to whether they had consumed sufficient protein
at three meals; sarcopenia-related factors were compared. The intervention study was
a placebo-controlled, double-blind, randomized controlled trial that included 40 elderly
women with low daily breakfast protein intake. The subjects were divided into four groups:
morning protein and placebo intake groups and evening protein and placebo intake
groups. Each group consumed the test food (containing 10 g milk protein) or placebo in
the morning or evening for 12 weeks. Blood indices and physical function were assessed
before and after the intervention.

Results: Comparing all subjects, MG showed significantly higher handgrip strength
than did EG (P < 0.05). The higher ratio of morning protein intake relative to the total
protein intake, the better the muscle mass (r = 0.452, P < 0.05) and handgrip strength
(r=10.383, P < 0.05). The intervention study showed an increase in muscle mass with
the intake of milk protein in the morning rather than in the evening (P < 0.05).

Conclusions: Protein intake at breakfast might have relatively stronger effects on
skeletal muscle mass than at lunch and dinner.

Keywords: protein intake timing, protein intake at breakfast, physical function, muscle function, skeletal muscle
mass, older adults
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INTRODUCTION

As we age, skeletal muscle mass decreases, causing a decline in
muscle strength and physical function (1), a condition known
as sarcopenia, which increases the risk of impaired physical
independence in the elderly (2). Therefore, maintaining or
increasing muscle mass could prevent sarcopenia.

Muscle hypertrophy occurs when the rate of muscle
protein synthesis (MPS) exceeds that of muscle protein
breakdown (MPB), while muscle atrophy occurs when
the rate of MPS falls below that of MPB. Since MPS is
stimulated by dietary protein, protein intake is important
for maintaining and increasing muscle mass (3). In
addition, the sensitivity of MPS to stimulation by amino
acid intake is reduced in the elderly compared to the
young. Therefore, elderly people need to consume more
protein (4).

Recently, it has been suggested that factors such as the quality
and distribution of daily protein intake are more relevant to
muscle synthesis than the amount of daily protein intake. In fact,
previous studies have shown that consuming enough protein in
all three meals is more effective in maintaining and improving
muscle mass, strength, and physical function (5). Furthermore, it
has been confirmed that genes involved in muscle synthesis and
degradation have circadian rhythms, and muscle synthesis may
have a diurnal rhythm (6).

Many studies regarding protein intake and sarcopenia-related
factors have been conducted on healthy subjects, and few studies
have been conducted on obese people, and those requiring
support (5). Insulin resistance is common in individuals
with obesity. Since insulin can promote MPS, high insulin
resistance may inhibit muscle synthesis (7). Protein intake in
the morning has been reported to improve insulin sensitivity
(8) which could promote MPS. The term “those who require
support” is equivalent to frailty; it has been reported that
many people with frailty have a bias toward one meal a day
with protein (9). Few studies have examined the distribution
of protein intake, and none have focused on the effects of
differences in the timing of protein intake on sarcopenia-
related factors (10, 11). In the present study, we examined the
effects of morning or evening protein intake on sarcopenia-
related factors in elderly people who were healthy, obese, or
requiring support in a cross-sectional study (cross-sectional
study 1). Since a protein intake of 0.4 g/kg body weight (BW)
per meal is known to be the cut-off value that maximizes the
stimulation of MPS (4), we defined a meal with a protein
intake exceeding 0.4 g/kg BW as a “sufficient protein intake
meal” and examined the effects of different protein intake
patterns (i.e., different timing of the three meals with sufficient
protein intake) on sarcopenia-related factors in elderly women
(cross-sectional study 2). Finally, we aimed to examine the
effect of 10 g milk protein supplementation in the morning or
evening on sarcopenia-related factors in elderly women with
inadequate morning protein intake, which is common in Japan
(intervention study).

METHODS

Cross-Sectional Study

Participants

Two hundred and nineteen adults aged 65 years or older were
included in the study (72.5 £ 0.4 years, mean age + standard
error [SE]). The subjects were healthy, obese, or required support;
the study was conducted from August 2017 to February 2019 in
Tokyo and Hokkaido (Japan). Subjects who required support in
this study were those able to live on their own but needing partial
assistance in their daily activities and have been certified by the
nursing care insurance system in Japan. Some of the data used in
this study were collected earlier for a previous study on the effects
of morning or evening protein intake on the physical functions of
the elderly (N = 60) (12).

Subjects without regular exercise habits were included in this
study. Regular exercise habit was defined as continuous physical
activity for at least 30 min per session, at least three times per
week, as defined by a previous study (13). Subjects who were
habitual smokers or had smoked within the past three years,
and those who had suffered from cardiovascular disease in the
past and/or had a pacemaker were excluded from this study. All
subjects completed a questionnaire on dietary intake, lifestyle
habits, health, and medication status prior to study enrollment.

All subjects were fully briefed on the outline and safety
of the study, and written consent to participate was obtained.
The study protocol conformed to the Helsinki Declaration and
was approved by the ethics committee for humans at Waseda
University (approval numbers: 2017-231, 2018-031, 2018-137).

Study Protocol

In cross-sectional study 1, we examined the effect of different
timings of protein intake on sarcopenia-related factors in all
subjects. All subjects were divided into two groups: those who
consumed more protein at breakfast than at dinner were grouped
into the morning group (MG) and those who consumed more
protein at dinner than at breakfast were grouped into the evening
group (EG) (Figure 1).

In cross-sectional study 2, 125 healthy or obese female subjects
(71.1 £ 0.4 years, mean age =+ SE) were examined for the effects
of different patterns of protein intake (depending on whether or
not they had sufficient protein intake at breakfast, lunch, and
dinner) on sarcopenia-related factors. In the cross-sectional study
2-1, the subjects were classified into four groups according to
the number of meals with sufficient protein intake (Figure 1):
0 meals, 1 meal, 2 meals, and 3 meals. In the cross-sectional
study 2-2, the protein intake patterns were classified into eight
patterns according to whether the protein intake during the three
meals (breakfast, lunch, and dinner) was sufficient (Figure 1;
Supplementary Figure 1). In other words, those who had zero
meals with sufficient protein intake were classified into the 0
meal group, and those who had sufficient protein intake at only
one meal were classified into the 1 meal B (breakfast), 1 meal
L (lunch), and 1 meal D (Dinner) groups. Those with sufficient
protein intake at only two meals (breakfast and lunch) were
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FIGURE 1 | Flow diagram showing the design of the cross-sectional study. B, breakfast; L, lunch; D, dinner.

classified into the 2 meals BL group, those with sufficient protein
intake at only two meals (breakfast and dinner) into the 2 meals
BD group, those with sufficient protein intake at only two meals
(lunch and dinner) into the 2 meals LD group, and those with
all three meals into the 3 meals group. In the cross-sectional
study 2-3, we compared three groups (1 meal B, 1 meal L, and
1 meal D) in which protein intake was sufficient at only one meal
(Figure 1).

Measurements

Anthropometry

BW was measured to the nearest 0.1 kg using a digital balance
(Inbody 230, Inbody Inc., Tokyo, Japan) and height was
measured to the nearest 0.1 cm using a wall-mounted stadiometer
(YS-OA, As One Corp., Japan). Body mass index (BMI) was
calculated as weight in kilograms divided by the square of height
in meters.
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Muscle Mass, Muscle Strength, and Functional Test
Muscle mass was measured by direct segmental multi-frequency
(20 kHz to 100 kHz) bioimpedance analysis (InBody230, InBody
Co., Ltd., Tokyo, Japan). The skeletal muscle index (SMI) was
calculated as the skeletal muscle mass (kg) divided by the square
of height (m). Muscle strength was measured using a digital
hand dynamometer (T.K.K.5401, Takei Scientific Instruments
Co., Ltd., Niigata, Japan). The handgrip strength of the dominant
hand was measured twice while standing, and the mean of
these measurements was used for analysis. Gait speed test was
also evaluated. The subjects walked a 5m straight course at a
normal speed. The walking time for the mid 3m of the course
was measured using a digital gait speed measuring instrument
(YW, Yagami Co., Ltd., Tokyo, Japan), and the gait speed (m/s)
was calculated by dividing the distance in meters by the time
in seconds.

Physical Activity Assessment

All participants were asked to wear a triaxial accelerometer
(Active style Pro HJA-750C; Omron Corp., Kyoto, Japan) for
a week. They always wore the accelerometer each day from
morning until night, except during shower and bedtimes. In
this study, we selected 4 weekdays and one holiday in which
the wearer wore the device for at least 10h (600 min) and
averaged the data to calculate the daily physical activity. We used
moderate-to-vigorous physical activity (MVPA) and the number
of steps required for evaluation. All minute recordings that were
>3 METs (metabolic equivalents) were classified as MVPA (14).

Chronotype Assessment

To determine the chronotype of the subjects (morningness
to eveningness), a lifestyle survey was conducted using the
Morningness-Eveningness Questionnaire (MEQ) (15). The
scores ranged from 16 to 86 points. The participants were
divided into the following three chronotype groups: morningness
(score 59-86), intermediate (score 42-58), or eveningness
(score 16-41).

Dietary Assessment

The Food Frequency Questionnaire (FFQ) was used to assess
the dietary and nutritional intake of the subjects. It consists of
questions on 29 food groups and 10 cooking methods. Most
FFQs for Japanese are highly effective in estimating nutrients
(16). Average daily energy intake is depicted as kilocalories per
day (kcal/day). The total dietary fiber quantity was described
as grams per day (g/day). In addition, protein-related items
such as animal products (meat, eggs, milk, and fish), protein-
rich vegetables (beans and soybeans), and dairy products were
assessed for protein intake at each meal (breakfast, lunch, and
dinner) and recorded.

Intervention Study

Participants

Forty healthy elderly women aged >65 years (69.5 &+ 0.7 years,
mean age £ SE) who consented to participate in the present study
and whose daily breakfast protein intake did not meet 0.4 g/kg
BW were included in the intervention study. This study included

elderly women without regular exercise habits and the inclusion
criteria were as follows: (1) no antioxidant, anti-obesity, or anti-
diabetes supplements use; (2) no medical diagnosis of diabetes,
dyslipidemia, or sleep apnea syndrome; (3) no hypertension
(systolic blood pressure: >140 mmHg, diastolic blood pressure:
>90 mmHg). Therefore, it was only intended for subjects who
had been confirmed to have no medication use, disease history,
or smoking habits at the initial recruitment stage.

This study was conducted in Tokyo (Japan) from August 2017
to February 2019. The participants were those who had no special
lifestyle changes during the intervention period and did not have
a regular exercise habit.

This study was approved by the Ethics Committee of Waseda
University (approval no. 2017-231) and was conducted in
accordance with the guidelines established in the Declaration
of Helsinki. The human trial of the present study was
registered at https://upload.umin.ac.jp/cgi-open-bin/ctr_e/ctr_
view.cgi?recptno=R000032737 as UMIN000028612.

Study Design

A placebo-controlled, double-blind, randomized controlled trial
was conducted. Forty subjects were randomly assigned to one of
the following four groups: the morning protein group (MPRO,
n = 10), morning placebo group (MPLA, n = 11), evening
protein group (EPRO, n = 9), and evening placebo group (EPLA,
n = 10) (Figure2). The random assignment of subjects was
performed by someone other than the researchers. It was done by
using a sequence generated by combining the RAND and RANK
functions of Microsoft Excel. During the intervention period of
12 weeks, subjects in the MPRO and MPLA groups consumed
milk protein or placebo in the morning (6:00-10:00 a.m.), and
subjects in the EPRO and EPLA groups consumed milk protein
or placebo in the evening (6:00-10:00 p.m.). The test food was
consumed at home. We asked the participants to keep a diary
to record their intake of the test foods and we checked their
intake rates. The intake rate of the test foods was above 80% for
all participants.

Protein Content

Meiji Co., Ltd provided both the test food (containing milk
protein) and the control food (placebo) used in the present study.
We asked Meiji Co., Ltd, the organization that provided the test
foods, to have the participants and the person in charge of the
experiment pack the test foods in such a way that they could
not be identified, and then mail them to each subject. Disclosure
regarding the test foods was made after the experiment was
completed. As summarized in Supplementary Table 1, milk
protein contained 10 g/meal total protein, while placebo
contained 0 g total protein. Each test food was also matched and
adjusted based on appearance and flavor such that they could
not be distinguished. The participants dissolved the milk protein
or placebo in 150 ml or more of water and consumed it at the
specified time. Milk protein and placebo were available in two
flavors (plain and matcha) and were selected according to the
subject’s preference.
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Anthropometry, Physical Activity Level, Chronotype,
Energy Intake, Muscle Mass, and Physical Function
Anthropometry, physical activity levels, chronotype, and energy
intake were assessed before and after the intervention using the
same methods as in the cross-sectional studies. In addition to
the items investigated in the cross-sectional study, the subjects
participating in the intervention study underwent measurements
of appendicular skeletal muscle mass and appendicular skeletal
muscle index (ASMI), physical fitness tests (Balance test, Time
Up and Go (TUG), and “Sit to Stand” Test), taken before and
after the intervention.

ASMI was calculated as appendicular skeletal muscle mass
(kg) divided by the square of height (m). A one-leg stand test
was conducted to evaluate the balance ability of the participants.
The participants were instructed to stand on one leg on a
flat surface for as long as possible. The arms were held by
the body with the eyes opened. If the participant was able
to stand on one leg for more than 120s, the measurement
was stopped at 120s. The measurement was performed twice,
and a better record was used for the analysis. The sit-to-stand
test was performed five times to assess lower extremity muscle
strength. When measuring the time taken to change from a
sitting to a standing position and vice versa, participants were

instructed to stand up from sitting five times as quickly as
possible without using their arms for support. The total duration
was recorded in seconds. The TUG test was used to assess
the mobility and balance of the subjects. The time (s) it took
for the subject to stand up from a sitting position in a chair,
walk to 3m, and then return to the original chair position
was measured.

Blood Sample

Venous blood samples were collected before and after the
intervention. The participants were required to refrain from any
strenuous exercise for at least a day before the collection of the
blood sample and fast for at least 12 h overnight. The participants’
fasting blood was collected at 10-11 am the following day. After
collection, blood for serum analysis was allowed to stand for
30 min at room temperature, whereas blood for plasma analysis
was centrifuged at 3,500 rpm for 10 min. After centrifugation,
serum and plasma samples were extracted from the respective
blood collection tubes and stored at —80°C until the day of
the assay. Plasma insulin, glucose, and serum growth hormone
(GH) were analyzed by Kotobiken Medical Laboratories, Inc.
(Tokyo, Japan).

Frontiers in Nutrition | www.frontiersin.org

12

December 2021 | Volume 8 | Article 797004


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Kim et al.

Breakfast Protein on Muscle Functions

Statistical Analysis

The Predictive Analytics Software for Windows (SPSS Japan Inc.
Tokyo, Japan) was used for data analysis. The total sample size
was calculated to be able to detect a medium effect. Total sample
size of 128 (Cross-sectional study) and 48 (Intervention study)
were required to have ~80% power to detect large effects at a
significance level of 0.05 (G*Power, version 3.1.9.2, Universitat
Kiel, Germany). The normal or non-normal distributions of
the data were analyzed using the Shapiro-Wilk test. In cross-
sectional study 1, the mean values between the MG and EG
groups were compared, and data that were normative and equally
distributed were evaluated using the unpaired ¢-test. Data that
were not confirmed to be normative or equally distributed
were evaluated using Mann-Whitney’s U test. In cross-sectional
studies 2 and 3, data with normality and equal variance were
evaluated using one-way analysis of variance (ANOVA), while
data without normality or equal variance were evaluated using
the Kruskal-Wallis test. Pearson’s product-moment correlation
coeflicient was used to examine the relationship between the rate
of protein intake in each meal and physical function.

The intervention study used a two-way ANOVA to compare
the rate of change in physical function before and after the
intervention among the groups. When normality and equality
of variance were not confirmed, the Wilcoxon’s ¢-test was used
for the corresponding data, while the Mann-Whitney U test was
used for the non-corresponding data. Statistical significance was
setat P < 0.05. Additionally, P < 0.1 was considered a statistically
significant tendency.

RESULTS

Cross-Sectional Study 1

Characteristics of Participants and Energy Intake

We compared the characteristics of all participants and within
the different subject categories of the MG and EG. There was
no significant difference in physical characteristics between the
groups for all subjects, obese subjects, and those requiring
support. However, age was significantly higher in healthy MG,
especially in healthy women of the MG, compared to those in the
EG (P < 0.05) (Supplementary Table 2).

There were no significant differences in energy
intake and total protein intake between the groups
(Supplementary Table 3).

Comparison of Sarcopenia-Related Factors
Comparing all subjects (n = 219; MG = 69, EG = 150), MG
showed significantly higher handgrip strength than did EG (P
< 0.05). Correcting handgrip strength for each subject’s weight
reduced the significance of the MG’s higher handgrip strength (P
= 0.054). In all healthy subjects (n = 145; MG = 54, EG = 91),
SMI and handgrip strength of the MG were significantly higher
than those of the EG (P < 0.05, respectively), and the MG tended
to have higher muscle mass than the EG (P = 0.071). In contrast,
there were no statistically significant differences between groups
among all obese subjects (n = 37; MG = 13, EG = 24) and all
those requiring assistance (n = 37; MG = 9, EG = 28).

Considering the influence of sex differences, we also examined
the results separately for men and women. In all men (healthy,
obese, and those requiring support), there were no statistically
significant differences in sarcopenia-related factors between the
groups. On the other hand, healthy female subjects (n = 104; MG
= 36, EG = 68) showed significantly higher values or a trend
toward higher values for SMI, handgrip strength, and handgrip
strength (weight-corrected) in the MG than in the EG (P < 0.01,
P < 0.05, P = 0.069). In addition, in women with obesity (n =
21; MG = 9, EG = 12), handgrip strength and handgrip strength
(weight-corrected) were significantly higher in the MG than in
the EG (P < 0.05, P < 0.001) (Table 1).

Effect of Number of Melas With Adequate
Protein Intake on Sarcopenia-Related
Factors (Cross-Sectional Study 2-1)

Subjects with fewer meals of adequate protein intake had
significantly higher values for BW, BMI, percentage fat, and fat
mass (Supplementary Table 4). The results of the comparison
of sarcopenia-related factors according to the number of meals
meeting 0.4 g/kg BW are shown in Figures 3A-F. The higher the
number of meals with adequate protein intake, the significantly
higher the muscle mass (weight-corrected) (0 meal group vs. 1
meal group, 2 meals group, 3 meals group: P < 0.05, P < 0.05,
P < 0.01, respectively) and handgrip strength (weight-corrected)
(0 meal group vs. 1 meal group, 3 meals group: P < 0.05, P <
0.01, respectively; 2 meals group vs. 3 meals group; P < 0.01)
(Figures 3B,E). In terms of gait speed, those who had more meals
with sufficient protein intake tended to walk faster (0 meal group
vs. 3 meals group; P = 0.053, 1 meal group vs. 3 meals group; P
= 0.076) (Figure 3F).

Effects of Eight Different Protein Intake
Patterns on Sarcopenia-Related Factors
(Cross-Sectional Study 2-2)

Protein intake patterns were classified into eight groups,
according to whether the protein intake during the three meals
was sufficient or not, and the subjects belonging to each
intake pattern were divided into eight groups for comparison
(Supplementary Figure 1).

The results of the comparison of sarcopenia-related factors
by protein intake patterns are shown in Figures 4A-F. There
were no significant differences in muscle mass (weight-corrected)
or gait speed between the groups (Figures4B,F). However,
handgrip strength (weight-corrected) was significantly higher in
the 1 meal B group than in the 0 meal, 1 meal D, 2 meals BL,
and 2 meals LD groups (one meal group vs. 0 meal, one meal D,
and two meals BL groups; P < 0.05, respectively; 1 meal group
vs. 2 meals LD group; P < 0.01). In addition, handgrip strength
(weight-corrected) was significantly higher or tended to be higher
in the 3 meals group than in the 0 meal group, 1 meal D group, 2
meals BL group, or 2 meals LD group (3 meals group vs. 0 meal
group, 2 meals LD group; P < 0.01, respectively; 3 meals group
vs. 1 meal D group, 2 meals BL group; P = 0.059, P = 0.053)
(Figure 4E).
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TABLE 1 | Comparison of sarcopenia-related factors between MG and EG (cross-sectional study 1).

All All participants

Healthy (n = 145)

Obesity (n = 37) Participants(n = 37)

requiring support (n = 37)

MG (n = 76) EG (n = 143) MG (n = 54) EG (n =91) MG (n = 13) EG (n = 24) MG (n =9) EG (n = 28)
Muscle mass (kg) 21.35 £ 0.49 20.75 £ 0.35 2113+ 058 20.04+£0.38 2272+125 2425+096 20.71 +1.42 20.05 £ 0.78
Muscle mass (kg/BW) 0.38 + 0.01 0.37 £ 0.00 0.39 + 0.01 0.38 + 0.00 0.34 + 0.01 0.36 + 0.01 0.35 £ 0.02 0.34 + 0.01
SMI (kg/m?) 8.53 £ 0.12 8.39 + 0.09 8.35 + 0.12" 8.05 + 0.09 9.08 + 0.31 9.53 £ 0.19 8.84 £ 0.35 8.52 + 0.21
Hand grip (kg) 25.88 £ 0.86" 2410 £ 0.65 2617 £1.08" 23,65+ 073 27.03+1.76 28404+ 1.79 22.46 +2.80 21.84 £1.52
Hand grip (kg/BW) 0.46 + 0.01 0.42 + 0.01 0.48 + 0.02* 0.44 + 0.01 0.41 £ 0.02 0.42 + 0.02 0.38 + 0.04 0.37 + 0.02
Gait speed (m/s) 1.42 £ 0.08 1.35 +£ 0.02 1.48 +£ 0.08 1.44 £ 0.02 1.40 £ 0.05 1.39 £ 0.04 1.07 £ 0.07 1.03 + 0.05
Male MG (n = 26) EG (n = 43) MG (n = 18) EG (n =23) MG (n =4) EG (n=12) MG (n =4) EG (n =8)
Muscle mass (kg) 25.72 £ 0.66 25.76 £ 0.53 2544 £0.83 2506+ 064 28.18+1.29 27.87 £1.12 2450 + 1.47 24.61 £1.10
Muscle mass (kg/BW) 0.42 + 0.01 0.40 £+ 0.00 0.43 + 0.01 0.42 + 0.01 0.38 + 0.01 0.39 + 0.01 0.39 + 0.01 0.39 + 0.01
SMI (kg/m?) 9.34 + 0.19 9.55 + 0.13 9.10 + 0.20 9.25 +0.13 10.26 + 0.57 10.27 £ 0.20 9.52 + 0.58 9.32 + 0.41
Hand grip (kg) 32.92 £ 1.42 33.36 £+ 0.91 3365+ 165 33.05+1.18 3458+228 36.32+1.19 27.96+4.98 29.84 + 2.65
Hand grip (kg/BW) 0.54 £ 0.03 0.52 + 0.01 0.57 £ 0.08 0.55 + 0.02 0.47 £ 0.02 0.51 +£0.02 0.44 +£ 0.07 0.47 £ 0.04
Gait speed (m/s) 1.41 £ 0.05 1.34 £ 0.04 1.46 £ 0.07 1.43 £ 0.05 1.36 £ 0.11 1.34 £ 0.06 1.22 £ 0.10 1.08 £ 0.09
Female MG (n = 50) EG (n = 100) MG (n = 36) EG (n = 68) MG (n=9) EG (n=12) MG (n =5) EG (n = 20)
Muscle mass (kg) 19.08 + 0.37 18.69 £+ 0.21 18.97 £ 0.45 18.34 £ 0.21 20.3+0.84 2063 +046 17.68+0.87 18.23 + 0.66
Muscle mass (kg/BW) 0.36 + 0.01 0.35 £ 0.00 0.37 £ 0.00 0.36 + 0.00 0.33 + 0.01 0.33 + 0.01 0.32 £ 0.02 0.33 + 0.01
SMI (kg/m?) 8.11 £ 0.10 7.90 £ 0.07 7.97 £ 012  7.65+ 0.06 8.56 + 0.22 8.79 + 0.10 8.30 £ 0.34 8.20 +£ 0.20
Hand grip (kg) 22.21 £0.63** 20.11 + 0.41 2243 £0.76* 2048 +£0.45 2367 +£1.13* 2049 +£0.80 18.06 + 1.55 18.64 + 1.30
Hand grip (kg/BW) 0.42 £ 0.01* 0.38 + 0.01 0.44 + 0.01 0.41 £ 0.01 0.38 £ 0.02**  0.33 £ 0.01 0.34 £ 0.05 0.33 + 0.02
Gait speed (m/s) 1.43 £ 0.08 1.36 + 0.03 1.50 + 0.08 1.44 £ 0.02 1.43 £ 0.05 1.43 £ 0.06 0.98 + 0.07 1.01 £ 0.06

Values are expressed as mean and standard errors. *P < 0.05, **P < 0.01 compared to EG (t-test). *P < 0.05 compared to EG (Mann-Whitney). MG, Morning Group; EG, Evening

Group; BW, Body Weight; SMI, Skeletal Muscle Index.

Handgrip strength (weight-corrected) was lower in the group
that consumed sufficient protein at both breakfast and lunch than
in the group that consumed sufficient protein at only one meal
in the morning. If we consider the importance of protein intake
in the morning, we can assume that the comparison of the two
groups would yield similar results. However, the results of this
study differ from our hypotheses.

Comparison of Three Groups With
Sufficient Protein Intake at One Meal
(Cross-Sectional Study 2-3)

To examine the effects of protein intake at breakfast, lunch, and
dinner in more detail, we compared sarcopenia-related factors in
three groups that had sufficient protein intake at only one meal.
There were no significant differences in physical characteristics
or energy intake between the groups (Supplementary Table 5).
In terms of sarcopenia-related factors, handgrip strength
(weight-corrected) was higher in the 1 meal B group than
in the 1 meal L and 1 meal D groups (P = 0.080 and
P < 0.001, respectively) (Figure5A). Additionally, handgrip
strength was higher in the 1 meal B group than in the 1 meal
D group (P < 0.001) (Table2). Furthermore, the correlation
between each item and the ratio of breakfast protein intake

to total protein intake was examined. Muscle mass, SMI, and
handgrip strength were positively correlated with the proportion
of breakfast protein intake (muscle mass, r = 0.452; SMI, r
= 0.442; handgrip strength, r = 0.383; P < 0.05, respectively)
(Figures 5B-D). However, there was no statistically significant
association between each item and the ratio of lunch and dinner
protein intake to total protein intake.

Effect of Milk Protein Supplementation in
The Morning or Evening on
Sarcopenia-Related Factors in Elderly
Women With Routinely Inadequate

Morning Protein Intake (Intervention Study)
There were no significant differences between characteristics of
participants, and pre-intervention energy intake in each group
(Supplementary Tables 6, 7).

The results of the comparison of the rate of change
of sarcopenia-related factors by intervention are shown in
Figures 6A-K. In muscle mass (weight-corrected), ASMM, and
ASMI, the rate of change in the MPRO group significantly
exceeded or tended to exceed the rate of change in the EPRO
group (muscle mass [weight-corrected]; P = 0.066, ASMM, and
ASMI; P < 0.05, respectively) (Figures 6B,D,E). In addition,
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FIGURE 3 | Comparison of sarcopenia-related factors by the number of meals meeting 0.4g/kg BW (cross-sectional study 2-1). (A) Muscle mass, (B) Muscle mass
(corrected for body weight), (C) SMI, (D) Handgrip strength, (E) Handgrip strength (weight-corrected), (F) Gait speed. Values are expressed as mean and standard
error. 8P < 0.05 compared to 3 meals (one-way ANOVA), *P < 0.05, **P < 0.01 compared to 0 meal (Mann-Whitney), ##P < 0.01, compared to 3 meals
(Mann-Whitney), BW, Body Weight; SMI, Skeletal Muscle Index.

muscle mass, SMI, and ASMI tended to increase in the MPRO
group compared to the pre-intervention (muscle mass (pre: 18.62
£ 0.66 kg, post: 19.22 £ 0.64 kg; P = 0.059), SMI (pre: 7.78 4= 0.22
kg/m?, post: 7.94 % 0.22 kg/m2; P = 0.057), ASMI (pre: 5.69 &
0.17 kg/m?, post: 5.85 & 0.16 kg/m?; P = 0.061). In the EPRO
group, ASMI showed a decreasing trend after the intervention
compared with before the intervention (pre: 5.51 + 0.07 kg/m?,
post: 5.45 £ 0.10 kg/m?; P = 0.084).

In contrast, the rate of change in the EPLA group was
significantly lower than that in the MPLA group in handgrip
strength and handgrip strength (weight-corrected) (P < 0.01,
respectively) (Figures 6F,G). In addition, in the within-group
comparison, handgrip strength and handgrip strength (weight-
corrected) decreased in the EPLA group after the intervention
compared to before the intervention (handgrip strength (pre:
21.15 £ 1.25kg, post: 19.03 £ 1.33kg; P = 0.059), handgrip
strength (weight-corrected) (pre: 0.41 £ 0.03 kg/BW, post: 0.36
=+ 0.02 kg/BW; P < 0.05).

DISCUSSIONS

The present study was a cross-sectional and interventional
investigation of the effects of different protein intake patterns
on sarcopenia-related factors. The main results showed that
adequate protein intake in the morning is important for
maintaining muscle mass and strength, with the effect being more

pronounced in women. In the intervention study, only morning
milk protein intake over 12 weeks resulted in increased muscle
mass. These results suggest that morning protein intake is also
effective in improving muscle mass and strength.

Relationship Between Pattern and Timing
of Protein Intake and Sarcopenia-Related
Factors

Sarcopenia-related factors, such as muscle mass, grip strength,
and physical function, may be influenced by the MEQ scores
and physical activity. Morningness has been shown to have
higher daily physical activity than eveningness (17) and increased
physical activity may result in higher muscle mass (18). However,
in the present study, sarcopenia-related factors in healthy and
obese subjects were not associated with the MEQ score or
physical activity. Therefore, the higher muscle mass and strength
in the MG are due to protein intake, rather than the effects of
chronotype or physical activity level.

However, the higher muscle mass and strength in the MG
may not be explained solely by the higher protein intake in
the morning than in the evening. It has been reported that an
even intake of protein at all three meals, rather than a bias
toward the evening meal, is associated with higher muscle mass
and strength (10, 19). In the present study, the MG was more
likely to consume equal amounts of protein at breakfast, lunch,
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and dinner, and consequently had better values for sarcopenia-
related factors. In fact, when we compared the protein intake
of healthy elderly people (n = 145; MG: n = 54, EG: n =
91) divided by their BW (Supplementary Table 3), we found
that the protein intake of MG exceeded 0.4 g/kg BW at three
meals, while that of EG was below 0.4 g/kg BW in the morning.
Therefore, to examine the effects of the different timing of

protein intake on sarcopenia-related factors in more detail,
we included the pattern of evening protein intake below 0.4
g/kg BW. Therefore, in cross-sectional study 2, we examined
different patterns of dietary protein intake above 0.4 g/kg
BW/meal.

In cross-sectional study 2-1, we examined how differences in
the number of meals with more than 0.4 g/kg BW of protein affect
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FIGURE 5 | Comparison of handgrip strength between patterns with only one meal of adequate protein intake, and correlation of the rate of breakfast protein intake
with physical function (cross-sectional study 2-3). (A) Comparison of grip strength between patterns with only one meal of adequate protein intake, Correlation
between muscle mass (B), SMI (C), handgrip strength (D), and the rate of breakfast protein intake. Values are expressed as mean and standard error. $P < 0.01,
compared to 1 meal D (one-way ANOVA). Pearson’s product-moment correlation coefficient. SMI, skeletal muscle index; B, breakfast; L, lunch; D, inner.

sarcopenia-related factors. The results showed that the greater
the number of meals with sufficient protein intake, the higher
the muscle mass (weight-corrected) and grip strength (weight-
corrected), and the faster the walking speed. These results are
in agreement with those of previous studies (20). Since protein
intake of 0.4 g/kg BW or more stimulates MPS, the more often
protein is consumed above 0.4 g/kg BW, the more often MPS
is stimulated. Therefore, the rate of MPS may have exceeded
the rate of MPB more frequently in those who consumed
sufficient protein, resulting in higher values of muscle mass
and strength.

In cross-sectional study 2-2, we examined the effects of eight
different patterns of protein intake timing, for the three meals,
on sarcopenia-related factors. In cross-sectional study 2-3, we
examined the effects of different timings of breakfast, lunch, and
dinner on sarcopenia-related factors in people who consume
enough protein in only one meal. The results showed that
adequate protein intake at only one breakfast meal was more

important for maintaining muscle strength than at only one
lunch meal or one dinner meal. Furthermore, it was suggested
that the effect of sufficient protein intake at only one breakfast
meal on muscle function was equivalent to that of sufficient
protein intake at all three meals.

It has been reported that 3.4% of genes expressed in the
skeletal muscle exhibit circadian rhythms (684 genes are found in
fast-twitch muscle and 1,359 in slow-twitch muscle) (21, 22). The
detailed mechanism by which morning protein intake results in
higher muscle mass and strength is unknown. However, previous
studies have shown that protein synthesis in the skeletal muscle
of mice is high during the early active phase (corresponding
to the morning in humans), and expression of Atrogin-1 and
MuRF-1, genes involved in muscle degradation, is high from
the late active phase to the early inactive phase (corresponding
to nighttime in humans) (21, 23). These findings suggest that
dietary proteins may be more available for muscle synthesis in
the morning and less available in the evening. In fact, our recent
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TABLE 2 | Comparison of sarcopenia-related factors between patterns of
adequate protein intake with only one meal (Cross-sectional study 2-3).

1 meal B 1 meal L 1 meal D
(n=8) (n=28) (n=11)

Muscle Mass (kg) 20.96 + 1.00 18.84 £ 0.74 18.96 + 0.51
Muscle mass (kg/BW) 8.32 £0.27 7.89£0.24 7.72+0.18
SMI (kg/m?) 0.36 + 0.01 0.35 + 0.01 0.36 + 0.01
Hand grip (kg) 2562 + 1.11%8 21.50 + 1.42 19.57 + 1.10
Hand grip (kg/BW) 0.45 £ 0.01 0.41 £ 0.04 0.38 £ 0.038
Gait speed (m/s) 1.51 £ 0.06 1.39 +£0.05 1.40 + 0.06

Values are expressed as mean and standard errors. $8P < 0.01 compared to 1 meal D
(One-Way ANOVA). BW, Body Weight; SMI, Skeletal Muscle Index; B, Breakfast; L, Lunch;
D, Dinner.

study in rodents showed that mice consuming more protein at
breakfast gained more muscle mass than mice that consumed
more protein at dinner or consumed equal amounts in the
morning and evening (12). Therefore, it is thought that a diet
with enough protein in the morning could stimulate MPS to
the maximum extent for muscle synthesis utilization because
the amount of protein ingested was commensurate with the
variation in muscle synthesis utilization of dietary protein. Thus,
muscle mass and strength were maintained or increased and
showed high values. In addition, when protein was consumed
evenly in all three meals, the amount of protein at dinner was
excessive, but the MPS for muscle synthesis utilization could be
stimulated to the maximum extent, so that muscle mass and
strength were maintained or increased to the same extent as
when enough protein was consumed in the morning. Therefore,
morning protein intake is more effective than evening protein
intake in maintaining or increasing muscle mass and strength,
and the effect is the same as when sufficient protein is consumed
at all three meals.

Differences in Protein Intake Balance and
Sarcopenia-Related Factors Among

Gender

This cross-sectional study showed that high protein intake in the
morning maintained higher muscle mass and strength in healthy
and obese elderly women. However, the same results were not
obtained for men as for women. There are two possible reasons
for this finding.

First, it is possible that women are more dependent on dietary
protein for muscle synthesis than men. In a previous study, it
was shown that the rate of muscle mass loss was lower with
higher daily protein intake in elderly women, but there was
no association between daily protein intake and muscle mass
in elderly men (24). Furthermore, it has been reported that
protein intake is associated with maintenance of grip strength
and physical performance in women (25). It has also been
reported that women have a higher MPS rate and a higher rate
of myofibrillar synthesis of dietary protein than men, suggesting
that women are more dependent on dietary protein for muscle
synthesis than men (26). Therefore, it is possible that the muscle

mass and strength of the elderly women in the MG were higher
than those of the EG because they were more susceptible to the
effects of differences in timing (differences in the efficiency of
protein intake). In addition, testosterone secretion related to MPS
is 10 times higher in men than in women, and muscle mass and
strength are known to be higher in men than in women at all ages,
despite the decrease in testosterone secretion with aging (27, 28).
Therefore, men may have been more influenced by other factors,
such as testosterone, in muscle synthesis than women, and may
have been less affected by the timing of protein intake.

Second, the diurnal variation in muscle function-related genes
may differ between men and women. Sex differences in the
diurnal variation of muscle function-related genes have not yet
been clarified. However, in the present study, the effect of the
different timing of protein intake on muscle mass and strength
was determined only in females. Therefore, there may be sex
differences in the diurnal variation in muscle function-related
genes. In other words, there may be a small diurnal variation
in males and a large diurnal variation in females. In contrast, it
has been reported that the expression of MyoD, a gene involved
in muscle differentiation, has a diurnal rhythm controlled by
clock genes and is greatly affected by diet (29, 30). In the present
study, it is unclear how the difference in the timing of protein
intake between morning and evening affected the expression of
MyoD, but it is possible that morning protein intake in elderly
women suppressed the decrease in muscle regeneration, which
was weakened by the decrease in female hormone secretion via
MpyoD. However, it is possible that the morning protein intake in
elderly women suppressed the decrease in muscle regeneration
capacity, which was weakened by decreased female hormone
secretion through MyoD.

Differences in Protein Intake Balance and
Sarcopenia-Related Factors in Obese
People and Those Requiring Support

In cross-sectional study 1, we examined the association between
different timing of protein intake and sarcopenia-related factors
in obese people and people requiring support as well as healthy
people. In obese subjects, as well as in healthy subjects, it was
shown that women who consumed more protein in the morning
had higher muscle strength. It was also shown that muscle
strength was lower when the percentage of protein intake in the
evening was high. This may be because the morning protein
intake improved insulin resistance, which is worsened in obese
people (8), and suppresses the decrease in MPS velocity.

On the other hand, among those requiring support, there
was no difference in sarcopenia-related factors among subjects
of both sexes who showed a balance of protein intake in the
morning or evening. However, it was shown that muscle mass
and strength were higher in subjects who needed support in
the morning type. In the subjects requiring support in this
study, we were not able to examine the effect of physical activity
on muscle mass and strength because we were not able to
sufficiently measure physical activity meters. However, it has
been shown that the amount of daily physical activity is higher
in morning-type people (17), and it is possible that the muscle
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mass and strength of the people requiring support showed higher
values because the amount of physical activity was higher in
morning-type people. Since people who require support have
some difficulties in their daily activities, their physical functions
may be lower than those of healthy or obese people. Therefore,
it may be more important to increase the amount of physical
activity than the balance of protein intake to maintain muscle
mass, strength, and physical function.

Different Timing of Milk Protein Intake and

Sarcopenia-Related Factors

In this intervention study, the intake of milk protein in the
morning rather than in the evening increased appendicular
skeletal muscle mass and ASMI. Two factors may have
contributed to this result.

The first factor is the increase in the number of meals with
adequate protein intake. It is known that dietary protein has
a dose-dependent effect on MPS stimulation (31). Therefore,
supplementation of milk protein at breakfast (MPRO group),
when protein intake is inadequate, increases protein intake in
the morning and enhances MPS stimulation in a dose-dependent
manner. Therefore, in the MPRO group, the frequency of
MPS stimulation during the day increased, and appendicular
skeletal muscle mass hypertrophy was thought to have occurred.
In contrast, when milk protein was supplemented in the
evening (EPRO group), the frequency of MPS stimulation did
not increase as much as in the MPRO group because the
protein was not supplemented in the morning when protein
intake was insufficient and MPS stimulation occurred only in
the afternoon or evening. Furthermore, because protein MPS
stimulation has a dose-dependent effect, there is a threshold
for this effect (4, 32), it is possible that the MPS stimulation
of protein at dinner was already at the threshold and the MPS
stimulation of milk protein supplemented in the evening was
ineffective in those who had already consumed sufficient protein
at dinner.

Second, based on the results of cross-sectional studies 2-
2 and 2-3, it is possible that muscle mass was increased by
consuming protein at the time of the morning. As shown in
the results of cross-sectional study 1, the additional intake of
milk protein in the morning may have increased appendicular
skeletal muscle mass because the amount of protein consumed
was commensurate with the variation in muscle synthesis
utilization of dietary protein, which efficiently stimulated the
MPS. In contrast, in the group that consumed additional milk
protein in the evening, the protein required for the muscle
synthesis utilization of dietary protein remained insufficient in
the morning, and the MPS could not be stimulated to the
maximum extent for muscle synthesis utilization, resulting in
MPB being triggered, and a decrease in appendicular skeletal
muscle mass may have been observed.

There was a significant difference in handgrip strength
between the placebo groups; those who consumed the placebo in
the morning showed an increase in handgrip strength compared
to those who consumed the placebo in the evening. The reason
for this difference is not clear, but it may be due to the higher

carbohydrate content of the control food (placebo) compared
to the test food. In previous studies, breakfast carbohydrate
intake was reported to improve exercise performance (33).
Therefore, the group that received the placebo in the morning
may have increased their morning carbohydrate intake, leading
to improved exercise performance.

In contrast, there was no statistically significant difference
between MPRO and EPRO. However, there was a slight increase
in the rate of change of handgrip strength before and after
the intervention only in EPRO. In general, sports performance,
such as muscle strength and flexibility, is associated with diurnal
variation in body temperature, which has been reported to be
greatest in the evening (34). However, it was not possible to
clarify the effect on muscle strength in the timing of protein
intake in the intervention trials of this study. On the other hand,
the cross-sectional study in the present study showed that MG
had higher handgrip strength compared to EG. The duration of
the intervention study in this study was 12 weeks, which may
have been insufficient to examine the changes in muscle strength.
Therefore, it is necessary to clarify the effect of the timing of
protein intake on muscle strength by examining a longer period
of time in the future.

Timing of Intake of Different Milk Proteins

and Blood Indices

In a 12-week intervention study, differences in the timing
of milk protein intake did not affect blood indices (insulin,
glucose, and growth hormone) (Supplementary Table 8). Insulin
and growth hormones are known to promote MPS (7, 35).
Insulin promotes MPS by activating the mammalian target
of rapamycin (mTOR) signal transduction pathway (7). On
the other hand, in the elderly, insulin resistance increases
with age, and the ability to synthesize MPS is reduced (36).
In addition, GH replacement therapy has been reported to
significantly increase skeletal muscle mass in healthy elderly
men (37).

The lack of changes in these blood indices in the present study
suggests that the intake of milk protein at different intake timings
did not affect these blood indices. In addition, the increase
in appendicular skeletal muscle mass in the MPRO group did
not improve insulin resistance or the hormonal environment.
Therefore, it is possible that the 12-week period of milk protein
intake was too short, and that a longer intervention should be
conducted in the future. In addition, the blood samples in this
intervention study were taken in the fasting state, and we did
not compare the blood indices in the morning and evening after
protein intake before and after the intervention. Considering
that skeletal muscle protein synthesis in the elderly is resistant
to the anabolic effects of insulin and that this is an important
factor in the development of sarcopenia (36), it is necessary
to examine the changes in blood indices after protein intake
in more detail. Furthermore, metabolome analysis showed that
most postprandial metabolites related to the glycolytic system,
tricarboxylic acid cycle, and amino acids were elevated in the
morning compared to the evening, indicating that postprandial
metabolic responses are higher in the morning (38). Therefore,
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a more detailed study including metabolites may help clarify
the differences in metabolic responses related to skeletal muscle
protein synthesis in the different protein intake balance between
morning and evening.

Limitations of Study

This study had several limitations. The study was conducted
on elderly subjects. However, elderly people are less sensitive
to the stimulation of muscle protein synthesis by amino acids
than younger people (39). Since leucine has been shown to
significantly inhibit activation of the mTOR signaling pathway
(40), differences in protein intake may have different effects on
muscle function in young adults. Therefore, further studies on
young adults are required.

Cross-sectional study 2-2 showed that handgrip strength
(weight-corrected) was lower in the group that consumed protein
only at two meals, in the morning and at lunch, than in the
group that consumed enough protein only at one meal in the
morning. If it is important to consume protein in the morning, it
is expected that muscle strength would show similar values when
the group consumed enough protein at only one meal and when
the group consumed enough protein at two meals: breakfast and
lunch. This may be due to the small number of participants, as
there were only six participants who consumed enough protein
in two meals: breakfast and lunch. Therefore, there is a need to
increase the number of elderly people with inadequate protein
intake patterns in the future for a more detailed study.

Previous studies have not reached a consensus on the
differences between men and women in muscle protein synthesis
pathways, such as mTOR activity, due to diet and exercise,
and much remains unclear (41, 42). In addition, there is still
insufficient data to define whether the protein requirements of
elderly men and women differ. Therefore, further investigation
on the differences between men and women, including
the expression rhythms of muscle function-related genes,
is needed.

Calcium was a component of the test food. Several studies
have reported no association between calcium intake and muscle
mass or function (43-45). However, in adults over 50 years of
age, low blood calcium levels may lead to decreased muscle mass.
Particularly, a low calcium intake has been shown to be a possible
predictor of muscle loss in women (46). Therefore, the effect of
calcium intake on muscle mass and function, in this study, is
undeniable. However, since the calcium intake of each protein
group was similar, it is likely that the biological effects were
comparable. Furthermore, more detailed studies are needed in
the future to clarify the effects of calcium intake on muscle mass
and muscle function.
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Cardiovascular diseases (CVDs) are one of the leading causes of death worldwide, and
one of the most significant risk factors for CVDs is high blood pressure. Blood pressure is
associated with various nutrients, such as sodium, potassium, and cholesterol. However,
research focusing on the timing of intake of these nutrients and blood pressure has not
been conducted. In this study, we used dietary data and a questionnaire asking about
the sleep, physical activity, and blood pressure, collected from the food-log app “Asken”
(total N = 2,402), to investigate the relationship between the dietary data of nutrient
intake in the breakfast, lunch, and dinner and blood pressure. Daily total intake of various
nutrients such as sodium, sodium-to-potassium ratio, total energy, lipid, carbohydrate,
and saturated fat showed a significant association with blood pressure depending on
the meal timing. From multiple regression analysis, eliminating the confounding factors,
lunch sodium-to-potassium ratio, dinner energy, lipid, cholesterol, saturated fat, and
alcohol intake were positively associated with blood pressure, whereas breakfast protein
and lunch fiber intake showed a negative association with blood pressure. Our results
suggest that nutrient intake timing is also an important factor in the prevention of high
blood pressure. Our study provides possibilities to prevent hypertension by changing the
timing of nutrient intake, especially sodium, together with potassium and lipids. However,
because our research was limited to food-log app users, broader research regarding the
general population needs to be conducted.

Keywords: blood pressure, dietary pattern, sodium, potassium, lipid, chrono-nutrition

INTRODUCTION

Cardiovascular diseases (CVDs) are one of the leading causes of death worldwide, and one of
the most significant risk factors for CVD is high blood pressure (1, 2). Blood pressure exhibits a
circadian rhythm, rising from morning to afternoon and dipping at night (3). Mammals are under
the control of this circadian rhythm, a rhythm of ~24h, and the circadian clock mechanism plays
an important role in physiological functions such as sleep/wakefulness, hormone secretion, and
metabolism (4-6). In organs such as the kidney, peripheral clocks generate physiological rhythms
(7). The circadian rhythm of blood pressure is driven by a complex molecular network of clock
genes, and alterations in blood pressure rhythm from genetic manipulation of various clock genes
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have been reported in rodent studies (8). Mice lacking one of the
core clock genes, Cryptochrome-1 and Cryptochrome-2, show
salt-sensitive hypertension due to abnormally high synthesis of
the mineral corticoid aldosterone, indicating a potential link
between disturbances in the circadian rhythm and hypertension
(9). Individuals with disrupted clocks, such as shift workers,
showed higher blood pressure and a higher prevalence of CVDs
(10). In patients with hypertension, loss of the day-night rhythm
of blood pressure has been reported (11).

The blood pressure is well-controlled by urine and sodium
excretion through the Na/K reuptake mechanism located in
the renal tubule (12). Excess sodium intake and insufficient
potassium intake have been shown to result in high blood
pressure (13, 14). To observe the joint effects of sodium intake
and potassium intake, the use of the sodium-to-potassium ratio
(Na/K ratio) has been proposed in various studies. The Na/K
ratio has been reported to show a stronger association with
blood pressure than with sodium or potassium alone (15).
Other nutrients have also been reported to be associated with
hypertension. High cholesterol levels are known to cause arterial
stiffness and arteriosclerosis, and systolic pressure is influenced
by arterial stiffness (16). In addition, the benefits of dietary fiber
intake on blood pressure have been reported (17). Reducing
alcohol consumption lowers the blood pressure in a dose-
dependent manner (18). Therefore, it is important to focus on
various nutrients to prevent high blood pressure.

From transcriptome and metabolome analyses of human
blood and tissue samples, it has been reported that circadian
rhythms also exist in food digestion, absorption, and metabolism
(8, 19). “Chrono-nutrition” is the study focusing on the intake
timing of nutrients. There have been reports showing that
nutrients show more health benefits depending on the intake
timing (20). Catechin suppressed the elevation of postprandial
glucose more effectively when taken in the evening than in
the morning (21). Continuous beginning of the active phase
administration of sesamin and episesamin improved lipid
metabolism compared to administration at the end of the active
phase (22). Morning intake of fish oil, which is abundant in
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA),
suppressed serum triglyceride levels and decreased serum total
saturated fatty acids and serum n-6 polyunsaturated fatty acids
(23). Thus, it is important to consider not only what to eat but
also when.

As previously stated, the association between blood pressure
and the circadian clock has been suggested in various studies.
Furthermore, the metabolism and excretion of nutrients
associated with blood pressure exhibit a circadian rhythm. The
excretion of sodium and potassium by the kidneys is controlled
by the circadian timing system (24). Cholesterol metabolism also
exhibits a 24-h rhythm (25). The influence of eating patterns
and meal timings on blood pressure has also been suggested.
Consuming meals irregularly has been suggested to be adversely
associated with cardiometabolic risk, including blood pressure
(26). Later lunch compared to the conventional Australian
mealtime pattern showed higher blood pressure in women
(27). Compared to breakfast eaters, elevated blood pressure
was observed among female chronic breakfast skipping groups

(28). Reversed feeding completely reversed the blood pressure
rhythm in mice (29). These finding suggest that considering the
prevention of high blood pressure from a “chrono-nutrition”
point of view may be important.

According to the National Nutrition Survey in Japan (NNSJ)
in 2019, compared to the estimated average requirement, the
average intake of sodium and saturated fat is excessive, while
that of potassium and dietary fiber is insufficient (30). Proposing
the intake timing would be an effective way to approach the
discrepancy between the actual and recommended intake of these
nutrients. However, research focusing on blood pressure and the
timing of intake of various nutrients has not been conducted.
In this study, we aimed to investigate the relationship between
dietary data of nutrient intake in three meals and blood pressure
among ~2,400 users of “Asken,” a mobile health application for
dietary management.

MATERIALS AND METHODS

Study Participants and Mobile Health App

“Asken”

Dietary data and questionnaire answers were collected through
a popular food log and food coaching app, “Asken.” Based on
the Dietary Intake Standards for Japanese determined by the
Ministry of Health, Labor and Welfare, the app provides feedback
on the dietary content of the meal, showing the excess and
deficiency of nutrients.

The validity of Asken has been confirmed in previous
studies. When comparing weighed dietary records with records
from Asken, the energy and nutrient intakes were correlated,
suggesting the validity of Asken (31). Paper-based dietary records
and Asken records have been reported to have a 0.80 median
correlation coefficient for nutrient intake (32). Those using
this app are health-conscious people, and almost 95% of the
users of the app aim to lose weight. This may account for
70% of the users being female. One limitation of using this
app is self-efficacy. Dietary self-monitoring induces behavioral
changes, and compared to paper-based records, electronic
records have been reported to induce stronger changes (33,
34). Therefore, compared to those living under free conditions,
our research was conducted on health-conscious people. The
average daily nutritional data showed similarity with NNS]J,
which reports the average daily Japanese nutritional intake
(Supplementary Figure 1). We can obtain the NNSJ data only
as the average. Lower cholesterol and carbohydrate intake and
higher potassium, protein, and dietary fiber intake were observed,
which may indicate the “health-conscious” characteristics of the
participants compared to the average Japanese people.

In addition to these dietary records, an online survey was
conducted in January 2021. This experiment was approved by the
Ethics Review Committee on Research with Human Subjects at
Waseda University (No. 2020-046) and followed the guidelines
laid down in the Declaration of Helsinki. A total of 2491
participants responded at first, and by excluding data missing the
reports of all three meals a day or missing basic characteristics
such as body mass index (BMI) and sleep, physical activities, and
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subjects taking medicine, the final data were 707 for males and
1,695 for females.

Questionnaire

From an online survey, the basic characteristics of the
participants (age, gender, BMI) and other lifestyle-related factors
(sleep, physical activity, blood pressure) were obtained.

Assessment of Morning Type or Evening
Type

Sleep factors such as morningness was assessed by MSFsc
(sleep—corrected midpoint of sleep on free days). The
computation was as follows: MSFsc = MSF—[(sleep duration on
free days)—(sleep duration in workdays)]/2. This assessment is
widely used and established (35).

Physical Activity

From an online survey, physical activity was determined by
the number of days and hours spent on the three types of
activities (vigorous-intensity activity, moderate-intensity activity,
and walking). We calculated weekly metabolic equivalents (MET)
based on the International Physical Activity Questionnaire
(IPAQ) analysis guidelines for each activity intensity for total
physical activity (36). The IPAQ is widely used to assess
physical activity (37).

Blood Pressure

Participants answered the question; “Please answer the most
recent record of maximum blood pressure (systolic blood
pressure) by upper arm sphygmomanometer through medical
checkup and/or at home.” Participants answered their systolic
blood pressure by a score of 1-6 (1: <110 mmHg, 2: 111-
120 mmHg, 3:121-130 mmHg, 4: 131-140 mmHg, 5: 141-150
mmHg, 6: over 151 mmHg). Blood pressure is usually recorded
in the morning. We also asked if they were taking medication for
high blood pressure, and the answers of those who answered yes
were excluded.

Dietary Data

The dietary data were analyzed using ~1-month average dietary
records of the application. Energy content (kcal), protein,
fat, carbohydrate, sodium, potassium, cholesterol, dietary fiber,
saturated fat, and alcohol intake were measured for each of the
three meals and snack. The intake timings of snacks might be
different among participants, because of no check of snack time.
From previous research, the validity of the dietary record of this
app was high (31). The Na/K ratio was calculated by dividing the
amount of sodium intake by potassium intake.

Statistical Analysis

Statistical analysis of the obtained data was performed using a
predictive analytics software for Windows (Statistical Package for
the Social Sciences; IBM Corp., Chicago, IL, USA), and a p-value
of <0.05 was considered statistically significant. To investigate
the relationship between dietary patterns and blood pressure,
Spearman’s rank correlation analysis was conducted. To clarify
the relationship excluding other factors, multiple regression

analysis among the three meals for each nutrient was conducted.
Data are expressed as mean and standard error.

RESULTS

Subject Characteristics

For our analysis, we chose subjects from 2,491 responses to
those who answered the questions regarding their blood pressure.
The subjects were then excluded for various reasons, such as
intake of medicine and outliers or unfilled data to 2,402 people.
The mean (SE) age was 45.95 (0.237) years, BMI was 23.12
(0.0778), total PA MET min/week was 32.05 (0.818), and MSFsc
was 3.36 (0.0254) (Table 1A). All values except MSFsc were
significantly higher in men than in women. Large values of
MSFsc in females demonstrated more eveningness than males.
There were positive relationships between age, BMI, and blood
pressure, and a negative relationship between MSFsc and blood
pressure (Table 1B). Pearson’s chi-square test revealed that blood
pressure distribution was different between males and females
(p < 0.001), and males exhibited higher blood pressure than
females (Figure 1A). There was a positive relationship between
age and blood pressure (Figure 1B) and between BMI and blood
pressure (Figure 1C). However, there was a negative relationship
between MSFsc and blood pressure (Figure 1D). Although there
was no relationship between physical activity and blood pressure,
individuals with the highest blood pressure showed low physical
activity (Figure 1E).

Nutrient Intake Volumes in Each Meal

Next, the intake volumes of each nutrient were compared
among breakfast, lunch, and dinner in male and female
participants (Supplementary Tables 1, 2). Intake volumes of
snack are shown in Supplementary Table 3. All nutrients except
for carbohydrates and alcohol in females were significantly taken
at dinner and next at lunch in comparison with breakfast in both
males and females.

Correlations Analyses of Intake of

Nutrients and Blood Pressure

Correlation analysis of the intake of various nutrients and blood
pressure was applied for each meal (breakfast, lunch, and dinner)
and snack. In addition to the amount of intake for each nutrient,
the mean energy ratios of protein, fat, and carbohydrate were
compared for each meal and snack. Spearman’s correlation
analysis showed that blood pressure had a strong positive
association with the Na/K ratio for every meal in both males and
females (Table 2). Nutrients that showed positive associations
with blood pressure in both males and females were lunch
sodium, lunch and dinner energy, total lipid, lunch carbohydrate,
and total and dinner alcohol. Lunch and snack protein ratio
and total, dinner and snack dietary fiber intake were negatively
associated with blood pressure in both sexes. In females, lipid
intake showed a dinner-specific positive correlation (Table 2).
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TABLE 1 | Basic characteristics of participants and correlation analysis of basic characteristics and blood pressure.

(A) Basic characteristic

All (N = 2,402) Male (N = 707) Female (N = 1,695) P-value
Mean SE Mean SE Mean SE (Male vs. female)
Age 45.95 0.237 50.14 0.406 4447 0.279 <0.001
BMI (kg/m?) 23.12 0.0778 24.21 0.129 22.66 0.094 <0.001
Total PA MET-minutes/week 32.05 0.818 37.55 1.601 29.64 0.939 <0.001
MSFsc 3.363 0.0254 3.076 0.0453 3.489 0.0302 <0.001

(B) Correlation analyses of basic characteristics and blood pressure

Male (N = 707) Female (N = 1,695)
Correlation P-value Correlation P-value
Age 0.213* <0.001 0.264** <0.001
BMI(kg/m?) 0.226™ <0.001 0.315* <0.001
Total PA MET-minutes/week —0.100** 0.007 —0.03 0.212
MSFsc —0.008 0.839 —0.033 0.166

“p < 0.01 by Spearman’s rank correlation coefficient. BMI, Body Mass Index; PA, Physical Activity; MET, Metabolic Equivalents; MSFsc, sleep-corrected Midpoint of sleep in free-days.

Association Between the Timing of Each

Nutrient and Blood Pressure

Multiple regression analysis showed that even when eliminating
the effects of confounding factors, such as sex, age, BMI, MSFsc,
and PA MET min/week, various nutrients showed different
associations with blood pressure depending on their intake
timing (Table 3). Focusing on salt intake, lunch and snack
Na/K ratio showed a significant positive association, and lunch
potassium intake showed a negative association (Table 3). Dinner
energy, dinner lipid, dinner cholesterol, dinner saturated fat,
and dinner alcohol intake were positively associated with blood
pressure, whereas breakfast protein and lunch fiber intake
showed a negative association with blood pressure (Table 4).

DISCUSSION

In this study, we investigated the association between blood
pressure and different nutrient intake timing among mobile
health app “Asken” male and female users. Our findings confirm
previous findings that high Na/K ratio, high lipid intake, high
alcohol intake, and low dietary fiber are associated with high
blood pressure (15, 17, 18). However, little is known about
the influence of intake timing. Our research provides new
perspectives on the prevention of hypertension and has shown
that various nutrients are associated with blood pressure at
different meal timings. In both males and females, lunch and
snack Na/K ratio, dinner energy, dinner lipid, and dinner
saturated fatty acids showed a meal-specific positive association
with blood pressure, and breakfast protein, lunch potassium and
lunch dietary fiber showed a meal-specific negative association
with blood pressure after eliminating the confounding factors.

From previous studies, dietary records collected by Asken
have been reported to be an effective method for estimating the
energy and nutrient intakes of Japanese women (31). As stated,
the nutrition amount resembles the data calculated from the
NNS]J (30) (Supplementary Figure 1 and Shinto et al.). Focusing
on sodium and potassium, dinner sodium intake was lower and
potassium intake was higher, resulting in a lower dinner Na/K
ratio than that of NNSJ (Supplementary Figure 2). This can be
explained by the characteristics of the Asken users. With the aim
of losing weight, Asken users have higher health consciousness
and high self-efficacy (38).

Our results showed that blood pressure had a strong positive
association with the Na/K ratio, especially the lunch and
snack Na/K ratio. In addition, the negative correlation of
lunch potassium shows that promoting excretion of sodium is
important for lowering blood pressure at lunch time. Sodium
and potassium urine excretion has been previously reported to
exhibit circadian rhythm, which is explained by the rhythm of
aldosterone (24). Aldosterone, a mineralocorticoid that through
ENaC is responsible for the reabsorption of Na and the increase
in K secretion through K channels in the distal nephron, has
also been reported to exhibit rhythm, low at nighttime and high
in the morning (39). Therefore, intake of sodium at dinner
time may be excluded in urine, even though sodium intake
and the Na/K ratio were high in the dinner. Several previous
studies have demonstrated higher excretion of sodium and an
increase of Na/K ratio in the evening than in the morning
and afternoon (24).

Potassium and dietary fiber are both rich in vegetables. Lunch
fiber and potassium intake showed a negative correlation with
blood pressure in the current experiment, suggesting the intake
of more vegetables at lunch and snack time to protect higher
blood pressure. Higher blood pressure has been reported to be
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FIGURE 1 | (A) Blood Pressure Distribution (B) Age (C) BMI (D) MSFsc (E) Total PA MET-minutes/week. *p < 0.05; *p < 0.01; **p < 0.001 (Tukey).

associated with lower gut microbiota alpha diversity in many
human cross-sectional studies (40). A low intake of dietary
fiber leads to reduced microbial diversity (41). Inulin, a water-
soluble dietary fiber, has been reported to have greater positive
effects on the microbiota in the morning than in the evening
(42). Taken together, these results suggest that dietary fibers,
especially at lunch and breakfast time, may be more helpful
than at dinner time to protect higher blood pressure through an
increase in microbial diversity. These results have suggested the
importance of vegetables in the prevention of hypertension in a

time-specific manner. Vegetables are also known to include many
dietary polyphenols such as flavonoids, and their treatment or
prevention of hypertension (43). As previously stated, catechin,
a type of flavonoid, suppressed the elevation of postprandial
glucose more effectively when taken in the evening than in the
morning, suggesting that the metabolic response of polyphenols
may depend on their intake timing (21). Dietary polyphenols’
health promoting effects are reported to be in a hormetic dose-
response manner, partly via the upregulation of Nrf2 pathway
(44-47). Therefore, in addition to the analysis of nutrients that

Frontiers in Nutrition | www.frontiersin.org 28

March 2022 | Volume 9 | Article 853118


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Imamura et al.

Nutrition Timing on Blood Pressure

TABLE 2 | Correlations analyses of intake of nutrients and blood pressure.

Male Female

Total Breakfast Lunch Dinner Snack Total Breakfast Lunch Dinner Snack
Na/K 0.128** 0.090* 0.117* 0.128** 0.039 0.051* 0.053* 0.105** 0.051* 0.009
Sodium 0.087* 0.044 0.097** 0.087* —0.01 0.023 0.055* 0.065"* 0.023 —0.022
Potassium —0.06 —0.044 —0.062 —0.06 —0.080* —0.02 —0.023 —0.036 —0.02 —0.029
Energy 0.065 —0.011 0.074* 0.106™* -0.019 0.106™* 0.052* 0.070** 0.079** —0.018
Protein —0.037 —0.062 —0.057 0.012 -0.07 —0.003 -0.04 —0.026 0.021 —0.053*
Lipid 0.085* 0.034 0.055 0.059 —0.029 0.096"* 0.043 0.046 0.082** —0.041
Carbohydrate 0.03 0.005 0.084* —0.01 —0.007 0.074** 0.068"* 0.067** 0.041 0.013
Protein (PFC ratio) —0.058 —0.049 —0.110** 0.019 —0.081* —0.079** —0.094** —0.077** -0.04 —0.055*
Fat (PFC ratio) 0.061 0.066 0.019 0.067 0.006 0.045 0.013 0.024 0.054* —0.041
Carbohydrate (PFC ratio) 0.003 -0.019 0.068 —0.041 0.052 0.036 0.064** 0.048* 0.006 0.063"*
Cholesterol -0.025 -0.01 —0.067 0.05 -0.016 0.024 0.01 —0.002 0.028 0.028
Dietary Fiber —0.086* —0.055 —0.063 —0.083* -0.075 —0.066** —0.057* —0.060* —0.051* —0.049*
Saturated Fat 0.054 0.044 0.00 0.067 —0.024 0.097** 0.061* 0.037 0.096"* —0.02
Alcohol 0.077* 0.035 0.038 0.113* 0.058 0.063"* 0.006 0.052* 0.065* —0.003

‘D < 0.05; "p < 0.01 by Spearman’s rank correlation coefficient.

TABLE 3 | Association between the timing of salt intake and blood pressure
including snack.

B P-value R2 F
Breakfast_Na/K —0.001 0.958 0.187 53.495
Lunch_NavK 0.072 0.001
Dinner_Na/K —-0.014 0.514
Snack_Na/K 0.046 0.022
Breakfast_Sodium 0.0048 0.812 0177 52.405
Lunch_Sodium 0.034 0.110
Dinner_Sodium 0.014 0.518
Snack_Na/K -0.018 0.371
Breakfast_Potassium —-0.017 0.414 0.185 53.764
Lunch_Potassium —0.043 0.037
Dinner_Potassium 0.000 0.990
Snack_Potassium —-0.029 0.142

Multivariable regression analyses adjusted by age, sex, BMI, Total PA MET-minutes/week
and MSFsc.

we have conducted, analysis of the intake timing and volume of
dietary polyphenols may provide a clearer view.

Furthermore, breakfast protein was negatively correlated
with blood pressure. The beneficial effect of proteins on blood
pressure is small, according to previous studies (48). However,
a high-protein breakfast has been suggested to accelerate
overloading-induced skeletal muscle hypertrophy in mice and
have greater skeletal muscle volume in human studies (49).
It has also been revealed that breakfast and lunch proteins
have a strong positive association with daily physical activity
(unpublished observation), and recent studies have supported

the role of physical activity in the prevention of hypertension
(50). Therefore, the relationship between morning protein intake
and exercise may explain its negative correlation with blood
pressure. As clinical trials of food-protein-derived peptides in
the management of hypertension have been published (51), we
should examine the detailed information of protein compositions
(cereals, beans, vegetables, fruits, meat, fish milk, egg, etc.) in
future experiment.

Dinner cholesterol and saturated fatty acids were positively
correlated with blood pressure. A high dinner energy also
showed a positive correlation. It is well-known that a high intake
of cholesterol and saturated fatty acids causes progression of
arteriosclerosis and higher blood pressure (52, 53). However,
we do not know the true reason why dinner time intake of
these nutrients and energy are related to high blood pressure.
As cholesterol synthesis in the body is high in the evening,
cholesterol intake and synthesized cholesterol may cooperatively
promote arteriosclerosis progression. The intake of saturated
fatty acids and energy at dinner time cannot be consumed
as an energy source because of sleep. Excess circulation of
triglycerides and fatty acids may accelerate the progression
of arteriosclerosis (53).

High energy intake and lipid intake at dinner are reported
to lead to obesity, which is known to be strongly associated
with blood pressure (16). In the present study, we found a
positive relationship between BMI and blood pressure. However,
the correlation of energy/lipid at dinner time was still observed
when eliminating the obesity factor in the present experiment.
It has been reported that early time-restricted feeding, with
dinner before 3 pm, led to lower blood pressure without inducing
weight loss (54). This study, along with our present data, strongly
suggests that taking energy/lipid-rich dinner at an earlier clock
time may prevent higher blood pressure. As it is well-known
that hypertension is related with seriousness of diabetes and

Frontiers in Nutrition | www.frontiersin.org

29

March 2022 | Volume 9 | Article 853118


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Imamura et al.

Nutrition Timing on Blood Pressure

TABLE 4 | Association between the timing of nutrient intake and blood pressure
including snack.

B P-value R2 F

Breakfast_Energy 0.007 0.735 0.183 53.700
Lunch_Energy 0.020 0.366

Dinner_Energy 0.100 <0.0001

Snack_Energy 0.008 0.708

Breakfast_Protein —0.046 0.027 0.183 53.412
Lunch_Protein —0.032 0.137

Dinner_Protein 0.019 0.393

Snack_Protein —-0.017 0.405

Breakfast_Lipid 0.005 0.792 0.185 54.885
Lunch_Lipid 0.016 0.449

Dinner_Lipid 0.059 0.007

Snack_Lipid -0.013 0.515

Breakfast_Carbohydrate 0.018 0.382 0.183 53.874
Lunch_Carbohydrate 0.034 0.125

Dinner_Carbohydrate 0.009 0.699

Snack_Carbohydrate 0.007 0.725

Breakfast_Cholesterol —-0.028 0.165 0.179 52.691
Lunch_Cholesterol —0.025 0.215

Dinner_Cholesterol 0.041 0.049

Snack_Cholesterol —0.001 0.960

Breakfast_Fiber —0.034 0.108 0.184 53.605
Lunch_Fiber —0.048 0.026

Dinner_Fiber —0.023 0.285

Snack_Fiber —0.026 0.192

Breakfast_Saturated Fat 0.013 0.523 0.186 55.343
Lunch_Saturated Fat —0.005 0.814

Dinner_Saturated Fat 0.072 0.001

Snack_Saturated Fat —0.008 0.676

Breakfast_Alcohol —-0.013 0.509 0.179 51.548
Lunch_Alcohol 0.022 0.304

Dinner_Alcohol 0.041 0.065

Snack_Alcohol 0.015 0.475

Multivariable regression analyses adjusted by age, sex, BMI, Total PA MET-minutes/week
and MSFsc.

dyslipidemia, we should investigate the relationships between
intake of Na, K lipid, and saturated fatty acids and these diseases
in future. In the current experiment, we have not asked if
participants had these diseases or not.

There are some limitations to our study. First, the dietary
data were collected through self-reports by the subjects, and
this self-reporting may have resulted in self-efficacy. Previous
studies have discussed that self-monitoring results in behavioral
changes (34). The second is blood pressure measurement. Blood
pressure was reported by the participants themselves, and this
may cause some inaccuracy in the data. We also could not

measure the blood pressure at the same time. For more precise
data, blood pressure needs to be measured at a standardized
time, such as in the morning 1h after awakening and in the
evening before going to sleep according to the Japanese Society
of Hypertension have presented in the guidelines for home blood
pressure measurement (55). Third, only systolic blood pressure
has been reported because many Japanese are unconcerned about
their diastolic blood pressure. As both systolic and diastolic
blood pressure are used for hypertension diagnosis, in future
research, both systolic and diastolic blood pressure should be
investigated. Fourth, we could not check the intake timing of
snack, however similarity to lunch Na/K ratio suggests many
participants may take snack at afternoon. Fifth, the characteristics
of the participants being highly health-conscious may have
affected the results. Lastly, we could only investigate saturated
fatty acids this time, but by looking at the amount of DHA and
EPA that work in suppressing arteriosclerosis, we would have
been able to have a better understanding.

CONCLUSIONS

We analyzed the relationship between the intake timing of
nutrients and blood pressure. In both males and females, a
positive association between meals and blood pressure was
observed in the Na/K ratio (lunch), energy (dinner), lipid
(dinner), and saturated fatty acids (dinner). Moreover, a meal-
specific negative association with blood pressure was seen in
protein (breakfast), potassium (lunch), and dietary fiber (lunch).
Our study provides possibilities to prevent hypertension by
changing the timing of various nutrient intakes, especially
sodium together with potassium and lipids. However, an
intervention study to investigate the effect of the timing of each
nutrient on blood pressure needs to be conducted in the future.
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Intermittent fasting (IF) is a popular intervention used to fight overweight/obesity.
This condition is accompanied by hypothalamic inflammation, limiting the proper
signaling of molecular pathways, with consequent dysregulation of food intake and
energy homeostasis. This mini-review explored the therapeutic modulation potential
of IF regarding the disruption of these molecular pathways. IF seems to modulate
inflammatory pathways in the brain, which may also be correlated with the brain-
microbiota axis, improving hypothalamic signaling of leptin and insulin, and inducing the
autophagic pathway in hypothalamic neurons, contributing to weight loss in obesity.
Evidence also suggests that when an IF protocol is performed without respecting
the circadian cycle, it can lead to dysregulation in the expression of circadian cycle
regulatory genes, with potential health damage. In conclusion, IF may have the potential
to be an adjuvant treatment to improve the reestablishment of hypothalamic responses
in obesity.

Keywords: intermittent fasting (IF), hypothalamus, obesity, hypothalamic inflammation, non-pharmaceutical
intervention

INTRODUCTION

The neuronal circuits controlling food intake and the endocrine mechanisms involved in this
complex modulation network have been widely investigated to clarify the factors associated with
the regulation of energy homeostasis. The hypothalamus is considered the central point of this
regulatory system. Therefore, impairment of the hypothalamic response generated by signaling
disruption in crucial signaling molecules has been associated with the development of morbid
obesity, highlighting the importance of controlling the hypothalamic function for health (1-3).
Different central nervous system regions mediate the regulation of food intake, body weight, and
energy homeostasis. In this context, the mid-basal portion of the hypothalamus, where the arcuate
nucleus is located, is composed of different subpopulations, including the orexigenic neurons,
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which are directly involved in the hunger stimulus, and also
anorectic neurons, which are mainly involved in response to
satiety signals (4). The agouti-related peptide (AgRP) orexigenic
neuron and the pro-opium melanocortin anorectic neuron
(POMC) are two essential components of energy expenditure,
hunger, and satiety control neurocircuits, integrating central
and peripheral energy status with metabolic signals (5). It is
essential to highlight that the hypothalamus contains other
neuronal groups involved in controlling food intake and energy
expenditure (6), which are not the focus of this review.

Agouti-related peptide orexigenic neurons co-express
the messenger ribonucleic acid (RNA) for the neuropeptide
Y (NPY) and the neurotransmitter gamma-aminobutyric
acid (GABA). Studies reveal that the intracerebroventricular
administration of AgRP (7) or its overexpression is associated
with increased food intake (8). In contrast, POMC anorectic
neurons are co-located with those expressing the cocaine-and
amphetamine-regulated transcript (CART) (2, 9). After its
synthesis, POMC is cleaved by different enzymes, generating
several peptides responsible for the POMC functions (10).
Neurons expressing endogenous melanocortin ligands for POMC
and AgRP neuropeptides (antagonists) and neurons containing
melanocortin receptors compose the central melanocortin
system (8, 11). This system is strictly involved in the control of
food intake, glucose metabolism, and energy homeostasis (12,
13), in conjunction with anorectic hormones, primarily leptin
and insulin, composing a complex neuroendocrine system to
maintain the correct energy and body weight balance, as recently
described by Yang et al. (14).

Both POMC and AgRP neurons have the leptin receptor
(LepR). When leptin binds to POMC neuronal cell receptors,
neuronal depolarization and activation initiate multiple signal
translations related to satiety responses. The leptin-mediated
signaling is transduced into the nucleus, producing the
anorexic POMC and CART neurotransmitters (15, 16). In
addition, a cross-inhibitory reaction between AGRP and POMC
neurons induces a reduction in orexigenic neurotransmitters in
the AGRP neurons.

Insulin is also a crucial hormone for maintaining energy
homeostasis by inhibiting pathways associated with NPY/AgRP
neurons and their ramifications (16, 17). Therefore, impairments
in the central signaling pathways of insulin (18-20) and leptin
(21, 22) are associated with energy imbalance and obesity
development. In this context, intermittent fasting (IF) is a
protocol popularly used as a strategy to promote weight loss
(23) and has become a tremendous scientific topic of interest
to elucidate the mechanisms that regulate the hypothalamic
molecular responses that will reduce body weight and prevent
obesity (24, 25).

Previous investigations in human and animal models analyzed
the effects of IF on leptin and insulin sensitivity (26, 27),
inflammatory pathways (28, 29), the brain-microbiota axis (30,
31), circadian cycle (32, 33), and autophagic pathway (34). All
these factors seem to be related to adaptations in POMC and
AgRP neuropeptides (35) that can improve energy homeostasis
through pathways that are not yet fully understood. The present
review explored the molecular and physiological adaptations of

leptin, insulin, POMC, and AgRP neuropeptides to IF protocols,
mostly performed in animal obesity models.

Leptin and Insulin in Energy
Homeostasis: Molecular Pathways
Linked to Pro-opium Melanocortin
Anorectic Neuron and Agouti-Related

Peptide Responses

Insulin and leptin are the main anorectic hormones that
act on the arcuate nucleus, activating POMC neurons and
inhibiting AgRP neurons (36). Several studies indicate that
the loss of hypothalamic insulin signaling (18-20) and leptin
(21, 22) can induce changes in energy homeostasis, excessive
food intake (hyperphagia), and body weight gain, leading
to obesity development. The arcuate nucleus is densely rich
in leptin receptors (37). The intracellular signaling cascade
begins after leptin binds to its receptors in neuronal cells. An
internal conformational alteration in the LepR attracts the next
downstream protein, JAK2 (Janus kinase 2) (38). JAK is a
cytoplasmic cytokine receptor that can autophosphorylate and
promote the phosphorylation of its intracellular tyrosine residue
Y-938, associated with the recruitment of the phosphatase SHP2
and its extracellular regulator ERK2, and of the residue Y-1077,
which recruits the STATS5 transcriptional and signal transduction
activator pathway. The primary effects of leptin on energy
homeostasis involve the phosphorylation of the Y-1138 tyrosine
residue, which creates a STAT3 binding and recruitment site
(39). After its binding and subsequent activation, the STAT3 is
transferred to the nucleus of the neuronal cell and promotes the
transcription of genes, such as the neuropeptide POMC (40, 41).

Regarding insulin, despite having been discovered in 1921
(42), the complete elucidation of its molecular signaling is still
in progress. However, it is known that the insulin receptor
(IR) is a tetrameric enzyme that comprises two extracellular
alpha subunits and two transmembrane beta subunits. Once
the hormone interacts with its receptor, there is activation
and consequent phosphorylation of the generated substrates
(IR family), leading to activation of its main pathway, the
phosphoinositide 3-kinase (Pi3K) pathway, a heterodimeric
lipid kinase that binds to tyrosine residues via its SH2
domain, generating PI membrane phosphates with PkB/Akt
recruitment (43).

Both insulin and leptin can stimulate the Pi3K pathway in the
arcuate nucleus with subsequent phosphorylation of their target
proteins, leading to hyperpolarization and activation of POMC
neurons (44) and inhibition of AgRP (17). Mice with genetic
Pi3K deletion in POMC cells did not show activation of POMC
neurons in response to insulin or intracerebroventricular leptin
administration (45). However, Pi3K deletion in AgRP neurons
seems to induce energy expenditure reduction, insulin and leptin
resistance, and weight gain (17).

The mechanistic target of rapamycin (mTOR) is one of
the Pi3K target molecules through activation of Akt in the
hypothalamus (Pi3K/Akt/mTOR pathway) (46). Both leptin and
insulin activate hypothalamic mTOR (47, 48), a serine-threonine
kinase with an essential role in brain development (49), which
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is found in approximately 90% of NPY/AgRP neurons and
45% of POMC/CART in the arcuate nucleus (50). mTOR is
known for acting as a metabolic energy sensor and can integrate
the variations in the nutrient serum levels with the endocrine
responses (51). Thus, in food deprivation (fasting) and with
drastic drops in serum glucose and insulin levels, there is a
decrease in the phosphorylation of the mTOR active form. On
the other hand, increased serum levels of leptin (51) and insulin
(52) leads to increased mTOR protein content and expression and
reduced food intake in the fed state.

The study of Kocalis et al. (53) observed that the deletion
of Rictor-mTOR complex (mTORC2) activation, specifically in
POMC neurons, can induce hyperphagia and increase adiposity.
Interestingly, the specific deletion in AgRP neurons did not
affect energy balance, although it led to mild glucose intolerance.
It is known that the p70S6k-mTOR kinase further leads to
phosphorylation of AMP-dependent protein kinase a2 (AMPK
a2) on serine 491, inhibiting its action and thus limiting
the effects of leptin on food intake (52). Thus, in parallel
with mTOR activation by food intake, the anorectic hormones
leptin and insulin reduce the AMP-dependent protein kinase
(AMPK) activity, specifically the AMPKa2 subunit (54, 55).
Like mTOR, AMPK is also known as a metabolic energy
sensor, being considered an essential protein in the complex
system of intracellular energy regulation, which is based on
the adenosine triphosphate (ATP)/adenosine diphosphate (ADP)
ratio (56).

In conditions of depletion of energy reserves such
as hypoglycemia and fasting, AMPK is activated in the
hypothalamus (57, 58), leading to increased gene expression of
NPY/AgRP in neurons and stimulating food intake (54). AMPK
is inhibited in the hypothalamic arcuate nucleus in the fed
state in response to increased leptin, insulin, and high levels of
serum glucose (54), which consequently inhibits the autophagic
pathway in NPY/AgRP neurons, leading to a reduction in food
intake by inducing the feeling of satiety and, thus contributing
to the eutrophic phenotype (44, 50, 59). Other molecules
and pathways are also stimulated by anorectic hormones and
contribute to energy homeostasis. Further details about the
molecules involved in the signaling pathway of insulin and leptin
actions in POMC and AgRP neurons in eutrophic conditions
were described in the review article by Varela and Horvath (16).

Regarding the PI3K-mTOR-AMPK pathway, anorexigenic
hormones increase the activity of the Pi3K and mTOR pathways,
leading to the activation of POMC neurons (44, 45). Additionally,
leptin and insulin reduce AMPKa2 activity in the hypothalamic
region (15, 54). The p70S6k-mTOR kinase can inhibit the AMPK
pathway in the hypothalamus, acting as a counter-regulatory
protein (52). The mechanisms by which these molecules
modulate the expression of hypothalamic neuropeptides are
not fully understood; however, evidence suggests that the
autophagic pathway plays a crucial role in this regulation (59-
61). Furthermore, Claret et al. (55) showed that mice with
genetic deletion of AMPKa2 in AgRP neurons were grown
with the eutrophic phenotype. Interestingly, the specific genetic
deletion in POMC neurons led to increased body fat and
reduced caloric expenditure despite remaining sensitive to leptin.

These results suggest that AMPK also plays a regulatory role in
POMC neurons by unknown mechanisms. Therefore, evidence
suggests that the hypothalamic autophagic pathway is crucial for
activating orexigenic and anorectic neurons (59, 61, 62). Figure 1
summarizes the data described so far.

Autophagic Pathway in Pro-opium
Melanocortin Anorectic Neuron and
Agouti-Related Peptide Neurons: A
Pivotal Point in Energy Homeostasis

It is well known that the neuronal autophagic pathway is
crucial for maintaining cellular homeostasis both under basal
conditions and in response to stress signals (63, 64). Several
studies indicate that the imbalance between activation and
inhibition of the autophagic pathway in the central nervous
system (CNS) is associated with dysregulation of body energy
homeostasis and obesity induction and a greater predisposition
to the development of various neurodegenerative diseases (61,
65, 66).

Classically, autophagy can be divided into microautophagy,
chaperone-mediated autophagy, and macroautophagy, the latter
being the most prevalent and commonly referred to as
autophagy (67, 68). The autophagic process begins with
capturing cytoplasmic organelles or macromolecules surrounded
by a vesicular membrane lining called the autophagosome,
which fuses with the lysosome to form autophagolysosome
(or autolysosome), and lysosomal enzymes then degrade the
sequestered material (69). The autophagosome formation begins
with a pre-phagophore structure, which elongates and expands
to form the phagophore, which, in turn, will mature in
the membrane vesicle, surrounding the substrate that will be
degraded (69).

The regulation of this entire autophagic process occurs
by activating autophagic molecular complexes, starting with
activation of the ULK1 (Unc-51 like autophagy activating kinase
1) complex, followed by the activation of phosphatidylinositol
3-kinase (PI3K), which forms a complex with Beclin 1 after
dissociating from lymphoma B cell 2 (BCL-2) (70). Thus, the
formed complex activates several proteins of the autophagic
family (ATGs) that participate in phagophore elongation and
activate the LC3-I protein (light chain 3 of protein 1 associated
with microtubules), forming LC3-II. LC3-II is responsible
for closing the phagophore and interacting with the p62
protein, which targets the material that the autolysosome will
degrade (71, 72). Figure 2 shows the schematic model of the
autophagic pathway.

Evidence suggests that the hypothalamic autophagic pathway
is crucial in activating orexigenic and anorectic neurons (59,
61, 62). AMPK is an activating molecule of the autophagic
pathway, while mTOR leads to inhibition (73). AMPK can
activate the autophagic pathway in vivo and in vitro by
phosphorylating raptor-mTOR (mTORC1) (74) and starting the
autophagic pathway initiator complex ULK-1 in AgRP neurons
(59). Therefore, AMPK and mTOR directly interact to regulate
the autophagic pathway through its complex initiator, ULK-1
(73).
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FIGURE 1 | Representative diagram of the interaction between anorectic hormones, molecular pathways, and neuropeptides POMC and AgRP. Anorexigenic
hormones (leptin and insulin) act on the hypothalamic arcuate nucleus, reducing AMPK activation in AgGRP neurons, thus reducing its expression. In POMC neurons,
hormones increase mMTOR activity and reduce AMPK, increasing its expression and reducing food intake and eutrophic phenotype.
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FIGURE 2 | Schematic model of the autophagic pathway. The process starts with activation of the ULK1 complex, then activation of phosphatidylinositol 3-kinase
(PI3K), which forms a complex with Beclin 1 after it dissociates from lymphoma B cell 2 (BCL-2). Thus, the complex formed activates several proteins of the
autophagic family (ATGs), which participate in the elongation of the phagophore and activation of the LC3-I protein (light chain 3 of protein 1 associated with
microtubules), forming LC3-II, responsible for closing the phagophore and interacting with the p62 protein, signaling the material to be degraded. The phagophore
matures into the autophagosome, which fuses with the lysosome forming the autolysosome, in which lysosomal enzymes will then degrade the sequestered material.

Specifically, in AgRP neurons, the deletion of Rictor the energy balance (53). However, the deletion of AMPK led
(rapamycin-insensitive companion of TOR), a key molecule to the eutrophic phenotype (55), suggesting that AMPK plays
in the regulation of the MTORC2 complex, did not change a more expressive role than mTOR in the energy regulation
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pathways of this neuronal subgroup. An elegant study published
by Kaushik et al. (61) showed that inhibiting the autophagic
pathway, specifically in AgRP neurons, in both cells and mice,
through the Agt7 gene deletion, significantly reduces food intake
and adiposity. In POMC neurons, studies with knockout mice
showed that the activity of mTORC1 and mTORC2 complexes
are vital factors for the anorectic effects induced by leptin on the
neuron and maintenance of the eutrophic phenotype (53, 75).

While the reduction in AMPK activity in AgRP (59) neurons
and the increase in mTOR activity in POMC neurons (53,
75) lead to the eutrophic phenotype and considering that
AMPK inactivation and mTOR elevation lead to inhibition of
the autophagic pathway (73, 76), hypothetically, inhibition of
the autophagic pathway in neurons may be associated with
the eutrophic phenotype. However, a study showed that the
selective deletion of autophagy-related protein 7 (Atg7) in
mouse POMC neurons, interestingly, leads to a reduction in
melanocyte-stimulating hormone (MSH) and is also associated
with increased adiposity and food intake through mechanisms
involving resistance to lipolysis (60). In addition, Meng and Cai
(77) observed that the suppression of Atg7 in the mediobasal
hypothalamus using site-specific lentiviral delivery of shRNA,
without distinction of neuronal subgroups, was accompanied
by an increase in hypothalamic inflammation, with activation
of IKKB and, consequently, increased food intake and reduced
energy expenditure (77).

Supporting these data, the AMPK deletion specifically in
POMC neurons (55) and the RICTOR/mTORC2 deletion
in the arcuate nucleus (53) are also associated with reduced
caloric expenditure and obesity. Together, these data reveal
that AMPK and mTOR are correlated with the autophagy
pathway, which orchestrates a series of coordinated molecular
phosphorylations in neuronal subgroups to provide adequate
control of hypothalamic inflammation and energy homeostasis,
reinforcing that the hypothalamic molecular pathway of
obese individuals needs to be further investigated. Table 1
presents the metabolic phenotypes found according to
the deletion or inhibition of molecular pathways in the
neuronal subgroups.

What Is Intermittent Fasting?

Intermittent fasting (IF) and caloric restriction are two
distinct forms of dietary restriction associated with improving
several metabolic parameters, including body weight control
(78). Previous studies have shown that the obligation to
maintain a daily calorie restriction reduces adherence to
the caloric restriction protocols (79). Thus, the presence of
ad libitum feeding windows in IF protocols emerged as
an alternative protocol for dietary restriction interventions.
The stress promoted by the low caloric intake is replaced
by the metabolic stress induced by intermittent windows
of prolonged fasting or alternate days of deficient caloric
intake (78, 80). However, it is essential to highlight that both
interventions must be carried out with professional supervision.
Overfeeding episodes can occur after the fasting window,
with the risk of developing eating disorders such as binge
eating (81).

Furthermore, caloric restriction programs can also increase
the predisposition to the development of psychological disorders
(79). The review of Cerqueira et al. (82) pointed out that
in animals fed with standardized diets balanced in macro
and micronutrients, calorie restriction protocols with daily
consumption of 40-60% of energy requirements are associated
with micronutrient deficiencies. Deficiency of vitamin B12 and
vitamin K, among others, depending on the diet consumed, is
observed when the restriction protocols are chronically applied
without supplementation with vitamins and minerals (79).

Despite its high popularity, there is no standardization
of IF protocols (80). It is established that protocols do not
impose water restrictions. All include periods of food restriction,
which may refer to total deprivation from food consumption
during some hours of the day (fasting window) or a full
day containing no-energy food. Recently, some papers (80,
83) have been considering IF in three specific categories:
(a) Complete Alternate Day Fasting (ADF) - consists of
days with ad libitum feeding intercalated by whole days of
food restriction, (b) Modified alternate-day fasting (MADF)
or alternate-day modified fasting (ADMF) - with two non-
consecutive days of total food restriction within the week, or
two days of food intake of about 20% of the total caloric
necessity with meals distributed throughout the day (c) Time-
restricted feeding (TRF) - consisting of a protocol with a
fasting window (usually 16 h) followed by a food intake
window of approximately 8 h, with the meals distributed
within this period, according to individual needs. The main
point of the protocols is not to change the average weekly
caloric intake but to change the frequency of food consumption
(78, 80).

In this sense, the application of IF protocols generally
does not change the average calorie intake due to post-fasting
compensatory overfeeding. Thus, only a slight reduction in the
average percentage of daily intake (84, 85) contributes to the
protocol being considered an alternative strategy to improve
weight loss and induce positive metabolic adaptations generated
by energy stress (84, 85). However, it is essential to mention
the warning that IF protocols are not recommended in cases of
malnutrition, pregnancy, gastric ulcers, elite athletes, and patients
at risk of hypoglycemia, among others (86-88).

Unlike the globally disseminated IF protocols for weight
loss and improvement in health-related aspects (23, 24, 89),
Ramadan fasting is a protocol with spiritual purpose practiced
by Muslim followers of Islam (90). Once a year, according to
the Islamic calendar, Muslims abstain from any food or drink,
including water, during the period of daylight, having all their
meals in the evening or just before sunrise (91). This practice
extends for about 30 consecutive days once a year during the
Islamic lunar month, which can occur in different seasons
depending on the year (92) and the latitude of the geographic
region. The fasting window can vary from 11:00 am to 6:00
pm (93). During this practice, most Muslims eat about two
bulky meals within 24 h, one just after sunset and the other
just before sunrise (93), resulting in a slight but significant
reduction in the total calorie intake (94, 95) regarding loss or
maintenance of body weight (96). Table 2 illustrates the main
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TABLE 1 | Molecular pathway deletion or inhibition in the neuronal subgroups and the outcomes.

Neuronal target Deletion or inhibition of Species Outcome References
neuronal molecular pathways
AgRP AMPK Mice AMPKa2KO Eutrophic phenotype, light level of glucose (55)
intolerance
mTOR Mice lacking Rictor in AgRP mTORC?2 did not change energy homeostasis (53)
Autophagic pathway Atg7F/F-AgRP-Cre mice Better food intake control and eutrophic 61)
phenotype
POMC AMPK Mice AMPK a2KO Hyperphagia, obesity, hyperglycemia (55)
mTOR Mice lacking Rictor in Rictor/mTORC2: decreased energy expenditure (53, 75)
POMC and and induced obese phenotype, did not induce
C57BL/6JPOMC-rptor-KO leptin resistance MTORC1: limited ROS
capacity to inhibit food intake
Autophagic pathway Atg7"/F-POMC-Cre mice Limited lipolysis capacity and obese phenotype (60)
NPY/AgRP and POMC AMPK In vitro and in vivo (male Dysregulation of autophagic pathway and (59)
simultaneously C57BL/6) reduction in body weight
mTOR Mice lacking Rictor in all Increased adiposity, glucose intolerance, leptin (53)
neurons resistance
Autophagic pathway Mediobasal hypothalamus Hyperphagia, reduced energy expenditure, and (77)

Atg7 Kp mice

hypothalamic inflammation

AMP-dependent protein kinase (AMPK), Rapamycin target protein (mTOR), Reactive oxygen species (ROS).

differences between intermittent fasting, caloric restriction, and
Ramadan fasting.

Intermittent Fasting as a Possible
Adjuvant in the Treatment of Obesity:
Modulations in Neuroinflammatory, and
Leptin and Insulin Pathways

Obesity is a multifactorial disease usually associated with
hyperphagia, hyperinsulinemia, and hyperleptinemia. The high
levels of leptin and insulin in the cerebrospinal fluid of obese
individuals indicate a chronic state of resistance to the actions of
these hormones in the CNS (19, 99). It is essential to highlight
the diet quality profile as a significant possible factor in the
pathophysiology of obesity. Increased exposure to a high-fat
diet (HFD) is associated with a reduction in hypothalamic
mTORCI and leptin resistance (100). There is evidence that an
acute lipid infusion for 24 h or exposure to a HFD over 8 -
20 weeks induces markers of inflammation in the hypothalamic
NPY/AgRP neurons, which may contribute to a significant
alteration in NPY/AgRP expression or content (101) and also,
6 days of exposure to a high-fat diet can induce leptin resistance
in mice with a predisposition to obesity (102).

Several studies indicate that the practice of IF for periods
longer than 1 month can improve insulin resistance and reduce
its serum levels, contributing to the regulation of glucose
metabolism (26, 103-105). A recent meta-analysis evaluated 545
participants, most overweight or obese, and observed that IF
protocols are associated with reducing the body mass index
(BMI) and leptin serum levels, lowering fasting blood glucose,
and improving insulin resistance. These results suggest that IF
may contribute to prevention/improvement in the resistance of
the anorectic hormone observed in obese individuals (106).

Although not fully elucidated, the mechanisms by which IF
acts in the insulin signaling pathway are probably different from

those observed in caloric restriction protocols since benefits
associated with IF can be observed even when there is no
reduction in calorie intake and weight loss (84, 103, 107, 108). In
addition, there is some evidence that IF protocols may produce
more significant beneficial effects on glucose regulation and
fasting insulin (103, 108).

It is known that obesity is associated with the chronic low-
grade inflammatory process, not only peripheral but also central,
highlighted by increased expression of several inflammatory
proteins related to impairments in the hypothalamic signaling
of leptin and insulin, such as the suppressor of insulin signaling
cytokine 3 (SOCS3) (103, 109, 110). Despite SOCS3 being part
of a negative feedback system related to this signaling cascade,
when it reaches a high concentration induced in an inflammatory
scenario, SOCS3 significantly impairs the anorexic leptin cascade.
This cytokine can bind to an intracellular region of LepR,
attenuating the ability of JAK2 to autophosphorylate and recruit
the STAT3 pathway (111). In addition, the C-terminal portion
of SOCS can recruit the ubiquitin transferase system, promoting
the degradation of JAK receptor complexes (112). Thus, SOCS3
impairs the reduction in the activity of the AMPK protein
threonine 172 by leptin (113), stimulating autophagic activity in
AgRP neurons and appetite (59). It is also known that SOCS3 can
impair the insulin signaling pathway by binding directly to the
insulin receptor (114) and/or degrading both substrates of insulin
receptors 1 and 2 (IRS1/2) (115). The study of Mori et al. (109)
observed that hypothalamic suppression of SOCS3 could prevent
central insulin resistance generated by the chronic high-fat diet.

In this sense, although several studies show that IF protocols
can reduce plasma levels of pro-inflammatory proteins in obese
or overweight individuals (27, 116), few studies have assessed the
adaptation of inflammatory proteins in the hypothalamic region.
Spezani et al. (27) evaluated the effects of a 24-h fasting protocol
interspersed with days of ad libitum high-fructose diet in mice
with induced obesity (eight-week protocol with a high-fructose
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TABLE 2 | Main differences between intermittent fasting, caloric restriction, and

Ramadan fasting.

Intermittent Caloric Ramadan
Fasting restriction fasting
protocols

Caloric intake Considering the TRF: intake of Slight caloric
food 40% to 60% of intake
consumption the total energy restriction
throughout the expenditure, or (800 kcal) (95)

Meals daily
distribution

Related risks

Liquid intake

week, there is a
slight caloric
intake restriction
©7)

2 to 7 food
restriction
windows weekly.
Usually
composed by
16 h-fasting or
2 days of the
week with a
caloric intake
lower than 20%
of the TCI (78)
Binge eating and
hypoglycemia
(81)

No restriction (84)

daily restriction of
500 kcal to

1000 kcal (82)
ADF: includes
days containing
absolute fasting
of food (83).
MADF: includes
2 days a week
with no-energy
intake or days
with severe
restriction of food
intake (less than
25% of daily
necessity) (80)

Daily caloric
restriction with a
variable number
of meals (TRF,
MADF) (82) or
days without any
meals (ADF, ADF)

Vitamin and
mineral deficiency
82

No restriction (82)

Fasting during
daylight period
(from 11 AM to
6 PM).
Generally two
meals a day,
one after
sunset and one
before sunrise
©93)

Risk of
dehydration
and accidents
at work (98)

Restricted,
including water
restriction.
Liquid intake is
allowed only at
night (90)

diet). After 4 weeks of intervention, a reduction in the expression
of hypothalamic SOCS3 was observed. However, animals fed a
standard diet and submitted to an IF protocol showed an increase
in SOCS3 compared to control animals with a standard diet
without applying the IF protocol (27). Controversially, the study
of Zangh et al. (117) did not observe changes in the expression
of hypothalamic SOCS3 or alteration in plasma insulin in female
mice fed with a standard diet and submitted to chronic IF
protocols for 24 h performed only one to two times a week, during
a period of 13 or 42 days.

It is also known that the increase in tumor necrosis
factor-alpha (TNFa) attenuates the anorectic effect of leptin
and increases the expression of SOCS3 in the hypothalamus
(118). Despite studies showing that caloric restriction (116)

and Ramadan fasting (119) can reduce plasma TNFa levels,
particularly in obese or overweight individuals, a recently
published meta-analysis (28) evaluated serum levels of
inflammatory markers in response to different IF or caloric
restriction protocols. After applying the exclusion criteria, the
meta-analysis included only one study with obese individuals and
IF (alternating every 24-h between consuming 25% or 125% of
energy needs), which did not reduce TNFa levels (120). However,
it is crucial to consider the lack of papers published in this area.

Regarding animal studies, Spezani et al. (27) evaluated the
effects of IF for 24 h. The authors observed that obese mice
submitted to fasting curiously showed a greater expression
of hypothalamic TNFa when compared to the control group.
Therefore, the data are still contradictory, and further studies
are needed to assess the content and expression of TNFa,
specifically in the hypothalamus of obese animals submitted to
different IF protocols.

Another relevant inflammatory pathway involved in the
etiology of obesity is the IKKb/NF-kb pathway (110). Zhang et al.
(110) showed that mice submitted to a high-fat diet developed
obesity accompanied by increased concentrations of IKKB, which
can activate the nuclear factor kb (Nf-kb), leading to endoplasmic
reticulum stress in the hypothalamus and consequent resistance
to leptin and insulin (110). IKKB phosphorylation in the mid-
basal portion of the hypothalamus can impair the action of
insulin by inducing tyrosine phosphorylation and the consequent
inactivation of the insulin receptor (IR). In addition, it can
limit the activity of its target proteins: phosphatidylinositol-3-
kinase (Pi3K) and protein kinase B (Akt) (110, 121), which
are involved in the control of the hypothalamic autophagic
pathway (70). In a complementary way, the increase in IKKB
contributes to the elevation of the expression of hypothalamic
SOCS3 (110), impairing the central signaling of leptin and insulin
(41, 122). However, although IKKB is a protein widely studied
in obesity models, no investigations have evaluated IKKB in the
hypothalamic region in response to IF protocols.

The IKKb/NF-kb inflammatory cascade can also be activated
by lipopolysaccharides (LPS) when bound to their Toll 4
membrane receptor (TLR-4) (123, 124). Previous studies have
shown that obese individuals present increased levels of LPS
in the bloodstream, causing a condition called metabolic
endotoxemia, which is associated with systemic inflammation
and an increased risk of developing chronic diseases (125),
favoring the development/worsening of obesity (125, 126).
Additionally, prolonged treatment with LPS seems to increase
JNK and limit the hypophagic effects in response to central
insulin administration, regardless of the increase in body weight
(127). Although not fully understood, the increase in LPS
plasmatic levels is probably due to intestinal dysbiosis and
changes in the permeability of the intestinal wall (128, 129).

Dietary factors seem to modulate endotoxemia, and the use
of prebiotics could contribute to attenuating its progression (31),
while chronic exposure to a high-fat diet intake could worsen
progression (125). In this sense, a recent review article proposed
that IF protocols can also be used as a nutritional strategy,
affecting the brain-microbiota axis of obese individuals (31). An
elegant study demonstrated that the removal of the intestinal
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microbiota with the use of antibiotics reduced the protective
effects of IF on the cognitive function of the evaluated mice,
with the subsequent administration of microbiota metabolites,
such as short-chain fatty acids and 3-acid propionic indole, which
were able to improve cognitive function and insulin sensitivity
(30). Together, we hypothesized that IF might play a supporting
role in attenuating inflammation in the CNS through actions
on the microbiota-brain axis. However, this hypothesis needs
to be evaluated.

Additionally, it is known that during acute fasting periods,
there is an increase in P-hydroxybutyrate (BHB) production
(130), leading to increased phosphorylation of IRS1 and Akt in
their active forms, a reduction in serum insulin levels, and a
better response to the intraperitoneal insulin tolerance test (131),
as well as being able to modify hypothalamic leptin and insulin
signaling pathways in type 2 diabetic rats (132). It is essential to
highlight that BHB is also involved in inflammatory control (133).
The oral administration in Crohn’s disease patients exerts an anti-
inflammatory response through downregulation of NF-kb (134).
Cerniuc et al. (135), evaluating an IF protocol (2 non-consecutive
days of total fasting per week) in healthy women, also identified
a significant increase in blood BHB levels. To date, despite
not directly evaluating insulin response associated with fHB
production and hypothalamic responses in IF protocols, data
suggest that the increase in butyrate levels may also contribute
to improving insulin sensitivity in response to IF.

Although the relationship of neuroinflammation with insulin
and leptin signaling in response to IF protocols need to be further
explored, data suggest that: (1) the mechanisms of action of IF
seem to be different from those observed in calorie restriction
protocols (103, 108); (2) IF appears to be able to improve
insulin and leptin sensitivity (105, 106); (3) IF seems to be
able to modulate inflammatory pathways in the brain (27, 29)
and attenuate the levels of LPSs in the plasma (29), which
we hypothesize could be associated with an improvement in
hormonal and neuronal sensitivity; and (4) the increase in fHB
production in IF (135) may also contribute to better insulin
sensitivity considering the relationship of BHB and the insulin
pathway (131, 132).

The Influence of the Circadian Cycle on
the Modulation of Leptin and Insulin
Pathways in Different Intermittent

Fasting Protocols
Although several studies show that IF protocols are capable
of improving insulin and leptin sensitivity, it is essential to
emphasize that the time when the fasting window and the eating
window are performed significantly interferes with metabolic
responses and autophagic stimulation due to their influence on
the hormonal rhythm guided by the circadian cycle (33, 136).
However, the habit of skipping breakfast is associated with greater
consumption of food at night (breakfast skipping and late-
night eating pattern), increasing the risk of developing insulin
resistance and cardiometabolic risk (33, 137, 138).

Jamshed and coworkers (33) submitted overweight or obese
individuals to IF protocols. The authors evaluated the differences

between the protocol carried out with the food window from
8 AM to 2 PM (Early Time-Restricted Food - e¢TRE) with a
second protocol containing the last meal at 8 PM, both on a
controlled diet. After four consecutive days of intervention, the
authors observed increased BMALL expression in the morning,
activation of Akt2, reduced fasting plasma insulin, and glucose
concentrations in the eTRE group compared to the group that
had the last meal at 8 PM (33). These results corroborate another
study carried out with humans by the same research group
that observed that the eTRE group improved insulin sensitivity,
assessed by the glucose tolerance test, compared to the group fed
at night (107).

The IF protocol performed without respecting the circadian
cycle can induce a dysregulation in the expression of the circadian
cycle leading to a significant increase in the natural peak of
mRNA expression of genes involved in glucose regulation (i.e.,
Gck, Slc2a2, and Pdk4) and also lead to a higher plasma leptin
levels when compared to an IF protocol applied to respect
the circadian cycle (with a distributed feeding window in the
active period of mice) (32). On the order hand, an IF protocol
respecting the circadian cycle seems to reverse the obese and
hyperphagic phenotype of heterozygous knockout mice of brain-
derived neurotrophic factor (BDNF) and re-established insulin
sensitivity and brain BDNF levels after 3 weeks of intervention
(139). Thus, due to its influence on the circadian cycle, the
effects of IF on endocrine responses and body weight may vary
according to the time of day in which each food and fasting
window is held. It seems better for healthy improvements not
to skip breakfast and start the fasting window close to sunset
to improve sensitivity to anorectic hormones and help prevent
obesity (137, 140, 141).

Therefore, it is essential to point out that these data warn us
regarding popular IF models disseminated in social media that
encourage avoiding breakfast and starting the eating window at
lunch. It is essential to reinforce the importance of a scientific
basis to achieve better dietary prescriptions at the individual and
population levels. This topic was deeply explored in the recent
review published by Moon et al. (142).

Intermittent Fasting and the Autophagic
Pathway

Autophagy is an essential mediator of physiological responses
associated with the generation of ROS and cellular protein
damage (143), being directly involved in maintaining energy
homeostasis through the increased expression of neuropeptides
(144) and in the control of the neuronal inflammatory response
(77). Energy stress and IF-induced oxidative stress can activate
the autophagic pathway (145) through the increase in sirtuins
(SIRTs) (146, 147), associated with increased phosphorylation of
AMPK in threonine (148, 149), correlated with phosphorylation
of the ULK1 protein and autophagic pathway (150). Therefore,
the application of IF protocols is a non-pharmacological
alternative capable of activating the autophagic pathway (33, 34).

During prolonged fasting, lower glycemic values and changes
in the adenosine monophosphate/adenosine triphosphate
(AMP/ATP) ratio induce SIRTs activation in tissues such as the
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kidney, skeletal muscle, and blood samples from overweight
individuals (145, 147, 151). Sirtuins are known to induce
the autophagic pathway through phosphorylation of AMPK,
FOXO1, or deacetylation of autophagic family proteins (145,
149). A study evaluating the IF and autophagic pathway in
adults observed an increase in serum levels of SIRT1 and the
autophagosomal membrane component LC3A, thus suggesting
autophagic stimulation, accompanied by improved insulin
sensitivity (33).

AMP-dependent protein kinase is an essential protein
associated with the neuronal autophagic pathway and energy
homeostasis (59). An interesting study by Kaushik et al. (61)
observed that acute fasting could increase the content of free fatty
acids in the hypothalamus, with consequent phosphorylation and
activation of AMPK and ULKI, increasing autophagic flow in
AgRP neurons with hunger induction. Furthermore, the authors
observed that impairment of the autophagic pathway in cultures
of hypothalamic cells through the deletion of the protein related
to autophagy 7 led to a reduction in AgRP levels, food intake,
and adiposity (61). The increased availability of fatty acids can
induce the hypothalamic autophagic pathway and increase NPY
expression (144).

Additionally, the acute fasting protocol can also lead to
phosphorylation of mTOR and its target protein, ribosomal
protein kinase S6 (S6K) at serines 240 and 244 in the
hypothalamus, thus inactivating the mTOR/S6k pathway (50).
During fasting, the increase in AMPK associated with the
reduction in mTOR contributes to the regulation of food intake
(50, 52) and activation of ULK1 and the autophagic pathway
(150). These data corroborate the work of Chaix et al. (152), who
evaluated IF protocols in obese mice, and observed an increase in
the levels of the homolog of ATG8, Gabarapl, a key regulator of
autophagic flow during fasting. The animals showed significant
weight loss compared to the control group, although food intake
did not show any significant difference.

Although several studies have shown the effects of caloric
restriction programs or fasting periods on the autophagic
pathway, it is essential to emphasize that, to our knowledge,
few studies have assessed the impact of IF protocols on the
autophagic pathway. To date, we understand that fasting periods
in general lead to increased availability of free fatty acids in
the hypothalamic region, reduced levels of glucose and serum
amino acids, leading to activation of sirtuins (33) and the AMPK
pathway (148), and inactivation of the mTOR pathway, thus
stimulating the autophagic complex (50, 73). There are no studies
evaluating the autophagic pathway in the hypothalamic nucleus
in response to chronic IF protocols.

Intermittent Fasting, Pro-opium
Melanocortin Anorectic Neuron, and
Agouti-Related Peptide Neuropeptides

The mechanisms by which IF alters the expression of
hypothalamic neuropeptides are not fully understood; however,
it is known that IF can improve sensitivity to leptin and insulin
(106) and stimulate the autophagic pathway (33, 145), which
is related to the activation of hypothalamic neuropeptides and

energy homeostasis (27, 55, 59, 60). Another relevant factor is the
increase in reactive oxygen species induced by the IF protocol
(146). ROS in the hypothalamus is also a factor that leads to the
electrical activation of neuropeptides POMC and inactivation of
Npy/AgRP (153).

The suppression of reactive oxygen species decreases the
activation of POMC cells and increases the activity of
NPY/AgRP neuropeptides (153). During fasting, the mechanisms
of oxidative protection performed in the mitochondria protect
the exacerbated increase in ROS in AgRP neurons. Uncoupling
protein 2 (UCP2) is a protein abundantly expressed in
arcuate nucleus neurons associated with energy homeostasis and
involved in controlling oxidative stress in mitochondria (154,
155). A study shows that the function of UCP2 via AMPK seems
to be a key point for the electrical activation of NPY/AgRP
neurons during a fasting period (156). In contrast, ROS levels are
low during fasting in POMC neurons, and the transient increase
in ROS favors satiety and the action of leptin via mTOR (75,
157). However, these data were evaluated using acute fasting
protocols. There is still no evidence about the content of ROS
in neuronal groups and its impact on energy homeostasis in
response to IF protocols.

Low serum leptin values during fasting contribute to an
increase in the expression of AgRP and NPY (156, 158, 159),
stimulating the autophagic pathway and consequently inhibiting
activation of the hypothalamic-pituitary-thyroid axis to reduce
caloric expenditure and save energy (160). However, contrary
to the results observed after a single fasting period window, the
study of Chausse et al. (161) submitted eutrophic rats to a 24-h IF
protocol and observed that rats that underwent IF for 3 weeks,
even with an excellent response to leptin, curiously showed
increased expression of the orexigenic neuropeptide AgRP both
during fasting periods and on feeding days. Increased energy
expenditure, reduced energy efficiency factor, and lower weight
gain were also observed when compared to the control group.
These findings suggest that AgRP neuron responses to the IF
protocol may differ from those observed after a single fasting
window, and further studies are needed.

It seems that during the IF protocol, the response of
neuropeptides can change. A study with eutrophic mice
evaluating the response to IF protocols after 13 days and again
after 42 days found that the first intervention increased food
intake in the feeding windows accompanied by an increase in
NPY mRNA expression. However, interestingly, after 42 days,
there was a reduction in NPY mRNA expression that returned
to baseline values. There was no difference compared to the
control group (without IF intervention), thus suggesting a new
late hypothalamic adaptation of NPY in response to the chronic
application of the IF protocol (117), which may be related to
the popularly described hunger adaptation. Regarding POMC
neuropeptides, there were no significant changes.

Additionally, the time that the fasting window is performed
can also influence the expression of neuropeptides. Animals
exposed to a high-fat diet for 2 weeks and then submitted to the
IF protocol of 16 h for 1 week, with the feeding period performed
during the rest period, disregarding the circadian cycle, showed
increased hypothalamic expression of the orexigenic genes NPY
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and AgRP. Higher food intake and higher serum levels of leptin
were also observed, thus suggesting possible resistance to leptin
compared to animals that followed the IF protocol with the
feeding window performed in the active period (referring to
the night period for mice). Therefore, it can be concluded that
when the IF is carried out with the food period during the rest

period, disregarding the physiological circadian cycle, there is
a possibility that the protocol can trigger dysregulation of the
neuroendocrine mechanisms of hunger control, which may harm
health (32).

Few studies have assessed the effects of IF and neuropeptide
expression in obese individuals. Gotthardt et al. (35) studied
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obese mice submitted to an IF protocol where the mice were
food deprived every other 24-h period beginning at 9:00 AM
(fasting day), 2 h into the light cycle, for 4 weeks. The results
showed increased expression of mRNA of hypothalamic NPY
and increased energy expenditure compared to the control
group that consumed a high-fat diet ad libitum. Regarding
the expression of POMC neurons, the group that performed
the IF showed a significant reduction in the expression of the
POMC neuropeptide when compared to the control group with
an ad libitum high-fat diet, which was also accompanied by
a decrease in serum levels of leptin, improvement in insulin
sensitivity, and weight loss.

Interestingly, a study evaluating the effects of IF in animals fed
with a standard diet observed that after 4 weeks of application of
the IF protocol (24 h fed, 24 h fasting), the group with standard
diet and fasting presented reduced expression of POMC when
compared to its respective control (standard diet without fasting)
(27). However, the authors also looked at the effects of IF on two
other types of diet: obese animals fed a high-fat diet and obese
animals fed a high fructose diet. After 4 weeks of applying the IF
protocol (24 h fed, 24 h fasting), the fasted obese animals showed
increased expression of POMC in both protocols (27).

Therefore, we suggest that the content of neuropeptides in
IF seems to occur differently from that observed in caloric
restriction protocols, and the adaptations of the CNS seem to
differ according to (1) the duration of time that the IF protocol
is being applied, with the orexigenic neuropeptide NPY being
able to return to baseline values as a late adaptation (117);
(2) it is essential that the distribution of feeding and fasting
periods respects the circadian cycle to avoid possible health
risks (32); (3) concerning POMC neuropeptides, the IF protocol
interestingly seems to reduce the expression of POMC neurons
in some models (27, 35), but the results are still contradictory.
Therefore, further studies are necessary to elucidate the effects
of IF on hypothalamic responses and energy homeostasis.
In addition, it is necessary to investigate long-term changes.
Figure 3 summarizes the possible effects of IF as an adjuvant
treatment to partially rescue hypothalamic responses in obesity.
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During pregnancy the human fetus receives timed cues from the circadian rhythms of
temperature, metabolites, and hormones from the mother. This influence is interrupted
after parturition, the infant does not secrete melatonin and their circadian rhythms are still
immature. However, evolution provided the solution to this problem. The newborn can
continue receiving the mother’s timed cues through breastmilk. Colostrum, transitional,
and mature human milk are extraordinary complex biofluids that besides nutrients,
contain an array of other non-nutritive components. Upon birth the first milk, colostrum,
is rich in bioactive, immunological factors, and in complex oligosaccharides which help
the proper establishment of the microbiome in the gut, which is crucial for the infants’
health. Hormones, such as glucocorticoids and melatonin, transfer from the mother’s
plasma to milk, and then the infant is exposed to circadian cues from their mother. Also,
milk components of fat, proteins, amino acids, and endogenous cannabinoids, among
others, have a markedly different concentration between day and night. In the present
review, we give an overview of nutritive and non-nutritive components and their daily
rhythms in human milk and explore their physiological importance for the infant. Finally,
we highlight some interventions with a circadian approach that emphasize the importance
of circadian rhythms in the newborn for their survival, proper growth, and development.
It is estimated that ~600,000 deaths/year are due to suboptimal breastfeeding. It is
advisable to increase the rate of exclusive breastfeeding, during the day and night, as
was established by the evolution of our species.

Keywords: chrononutrition, melatonin, circadian feeding, tryptophan, cannabinoids,

oligosaccharides, secretory IgA

glucocorticoids,

INTRODUCTION

Being active and eating during typical times of rest, as with night-shift work, disrupts circadian
clocks and is related to a higher risk of several metabolic disorders (1). Recent studies have also
found that restricting eating to certain times of day can be beneficial to health (2), and from these
observations the field of chrononutrition has developed (3). The goal of chrononutrition is to
adjust nutrition quality and intake to coordinate with an individual’s biological clock, so that one
consumes the optimal type and quantity of food at the correspondingly optimal time of day (3).
Most of the current understanding of chrononutrition arose from work in adults and thus does
not encompass the lifespan of developing humans. Rest and activity patterns and nutritional needs
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change as humans develop. Unlike adults, newborns ingest
milk during the day and night, and this has an important
biological significance: the concentration of milk components
changes according to the circadian rhythms of the mother.
Moreover, the infant is sensitive to milk and environmental
circadian cues. In the present contribution, we review the current
evidence about these two topics related to rhythms in breastmilk
and environmental conditions and discuss their relevance for
the proper establishment of the infants circadian rhythms.
Some studies label the temporal changes of milk components
as circadian but, in most cases, they describe only different
concentrations between specific hours of the day and night; in
the present review, we will refer to them as daily rhythms. Our
main emphasis will be on human studies.

In the womb, the fetus is exposed for approximately
9 months to the circadian, physiological, metabolic, and
behavioral rhythms of the mother. This circadian milieu is
abruptly interrupted upon birth, but nature developed the
perfect substitution: maternal milk whose composition changes
according to the circadian rhythms of the mother (4-7). Not
surprisingly, in humans the newborn ingests milk during the day
and the night, and the nutritive and non-nutritive components
change accordingly. The world health organization recommends
exclusive breastfeeding for at least the first 6 months of age to
improve child survival, healthy growth, and development but
unfortunately, breastfeeding rates in the world are low (8).

NUTRIENTS IN HUMAN MILK THROUGH
LACTATION

Human milk is an extremely complex biofluid with dynamic
composition, beginning with the first milk, colostrum, through
transitional and mature milk; it changes significantly depending
on the maternal diet, environmental factors, and whether milk
is produced for preterm or term infants (9-11). Mature human
milk composition contains 88% water, 7% carbohydrates, 4% fat,
and 1% protein (9). Protein and total amino acid concentration
is highest in colostrum 14-16 g/L, then steadily decreases to 7-8
g/L in mature milk (12). Caseins and whey proteins are the main
proteins in milk, but proteomic analysis has identified ~1,700
different proteins (13). Fat concentration has an increasing trend
from 26 g/L in colostrum to 37 g/L in mature milk (11).
Carbohydrates are the most abundant macronutrient, in which
lactose concentration is very stable during lactation with a mean
concentration of 61.4 g/L (4), with a lower concentration in
colostrum (56 g/L) than in mature milk in which it reaches its
highest concentration (68 g/L)to support the increasing growth
of the infant [Figure 1; (16)]. Moreover, milk also has vitamins,
enzymes and coenzymatic factors, hormones, and immunological
factors [(14); Figure 1].

NON-NUTRITIVE COMPONENTS AND
IMMUNOLOGICAL FACTORS

The immune system of the newborn is immature and
human milk is rich in immunological factors. It contains

immunoglobulins, immune cells, complement proteins,
and immunomodulatory and antimicrobial factors (17-19).
Immunoglobulin A (IgA), Immunoglobulin G (IgG) and
Immunoglobulin M (IgM) are present in colostrum, but IgA
is different from that found in plasma. It is a dimer with a
joining ] chain protein and a secretory component named
secretory IgA (SIgA), which increases its resistance to proteolytic
degradation in the intestine (20). Consistent with this finding,
significant quantities of SigA are found in the infant stool,
which decreases in parallel with that in milk (21). Levels of
sIgA are much larger in colostrum, in comparison with IgG and
IgM. Their levels decline from 5.4 g/L in colostrum to 1.3 g/L
in mature milk [(17); Figure 1]. Lactoferrin, an iron-binding
glycoprotein with bacteriostatic and bactericidal activity against
Escherichia coli, Candida albicans, and other pathogens, such as
viruses (22), is higher in colostrum (5 g/L) than in mature milk
[1.4g/L; (17); Figure 1]. In addition, human breast milk contains
pluripotent stem cells and leucocytes (23-26), plus inflammatory
and anti-inflammatory cytokines (27). Polyunsaturated fatty
acids, such as docosahexaenoic (DHA) and arachidonic (ARA)
acids, have immunomodulatory properties and participate in
several developmental and cognitive processes (28). Contrary
to the common belief that human milk is sterile, it has been
established that in mature milk, the infant consumes ~8 X
10*-10° commensal bacteria, fungi, and viruses that colonize the
infant gut to form a microbiome that allows proper development
of the immune system (9, 29). Also, breastmilk contains ~1,400
species of mature microRNAs that are absorbed by the intestinal
epithelial cells and are involved in immunomodulatory and
epigenetic regulation (30, 31). Milk also contains a complex
array of approximately 200 oligosaccharides, which have
important immunological properties and are essential to the
development of a “healthy” microbiome. Their concentration is
highest in colostrum (20-25 g/L) and decrease through lactation
to 5-20 g/L (14, 32). Cannabinoids are among the several
neurochemicals found in milk; these include anandamide (AEA)
and 2-arachidonoyl glycerol (2-AG), the latter in much larger
concentration [(33); Figure 1]. Thus, milk is a complex biofluid
that contains myriad nutritive and non-nutritive components.
Human milk has an addition allevel of complexity: it reflects
circadian rhythms of the mother.

DIURNAL CHANGES IN MILK
COMPONENTS

In human milk, there are circadian hormonal variations,
including glucocorticoids (GLUC), melatonin, (MEL), Leptin,
Ghrelin, and others. Plasma GLUC increases during the last
phase of the night, reaches a peak during the morning, and then
decreases (34). In contrast, MEL increases during the night and
it is almost negligible in plasma during the day (35). GLUC and
MEL may communicate “time of day and night” to the body;
they are associated with alertness and sleep phases. GLUC and
MEL are transferred to breast milk, and their concentration
mirrors that in plasma. GLUC concentration in human milk
is higher in the morning. MEL levels are low in the evening
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and the first part of the night, then increase again (5, 36). At
3-4 days after parturition MEL is below the limit of detection
between 1,400 and 1,700 h, but during the night between 0200
and 0400 it reaches a concentration of 99 £ 26 pmol/L (6, 35).
Concentration in human milk of another hormone, Leptin,
is significantly higher during 10 pm and 4 am compared to
10 am—10 pm (37). Lipids increase in the morning, reach a
peak from midday to evening, and reach lower values at night
(38-40). Ghrelinisalso present in human milk as well as insulin,
adiponectin, obestatin, and other metabolic hormones (15, 41).
No diurnal differences have been found among these latter
hormones or in total proteins, carbohydrates, and lactose, or
there are controversies about their diurnal differences (42, 43).
However, of 17 amino acids explored, only a clear rhythm of
tryptophan was observed in colostrum, transitional, and mature
human milk with an acrophase at approximately 0400 h, and then
its levels decrease and reach a nadir during the afternoon (7). In
mature milk, clear rhythms were detected also in methionine,
aspartic acid, histidine, phenylalanine, and tyrosine, with an
acrophase at different times of the day (7). In mature milk, there
are also rhythms of nucleotides, adenosine 5’monophosphate
(5AMP), guanosine 5'monophosphate (5GMP), uridine
5’monophosphate (5'UMP),cytidine5’'monophosphate (5’CMP)
and inosine 5’mono‘hosphate (5 IMP), the first three with higher
levels during the night and the latter two during the day (44). In
mature milk, 2-AG showed significantly higher concentration
during the day than during the night, which mirrored plasma
levels in the mother [(33); Figure 2A].

DIURNAL CHANGES IN IMMUNOLOGICAL
FACTORS

Earlier studies reported no differences in concentration of IgA,
IgM, and IgG between day and night (46, 47). Further, in a

study of 36 mothers, colostrum, transitional and mature human
milk, sIgA was higher during the day at 12:00h than during
the night at 24:00h. IgG and IgM were also higher during the
day than during the night in transitional and mature milk [(48);
but see (19)]. C3 and C4 complement proteins, which opsonize
pathogens and participate in the innate and adaptive response,
increased significantly in colostrum during the diurnal period in
humans (48). There are also reports about significant differences
between day and night concentrations of cytokines IFNy, IL4,
IL5, and IL10 (49, 50). No diurnal differences have been found
in Lactoferrin concentrations (46).

PHYSIOLOGICAL IMPORTANCE OF
DIURNAL CHANGES IN MILK
COMPONENTS

During late pregnancy the fetus expresses rhythms of total
activity, heart rate, and general and breathing movements (51—
53). This is not only a response to maternal rhythms, as the
fetal brain is necessary for the integration of the mother’s cues
(54). Disruption of circadian rhythms during pregnancy leads
to an array of negative pregnancy outcomes, such as increased
frequency of miscarriage, preterm infant delivery, and low birth
weight (55). Upon birth the newborn is exposed to a variety
of manipulations and environmental changes and time of the
establishment of circadian rhythms of CORT, MEL and day/night
rest and sleep rhythm vary widely at 3-6 months of age (56).
In a study in which the infant was breastfed on demand during
the day and night and exposed to light only during day time,
the circadian rhythms of temperature, sleep/wake, and MEL
were detected during the first week and at 30 and 45 days of
life, respectively (57), significantly earlier than most reports.
Accumulating evidence reveals the benefits of changes in milk
components and environmental conditions for the infant.
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FIGURE 2 | Daily rhythm in some milk components and effect of light/dark conditions on infant development. (A) Changes in concentration of glucocorticoids (GLUC),
melatonin (MEL), tryptophan (TRP), fat and 2-arachidonoy! glycerol (2-AG) in 24 h. Modified from (5, 6, 33, 35, 36). (B) Effect of constant light (Light/Light) or 12 h light
and 12 h dark (Light/Dark) on food intake (Fl), weight gain (WG), and length of hospital stay in infants at the neonatal intensive care unit (NICU). Blue line and dashed
lines infants in Light/Dark; Red line and dashed lines infants in Light/Dark. Note the shorter hospital stay and the increase in food intake and weight gain in infants in
Light/Dark cycle in comparison to infants in Light/Light conditions. Modified from (45).

The higher concentration of tryptophan and nucleotides
5AMP, 5GMP, and 5UMP may play an important role as
sleep promoters. It has been established that adenosine decreases
cellular activity and is a somnogen (58). In agreement, there
is an increase of 5GMP in adult human plasma during sleep
in the night in comparison to the period of wakefulness (59).
In human milk, the concentration of 5AMP, 5GMP, and
5UMP is higher during the night than during the day (44).
The effect of the differential concentration of tryptophan and
the nucleotides was tested in children. Sleep-wake cycle in
newborns is not established and they nurse during the day and
the night (60). They ingest tryptophan and nucleotides during
the night, when the concentrations are highest. Tryptophan
is a precursor of the hormone melatonin, and its ingestion
corresponds with the variable levels of 6-sulfatoxymelatonin in
urine, a metabolite of melatonin (61). To test the effect of
this amino acid on sleep, tryptophan was added to formula
milk, along with 5AMP and 5UMP to children 4-20 weeks
of age. Children that received formula with this amino acid
and nucleotides from 18:00 to 06:00h showed a reduction in
their latency to sleep as well as an increase in their hours of
sleep (62). In another study of the same group, 8-16 month
old children were fed a cereal enriched with tryptophan, 5’AMP,
and 5UMP during the night. Actigraphic recording revealed
an improvement in sleep parameters (63). These experiments
support the assumption that tryptophan, 5AMP, 5UMP, and
MEL in human milk during the night improve infant sleep and
help to consolidate their sleep/wake cycle. Vitamin B12 also may
improve sleep in children. In humans, it has been associated
with the modulation of sleep and circadian rhythms (64-66),
and its deficiency during pregnancy has been associated with
a subsequent increase in the infants’ crying (67). Together the
evidence indicates that there are chronobiotic substances in milk
that contribute to the establishment of the sleep-wake cycle of the
infant. Indeed, a recent study demonstrates that breastfed infants

achieved a circadian rest-activity rhythm at 6th week age in
contrast to 12 weeks in mixed, formula and breastmilk-fed babies
(68). Exclusively breastfed infants had better sleep parameters
in comparison to formula-fed infants (69). Infants at 2 months
of age who were breastfed, in contrast to formula-fed infants,
had a significantly lower frequency of colic attacks and severity
of irritability attacks, which was associated with the night-time
consumption of MEL through milk (70).

MEL has a strong interaction with the immune system.
Human lymphocytes contain membrane MEL receptors
which suggest that they can detect physiological changes in
this hormone (71). In vitro studies have demonstrated an
effect of MEL on the phagocytic activity of mononuclear
and polymorphonuclear lymphocytes from colostrum. When
exposed to Escherichia coli, in the presence of MEL, these cells
increase their phagocytic, and bactericidal activity by stimulating
cellular oxidative metabolism (6). In another example, TNF-q, a
regulator of inflammatory processes, which is present in human
milk, inhibits the in vitro synthesis of MEL in the ratpineal gland
(72). This information is relevant, as cesarean section delivery
in humans increased the production of TNF-a in colostrum, in
parallel with a suppression of the nocturnal MEL increase (50).
This can lead to an inflammatory process and to a disruption of
the beneficial actions of MEL in the newborn. There are reports
that the addition of nucleotides to formula milk significantly
increased weight gain (73) and the rate of the occipitofrontal
head circumference gain in infants 2 months of age (74). Infants
fed with milk supplements enriched with DHA had a lower
incidence of bronchiolitis and bronchitis during the first year of
age (75).

The high level of 2-AG cannabinoids in human milk may
modulate the infant’s food intake, and this also can be influenced
by the weight of the mother. Milk of overweight and obese
mothers has a larger concentration of 2-AG and this may have an
impact on the body mass index of the infant because of the effect
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of endocannabinoids on food intake and the hedonic properties
of food (33, 76, 77). Overweight mothers give birth to overweight
babies (78). Cannabinoids are involved in development, as the
administration of an antagonist of the CB1 receptor within the
first day after birth in mice; inhibited milk ingestion due to an
impairment of the pup’s suckling response (79). This evidence
and that cannabinoids are one of the few compounds in human
milk with diurnal variation; suggest that they play an important
role for the infant. It is noteworthy that breastfeeding also has
important benefits for the mother, as it reduces the risk of ovarian
cancer, mammary cancer, and postpartum depression (80).

EFFECTS OF ENVIRONMENTAL
LIGHT/DARK CYCLE ON NEONATES

The importance of circadian rhythms for the wellbeing of infants
has been reported in preterm infants in a neonatal intensive care
unit. After parturition, premature infants were separated from
their mothers and usually did not ingest their mother’s milk.
The infants pineal in humans does not secrete MEL, and those
infants were maintained in constant light conditions (81). This
strategy severely affected their survival. Infants in this facility
maintained in constant light had a lower weight gain, spent more
days on the ventilator and on phototherapy, displayed lower
motor coordination, and showed a delayed response to be fed
orally, in contrast to babies maintained in a cycled light-dark
condition (81). In another study, a personalized helmet over the
head of the infant that covered their eyes but permitted airflow
was used to maintain 12:12h, light/dark condition, and infants
were fed with mother’s milk. Infants under this procedure showed
faster weight gain, improved oxygen saturation, more rapidly
developed a melatonin rhythm, and attained a shorter discharge
stay in the hospital [(45); Figure 2B]. These studies are examples
of the importance of circadian rhythms after birth in infant.
Fortunately, the compelling evidence of the benefits of exposing
premature infants to a light/dark cycle is leading neonatal care
societies to recommend this practice for clinical applications (82).

CONCLUSION

The complexity of milk stands in sharp contrast to the concept
of simple food for the infant. The analysis of milk components
and their diurnal changes has led to the enrichment of milk
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Introduction

There is a wide range of eating disorders (EDs) which span from restrictive
eating patterns such as anorexia nervosa, to the compulsive eating spectrum such as
bulimia nervosa (BN), night-eating syndrome (NES), and binge-eating disorder (BED),
all with complex multifactorial pathogenesis including biological, environmental, and
psychological factors. In general, EDs enclosed within the compulsive spectrum include
disordered bouts of feeding at different times of the day. Many aspects of these disorders
are modulated by the circadian system, such as meal timing, mood, compulsive behavior,
and sleep quality.

We conducted a systematic search combining binge eating studies with
circadian/sleep analyses to assess the main aspects of the BED and its relationship with
the circadian system. This was conducted on the electronic database MEDLINE/PubMed
using the search string (binge eating) AND [(circadian) or (rhythm)]. We searched
the literature references to find additional articles. We kept only the papers that treat
binge eating as a disorder and not as a component of other disorders, such as the
binge eating episodes in bulimia nervosa. In view of the scarce literature on the subject,
here we propose a call to action for examining circadian patterns in more detail
within BED.

Binge eating disorder (BED)

Binge eating disorder (BED) is the most frequent eating disorder, affecting 1-3% of
the population, with onset between 15.5-27.2 years of age and an average duration of
4-8 years (1, 2). Like most eating disorders, BED is more common in women (3.5%) vs.
men (2.0%) (2). Despite being the most common eating disorder, many patients fail to
receive a proper diagnosis or do. Indeed, in a representative sample of American adults,
only 3.2% of respondents who met DSM-5 criteria for BED had received an appropriate
formal diagnosis in the previous 12 months (3). Originally described by Spitzer (4), BED
is characterized by the presence of recurrent binge-eating episodes with a minimum
duration of 3 months and a frequency of > once a week. Another important fact to
consider is the unpleasant nature of binge eating and the absence of purging behaviors
or subsequent compensation.
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An episode of binge eating is characterized by the ingestion
of more food than what most people would eat in a similar
period and circumstances, as well as a feeling of lack of control
over what is ingested. Its clinical description represents a specific
eating disorder, different from other mental disorders after its
inclusion in 2013 in DSM-5 (5). The differential diagnoses of
this disorder include Bulimia Nervosa (BN), the binge-eating
and purging subtype of Anorexia Nervosa (BP-AN), and night
eating syndrome (NES).

In BN, episodes of binge eating are usually followed by
self-induced purging behaviors (generally vomiting). In BP-
AN, the same thing happens, but body weight is noticeably
decreased due to the intense restriction of meals. In both
disorders, an intense fear of gaining weight is clearly present.
Finally, the NES is characterized by recurring episodes of
food intake at night, manifested by eating when waking up
during the night or by excessive consumption of food after
dinner (6). Clearly, in the NES the most important factor is
the time of day in which the ingestion occurs. Described in
the 1950s, the chronobiological aspects of NES have received
more consideration: NES patients tend to express evening
chronotype with a higher frequency of insomnia and overweight
conditions (41, 42).

Patients with BED present a high prevalence of psychiatric
and physical comorbidities. Between 30.0 and 80.0% of
individuals with BED present lifetime comorbid mood and
anxiety disorders (7, 8). Other common comorbidities reported
in individuals with BED comprise numerous addiction disorders
such as substance use/abuse (22.0%) (9), gambling problems
(5.7-18.7%) (10) as well as compulsive buying (7.4-18.5%) (11).

The prevalence of binge eating disorder in individuals with
obesity attending weight loss programs was found to be between
16-52% (12).

Individuals with obesity and comorbid eating disorders are
at high risk of several medical and psychosocial complications
such as diabetes, hypertension, and chronic pain (1, 13). A
study with 152 treatment-seeking individuals with obesity found
that those with binge eating disorder had higher BMIs, more
severe levels of depression and obsessive-compulsive symptoms,
and stronger feelings of inadequacy and inferiority than those
without binge eating disorder (14).

Chronotype and chrono-nutrition

Humans differ in their preferences for activity and sleep
patterns during the day, reflecting interindividual differences
in their daily physiological organization, defining morning and
evening chronotypes (15, 16).

There is a clear association between mood and chronotypes
(17, 18). In particular, the eveningness dimension could be
considered a vulnerability factor to depressive symptoms and
Major Depressive Disorder (19).
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Different studies investigated the relationship between
personality traits and chronotypes (20); evening types were
associated with anxious, hostile, impulsive and depressive
personality traits, while a morning chronotype was associated
with traits such as conscientiousness and with the tendency to
be compliant (21, 22).

The term chrono-nutrition refers to energy distribution
processes including feeding-fasting rhythm, meal frequency,
the duration of the eating period, and the relationship with
metabolic health (23, 24). Meal regularity establishes the
pattern of energy intake and distribution, which is crucial
for health outcomes. On the other hand, meal irregularity,
defined as food consumption at different times and in varying
amounts throughout the day (25), is associated with obesity and
metabolic-related disease (26). Several recent studies indicate
that food intake at later times is highly associated with increased
adiposity, obesity, and metabolic risk (26, 27). Moreover, eating
a large amount of food during the evening increased the odds
of obesity and metabolic syndrome (28). An increased ratio of
evening-to-morning meals has been associated with an increase
in the body mass index (BMI), while a higher morning-to-
evening ratio has the opposite effect (29-31). The conclusion is
that eating when the body is not ready to manage a large amount
of energy (i.e., when we are preparing to sleep), has a great
impact on our health (28). The proximity of food consumption
to the nocturnal rise of melatonin was associated with impaired
glucose homeostasis and increased adiposity (32, 33). Eating
behavior has been linked to circadian rhythms (34), since clock
genes may synchronize not only the feeding-fasting rhythm but
also metabolism itself (35, 36). In this sense, the individual
differences in chronotype could influence eating behavior as a
zeitgeber (37). For instance, late chronotype or late mealtime
were associated with an increased desire for high-fat foods and
more appetite (38).

The relationship between the circadian system and specific
eating disorders remains unclear in part, this may be due to
nosographic aspects related to the diagnostic systems of EDs,
particularly regarding the differential diagnoses between BED
and NES.

Although NES is described as an eating disorder in the
DSM, many authors have questioned its validity as a nosographic
construct (39, 40), even when it represents the most relevant
results associated with eating at night and its consequences.
Individuals with BED or NES share the feeling of a loss of
control over food consumption, but both syndromes differ in
their timing. Several studies demonstrate that energy intake in
NES patients tended to occur during the night, affecting the
sleep-wake cycle (41, 42). In contrast, in BED patients, the
available literature fails to systematically collect and inform the
time of the binge behavior that may occur at any time of the
day (43, 44). Only a few studies report circadian preferences in
patients with eating disorders (37, 40, 45). A circadian approach
to the BED indicated that subjects with either BED or NES
were more likely to have an evening chronotype (40), as well
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as higher rates of anxious and depressive symptoms. Subjects
with NES have similar sleep onset and offset times to those
of controls (46, 47), suggesting that their delay in chronotype
may be due to their eating behavior and not to the circadian
system. Indeed, more work is needed to examine when binge
episodes occur and what is their relationship with the feeding-
fasting rhythm, the subject’s chronotype. Social aspects should
also be considered, e.g., if the binge occurs when people are
alone, or if there is some preference for binge during week-
days or during weekends which can contribute to social jetlag,
another circadian disruption with metabolic consequences. In
this sense, both NES and BED can act as a promotor of- as well as
a consequence of- circadian disruption, inducing a vicious cycle
between both alterations.

Binge behavior and sleep

Sleep disturbances has been studied in patients with
NES, which tend to present insomnia and periodic limb
movements. Moreover, night eaters reported higher ratings of
sleep perturbations and use of sleep medications (41). However,
NES was not associated with day-time sleepiness. A rest-activity
pattern study found no differences on sleep-onset time or total
sleep duration in NES, although more awakenings and later sleep
offset time have been reported (41).

A study of the rest-activity pattern in patients with BED
demonstrated some alterations in their circadian behavior. BED
patients exhibited a lower MESOR (mean estimate of circadian
rhythm, derived from fitting the data to a cosine wave) and
amplitude than control subjects (48). Patients also presented
low sleep-efliciency values, but this was also present in an obese
control group, indicating that it could be ascribed to overweight
conditions (45). Different studies analyzing obese patients with
and without BED confirmed this finding: sleep architecture
abnormalities in patients with BED were also found in the obese
control group (45). Despite this, another study demonstrated
that BED patients show more minutes of wakefulness during the
sleep period than normal-weight controls (49), presumably due
to their binge episodes. In addition, significantly higher sleep-
disruption parameters were found in children with BED than
in obese non-BED and normal-weight controls (49). More work
needs to be done to clarify the relationship between BED and
the circadian pattern of sleep, sleep quality, and its dependence
on obesity.

Addictive-like eating behaviors

Binge eating disorder is recognized as an eating disorder
involving compulsive food intake. Some authors point out that
this type of behavior could be included within a theoretical
construct called Food Addiction (FA) (50, 51), employed to
describe addictive-like compulsive overeating which involves
cravings and difficulties in abstaining from high-calorie foods
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(52). Even though FA could be present in patients with BED, it is
important to note that while BED is a classified and diagnosable
mental disorder, FA remains a controversial concept that has
not yet been recognized as a diagnostic entity. FA shows some
similarities with substance abuse disorders; indeed, both drug
consumption and excessive food intake share neural changes
in the brain reward system (53-56). Dopaminergic activity
disruption appears to be a common root for drug intake and
compulsive eating, supporting the food addiction concept (57).

As we mentioned, feeding is rhythmically distributed over
a 24h period (58). Interestingly, a circadian rhythm for caloric
intake has also been described (59-61); and, in accordance, a
binge eating behavior rhythm was found in rats with an increase
in dopamine receptor density in the nucleus accumbens (62).
This “caloric preference” rhythm is regulated by the circadian
system (59, 63-65), while its hedonic component depends on
the rhythmic activity of DA, which in rodents peaks at night,
corresponding with their nocturnal phase of activity and food
consumption (66, 67). This DA release in the striatum depends
on the circadian-controlled VTA rhythmic activity (68, 69).
Indeed, more information is needed on the relationship between
feeding and reward rhythms in humans.

There is also a correlation between chronotype and
food preference: an evening chronotype is correlated with
greater consumption of high calorie-beverages, caffeine, alcohol,
nicotine, and fast food (70-72), and lower consumption of fruit,
vegetables, and fish (73). Moreover, subjects with an evening
type show a higher energy intake at night, and this effect
was even larger during weekends (71, 74). The metabolic and
hedonic regulation of feeding is rhythmic and depends on the
circadian system; the timing of food consumption is crucial
for the regulation of food intake, and the loss of this circadian
pattern might lead to disorders that display compulsive eating,
obesity, and metabolic syndrome as a part of its symptomatic
complex (75).

Conclusion

In this work, we focused on the literature exploring the main
physiological aspects controlled by the circadian system that
affect or are affected by the binge eating disorder, and how the
circadian system may play a significant role in the development
of more severe outcomes. We summarize the current state of
the literature studying the circadian aspects of BED, to find out
that is a topic yet to be explored and offer our suggestions for
future research in BED to include designs capable of collecting
sufficient and necessary information to study the role of the
circadian system on the BED progression. The circadian system
modulates different aspects of mood and mood-related behavior,
including emotion, compulsive behavior, and regulatory control
(76). All these features are in close relationship with BED and
should be studied from a circadian perspective. Given the higher
prevalence of BED in women, it would also be important to delve
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into the influence of neurohormonal systems in the genesis of
the disorder and its relationship with biological rhythms.

One of the main difficulties to study circadian aspects of
BED is the differential diagnostic overlapping between BED and
NES. Food is a strong signal for the circadian system; both BED
and NES alter the feeding-fasting rhythm causing a circadian
disruption which, in turn, will affect feeding, creating a vicious
cycle of important consequences for the patient’s well-being. In
this sense NES and BED can be consequence of- or promotor
of- a circadian disruption and an evening chronotype. Future
studies need to address the crosstalk between BED, NES and the
circadian system, including some objective measures of sleep-
wake cycle, circadian status and energy consumption, as well as
some subjective measures to cover aspects related to sleep and
chronotype. In this sense, the mechanisms behind binge timing,
mood, compulsive behavior, and sleep alteration need to be
acknowledged to create a more accurate BED vs. NES diagnosis.
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Obesity in male volcano mice
Neotomodon alstoni affects the
daily rhythm of metabolism and
thermoregulation

Andrea Herrera-Garcia'?, Moisés Pérez-Mendoza?,

Elvira del Carmen Arellanes-Licea?, Deisy Gasca-Martinez?,
Agustin Carmona-Castro?, Mauricio Diaz-Mufioz** and
Manuel Miranda-Anaya'*

tUnidad Multidisciplinaria de Docencia e Investigacion, Facultad de Ciencias, Universidad Nacional
Autonoma de México, Juriquilla, Querétaro, Mexico, ?Facultad de Ciencias Naturales, Universidad
Autonoma de Querétaro, Juriquilla, Querétaro, Mexico, *Instituto de Neurobiologia, Universidad
Nacional Auténoma de México, Juriquilla, Querétaro, Mexico

The mouse N. alstoni spontaneously develops the condition of obesity
in captivity when fed regular chow. We aim to study the differences in
metabolic performance and thermoregulation between adult lean and obese
male mice. The experimental approach included indirect calorimetry using
metabolic cages for VO, intake and VCO, production. In contrast, the body
temperature was measured and analyzed using intraperitoneal data loggers.
It was correlated with the relative presence of UCP1 protein and its gene
expression from interscapular adipose tissue (iBAT). We also explored in
this tissue the relative presence of Tyrosine Hydroxylase (TH) protein, the
rate-limiting enzyme for catecholamine biosynthesis present in iBAT. Results
indicate that obese mice show a daily rhythm persists in estimated parameters
but with differences in amplitude and profile. Obese mice presented lower
body temperature, and a low caloric expenditure, together with lower VO,
intake and VCO, than lean mice. Also, obese mice present a reduced
thermoregulatory response after a cold pulse. Results are correlated with a low
relative presence of TH and UCP1 protein. However, gPCR analysis of Ucpl
presents an increase in gene expression in iBAT. Histology showed a reduced
amount of brown adipocytes in BAT. The aforementioned indicates that the
daily rhythm in aerobic metabolism, thermoregulation, and body temperature
control have reduced amplitude in obese mice Neotomodon alstoni.

KEYWORDS

Neotomodon alstoni, obesity, metabolism, UCP1, thyroxine hydroxylase, body
temperature, daily rhythm

Introduction

Circadian physiological responses anticipate daily environmental changes, such as
light-dark or temperature cycles, so that predictive homeostasis in energetic balance
favors survival. Circadian thermoregulation in mammals is achieved by changes in
behavior and metabolism that compensate for heat fluctuations (1). In acute exposure
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to cold, mammal’s heat production is regulated by changes
in motor activity intensity and metabolic heat production by
shivering as well as non-shivering thermogenesis, respectively
(2). Mammal thermoregulation is under hypothalamic control.
It is maintained through metabolic, energy, and endocrine
adjustments (3) that may vary depending on the time of day,
the season, sex, or age. Exposure to cold triggers a metabolic
activation to preserve body temperature (BT) by an integrated
response in diverse hypothalamic nuclei, such as the preoptic
area and the dorsomedial hypothalamus (3, 4), complemented
by the activity of the brown adipose tissue (BAT). This response
is modulated along the day-night cycle by the arcuate and
suprachiasmatic nuclei (5).

Mitochondrial uncoupling protein 1 (UCP1) is a functional
protein that contributes to thermogenesis in Brown Adipose
Tissue (BAT). UCP1 is produced by multiple pathways (6-
8). Among the most important is the release of noradrenaline
from the innervating nervous system in BAT; its synthesis
is dependent on the enzyme tyrosine hydroxylase (TH), the
limiting enzyme of catecholamines (9).

Obesity affects thermoregulation in different ways, i.e., by
thermal insulation of enhanced subcutaneous fat, low heat
production due to reduced motor activity (10, 11), endocrine
dysregulation, i.e., thyroid (12) and leptin resistance (13). At
the same time, obesity in mice negatively affects circadian
rhythms; for example, the molecular circadian clock modulates
metabolic mechanisms in active bioenergetic tissues, including
BAT, whereas the regulation of BT changes according to the
time of day (14, 15). Mechanisms affected by obesity in
the circadian thermoregulatory responses still need research.
A better understanding of the physiological and behavioral
changes in different animal models adapted to face seasonal
changes may enrich our knowledge of how different species of
rodents handle thermoregulation.

The volcano mouse Neotomodon alstoni (Merriam, 1898),
a nocturnal rodent of the Neotominae subfamily, genus
Peromyscus, subgenus Neotomodon (16), it is restricted to the
Transverse Neovolcanic Ridge of the central zone of Mexico,
where inhabits pine forests, in grass lands. It can be found
between 2,600 and 4,600 Meters above sea level (m.a.s.l.) (17).
N. alstoni lives in burrows and feeds on grains and insects
(18). Adult mice have a nasoanal length is 100-130 mm, ears
are almost bare; hair of the dorsal region is dense and gray
while the ventral fur is whitish. Adults usually weigh from 40
to 50g (19). A cytogenetic analysis shows that its chromosome
number is 2n = 48 with a fundamental number NF = 66, like
Peromyscus (20). Neotomodon alstoni is listed as Least Concern
species, according to the red list of the International Union for
Conservation of Nature (IUCN) (21). It may adapt favorably
to captive conditions (22, 23) and it can live up to 5 years in
laboratory conditions (24). When captive or raised in vivarium
conditions, part of the animals raised or captured spontaneously
develop obesity when fed regular chow food, this characteristic
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seems to be congenital because potential conditions, other than
ad libitum food access and isolation are equal for all mice,
and intermediate phenotypes of pre-obese mice that suggest a
heterozygous phenotype (25). Obese adult mice usually weigh
more than 60 g and, compared with lean mice (BW~45 g), have
alterations in the amplitude of the circadian rhythm of motor
activity, as well as in the daily signaling of various hormones
involved in metabolism such as insulin, leptin (26, 27) and
ghrelin (28). The behavioral and endocrine changes previously
observed suggest that obesity status in this species may also
be associated with a deficit in the nictemeral behavioral and
metabolic thermoregulation and its thermogenic response to
a cold environment. We aimed to determine whether obese
Neotomodon alstoni mice exhibit a deficit in metabolic rate
and thermoregulation compared to lean mice over the 24h
profile in light/dark cycles (LD). In addition, we explored
its possible relation with a change in the relative presence
and gene expression of the mitochondrial Uncoupling Protein
UCPI, and the relative presence of Tyrosine Hydroxylase (TH)
in interscapular Brown Adipose Tissue (iBAT). Histological
analysis of iBAT was also performed. Finally, to understand
potential differences in thermoregulation defense in a cold
challenge, we explored changes in body temperature when mice
were exposed to a 2 h cold pulse, both at noon and midnight.

Materials and methods

Animals

Adult male mice Neotomodon alstoni were born and raised
in the vivarium of Science Faculty at the National Autonomous
University of Mexico (UNAM), as indicated elsewhere (29).
Maintenance conditions included regulated photoperiod (Light:
Dark cycles 12:12, 350-5001x, lights on at 06:00h), and
controlled room temperature (23 &+ 1°C). After weaning, mice
grew individually in acrylic boxes with a metal grill lid and free
access to regular rodent food (Purina, 5001) and tap water. Then,
after 7-12 months, mice were separated into two groups: Lean
(46 £ 3 g), and obese mice (65 £ 3 g) and used in experimental
protocols indicated below. Each set of results indicates the
number of animals used for every protocol. LD schedule is
indicated in Zeitgeber time (ZT), considering ZTO when the
lights were on and ZT 12 when the lights were off.

Mice Neotomodon alstoni that show obesity can be
distinguished from normal-weight mice when at ca. 7 months
old (26, 27). Therefore, young adult mice in lean or obese
groups were males between 7 and 12 months old. At the end
of the protocols, mice were euthanized by decapitation, and
interscapular adipose tissue was collected, kept in deep freezing,
or prepared for histological analysis. All experimental protocols
and procedures were performed following the Declaration of
Helsinki and the Guide of the National Institutes of Health
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for the Care and Use of Laboratory Animals, NIH Publication
No. 8023; guidelines and the General Health Law for Research
Studies in Mexico (NOM-062-Z00-1999), based on ethical
management for chronobiology studies (30) and the Committee
on Academic Ethics and Scientific Responsibility of the Sciences
Faculty, and the Neurobiology Institute UNAM.

Indirect calorimetry

Indirect calorimetry was determined in intact lean (n = 10)
5) in a room with environmental
conditions controlled (12:12 photoperiod, 06:00-18:00 h,
photophase, 21 £ 1°C) at the Neurobiology Institute, UNAM.
Respirometry parameters such as oxygen consumption (VO,),

and obese mice (n =

production of carbon dioxide (VCO,), respiratory quotient
(RQ = VCO,/VO3), and energy expenditure (EE) were
measured as indicated elsewhere (31) utilizing an OxyletPro
system and the Metabolisms software v.3.0.01 (Panlab Harvard
Apparatus, Barcelona, Spain). Mice were first acclimatized for
2 days in individual acrylic cages (Oxylet LE 1305 Physiocage,
Panlab) with food and water. Then, respirometer parameters
were obtained every 3 min for 3 days at a controlled flow rate of
700 ml/min (Oxylet LE 400—supplier air, Panlab). During all
procedures, mice had access to food and water ad libitum, and
both parameters were also monitored.

Body temperature loggers

According to previous studies, intraperitoneal body
temperature was recorded using the data logger iButton
(Thermochron DS1921H-F504#; Dallas Semiconductor, Dallas,
TX, USA) (32). It has been proven elsewhere that iButtons have
been useful in studies using smaller mice CF1, BALB/c, and
C57BL/6N (~35g) (33) than in lean adut Neortomodon (~45 g).
Loggers were programmed to record and store temperature data
every 10 min, and recording was programmed to begin 10 days
after implantation. Surgery was performed on anesthetized mice
with intraperitoneal ketamine/xylazine (Anesket/Procin, Pisa,
Mexico) 100/10 mg/kg weight. The abdomen’s skin was shaved,
and the area was cleaned with 70% ethanol and iodine solution.
A longitudinal incision of ~2 cm was made along the midline,
and the previously disinfected iButton covered with sterile wax
(surgical specialties Co. Mx) was inserted into the abdominal
cavity. The muscle and skin incision were separately sutured
with nylon thread. After surgery, mice were kept on a warm bed
until recovery from anesthesia; analgesia was provided by topic
xylazine. Animals were allowed to recover from surgery for at
least 10 days. Daily curation of the wound and cleaning cages
were provided. Only mice that were full recovery from surgery
with a locomotor activity pattern typical of intact animals were
used for the temperature recordings. BT was monitored for
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at least 3 days (LD 12:12 at 23°C, LD 12:12 at 23°C with a
2h cold pulse at noon and midnight). During the recordings
the cages and substrate (clean wood chips) were replaced
weekly. At the end of the experiment, mice were sacrificed
by decapitation. The interscapular and gonadal adipose tissue
was immediately frozen or preserved in paraformaldehyde,
and their data loggers were removed to collect data using the

iButton-Thermochron ~ software.

Control of environment and exposure to
cold

Mice were kept in a controlled temperature environment
using a Plant-Growth Chamber (Adaptis 1000, CONVIRON),
which provided a stable and programmable temperature
maintained at 23 £ 1.5°C, humidity 40%, with a photoperiod
LD 12:12 using white LED light (300 Ix). Then, cold exposure
pulses were programmed as a drop in temperature from 23
to 10°C for 2h; the pulses were programmed to take place at
midnight (24:00-02:00 h) and noon (12:00-14:00 h) in LD 12:12
(06:00-18:00 h, photophase).

Protein immunodetection by western
blot

The relative presence of UCPI protein was analyzed
using Western Blot, as previously indicated (34). The iBAT
samples from mice euthanized at noon were frozen in dry
ice and kept at —80°C until analyzed. The adipose tissue was
removed and homogenized in 4 volumes of RIPA buffer (Cell
Signaling, Danvers, MA) supplemented with complete protease
inhibitors (Roche Diagnostics, Indianapolis, IN) using a Potter-
Elvehjem Teflonglass homogenizer (70 rpm for 15-20s). The
homogenate was centrifuged at 2900 rpm for 5min at 4°C,
and the infranatant (intermediate layer) was carefully recovered,
aliquoted, and stored at —80°C until used. Total protein
concentration was determined by the Bradford assay (Bio-Rad,
Hercules, CA). Samples of 50 g of protein mixed with 2X
Laemmli buffer (Bio-Rad) and incubated at 80°C for 5min
were used. Proteins were separated on a 7.5% polyacrylamide
gel, transferred to a nitrocellulose membrane (Bio-Rad), and
blocked with Blotting-Grade Blocker (Bio-Rad) for 3h. Then,
the membranes were incubated separately overnight at 4°C with
different rabbit antibodies (anti UCP1 EPR20381 ab 209483
Abcam dilution 1:1,000, and anti-Tyrosine Hydroxylase AB152
Sigma-Aldrich; dilution 1:5,000). The membranes were washed
and incubated for 2 h with alkaline phosphatase (AP) conjugated
antibody: donkey anti-rabbit IgG-AP (1:5,000 dilution; sc-2315;
Santa Cruz Biotechnology, Dallas, TX, USA). According to the
manufacturer’s instructions, the bands were visualized using
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the AP conjugate substrate kit (Bio-Rad Laboratories, Hercules,
CA, USA). Transfers were digitized, analyzed with Image J
software (version 1.38, NIH, USA), and normalized to the o-
tubulin signal (anti-a-tubulin ab 15246, Abcam, 1:1,000 or anti
GAPDH 1:5,000 Abcam 9485) as a loading control.

Hematoxylin-eosin staining

Interscapular and gonadal adipose tissue (epididymal) was
fixed in paraformaldehyde 4% for 24 h, then transferred to a 10%
formalin fixative solution for 1 week, and then to zinc-formalin
(1% zinc sulfate) (35). Subsequently, the tissues were dehydrated
for paraffin waxing, following the previous description indicated
elsewhere (36), using a 12h automated dehydration process in
a Histokinette equipment (Leica TP 1020) at the Veterinarian
Histopathology facilities of the Autonomous University of
Querétaro, México. Tissue in 20 jum sections was counterstained
with hematoxylin-eosin staining. Three slides from each sample
of interscapular brown adipose tissue (iBAT) and gonadal WAT
were taken from lean and obese mice (n = 3 from each
software (NIH, USA)
to measure the size of gonadal adipocytes and the content in

group), and analyzed with Image |

brown adipocytes (25 mm?), the average weight of interscapular
adipose tissue was compared (lean n = 6, obese n = 7).

Ucpl gene expression by RT-qPCR

Total RNA was isolated from Neotomodon alstoni from
iBAT, quickly dissected and frozen in dry ice and kept at —80°C
until further processing (37). We use the TRIzol™ Reagent
(Invitrogen Life Technologies, Carlsbad, CA) following the
manufacturer’s instructions, with minor modifications (38, 39).
Genomic DNA contamination was removed by treating 1 g of
total RNA per sample with 10 units of DNase I (#04716728001;
Roche, Basel Switzerland), and ¢cDNA was synthesized using
the High-Capacity cDNA Reverse Transcription Kit with RNase
Inhibitor (#4374966; Applied Biosystems™ Inc., Foster City,
CA) following the manufacturer’s instructions. We included
negative controls without a template or reverse transcriptase,
cDNA was diluted 1:5 before use.

Currently, the genome sequence for non-traditional animal
model N. alstoni mice is not available. However, from a previous
study (16) upon comparative taxonomy of muroid species
Peromyscus maniculatus and N. alstoni; primers were designed
using GenBank ™~ genetic sequence database for Peromyscus
maniculatus bairdii, using NCBI Primer-BLAST, for ucpl
gene [Uncoupling protein 1 (mitochondrial; proton carrier)
mRNA; Accession Number: XM_006995737.2] and for tbp
gene (TATA-box binding protein mRNA; Accession Number:
XM_042261953.1), for normalization of mRNA expression (40).
All primers were designed to span exon-exon boundaries and
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TABLE 1 Oligonucleotide primer sequences for RT-qPCR.

Primer name  Synthesis Sequence (5'-3')
direction

naUcpl Forward ACACTCTGGAAAGGGACAAGC
Reverse CACACTTGGGTACTGTCCCG

naTbp Forward GGCATCACTGTTTTATGGTGTGT
Reverse GGAGTCATGGCACCCTGTG

were analyzed in silico with NetPrimer (PREMIER Biosoft
International, Palo Alto, CA) software). Oligonucleotide primer
sequences are given in Table 1.

All real-time PCR reactions were carried out in the
StepOne™ Real Time System (ThermoFisher Scientific,
Waltham, MA), using KAPA SYBR™ Fast qPCR Kit (KAPA
BIOSYSTEMS, Woburn, MA, USA), according to Martinez-
Moreno et al. (41). The reactions were performed in duplicate
under the following conditions: initial denaturation at 95°C
for 3min followed by 45 cycles (Ucpl) or 40 cycles (tbp)
of 95°C for 3s, 61°C (ucpl) or 62°C (tbp) for 20s and
72°C for 10s. A dissociation curve was run to ensure that
there was only one specific amplification product for NTC
or negative controls; there was no detection signal. cDNAs
standard curves were prepared using serial dilutions to
obtain the primer efficiencies, which were 90% for ucpl
and 90.5% for tbp. We used a relative standard curve
quantification method (42, 43) to normalize Ucpl mRNA
expression levels between experimental lean and obese
mice groups, to the mRNA level of the reference gene
tbp, by generating standard curves for each gene using
pooled cDNA.

Data analysis

The results are expressed as mean + SEM of each
parameter. For statistical analysis and plotting, we used the
GraphPad Prism 7.0 (GraphPad Software Inc., San Diego,
CA, USA). Intergroup comparisons were tested with a
two-way ANOVA for independent measures with a factor
for each group, a factor for time, and a Fisher post-
hoc test. To assess the mean total area under the curve
(AUC) in the 24h daily profile, a comparison of the
number and size of adipocytes and relative expression of
proteins from iBAT between lean and obese mice was
performed with a Mann-Whitney U-Test. Normalized Ucpl
mRNA expression in BAT of relative quantification method
from RT-qPCR data was averaged and compared between
groups by non-parametric Mann Whitney U-Test. For all
analyses, statistically significant differences were considered at
P < 0.05.
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FIGURE 1
Comparative daily profile of calorimetry parameters in mice N. alstoni. Data are presented as mean + SEM, n = 10 lean, n = 5 obese. Lean (black
line), Obese (gray line). Bars depict the LD cycle. *Significant differences intergroup (two-way ANOVA, P < 0.05). (A) VO, intake; (B) VCO,
production; (C) Respiratory ratio; (D) Energy Expenditure (kCal).

Results

Metabolic rate

Figure 1 shows the hour-by-hour mean 4 SEM along the LD
cycle on the parameters evaluated in intact mice inside metabolic
cages on LD 12:12. The VO, and VCO; profiles (ml/min~!,
Figures 1A,B, respectively) show a daily rhythm, with a rise
before lights off, fades throughout the night, and falls before the
onset of lights. Obese mice display a lower volume of oxygen
intake and CO; production in most of the schedules tested.
The bimodal pattern shown by the obese mice during the night
is more consistent with previously observed locomotor activity
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patterns (34). Significant differences found between groups
simultaneously are indicated with a star (P < 0.05). The hourly
average VO, intake was not different only at ZT 20 and 21.
In contrast, VCO; production was different over several hours,
between ZT 10-18, corresponding to the end of the photophase
and the first half of the scotophase. The AUC was lower (31%) in
obese VO, intake (893.4 RU) than in lean mice (1,295 RU, P <
0.05); while in CO, production, AUC in obese was lower (26%)
(797.6 RU) than in lean mice (1,077 RU, P < 0.05), indicating
low aerobic metabolic demand in obese mice (inside graphs).

In Figure 1C, the Respiration Coefficient (RQ) tends to be
higher in obese than in lean mice; although, no significant
differences were detected in these parameters between groups
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nor in AUC. However, energy expenditure (EE kcal/min-1) was
different at most times of the day except for ZT 21 and 20, similar
to VO3 intake (Figure 1D). The AUC for EE showed a similar
pattern to that for VO, intake, where obese mice had lower
energy expenditure (21%) (3,177 RU) than lean mice (4,041 RU;
P < 0.05).

Figure 2A shows the daily profile of food intake. The average
intake in obese mice (5.8 & 0.7 g/day) was not statistically
different from lean mice (5.0 & 0.4 g/day). However, obese mice
eat more than lean mice during the day at ZT 1, 2, and 9; and
at ZT 19 and 22 during the night (P < 0.05). Water intake
(Figure 2B) was not different during the day, but it was mainly
during the night, from ZT 15- to ZT 23, where obese mice drank
nearly twice more water than lean mice (P < 0.05).

Body temperature and response to cold
exposure

Figure 3A shows the 3-day average (£SEM) of body
temperature (BT) in LD from lean (black lines, n = 7) and
obese mice (gray lines, n = 5) in a 24h LD profile. Significant
differences between groups are noted in brackets (P < 0.05).
Obese mice show lower BT than lean mice at onset and offset
of the scotophase. Average BT in obese mice during the day
was lower (34.9 4 0.06°C) than in lean mice (35.7 & 0.06°C), a
reduction of 2.4%; while during the night, obese mice presented
36.4 £+ 0.20°C, and in lean mice 37.6 £ 0.1°C, a reduction
of 3.5%, nearly 1°C below the average in day and night (P
< 0.05). The AUC was smaller in obese mice (820.9 + 13.7
RU) than in lean mice (844.9 &+ 2.4 RU), with no significant
differences.

When exposed to cold in a 2-h drop from 25 to 10°C
in ambient temperature, the thermoregulatory response was
evidently different between lean and obese mice. Figure 3B
shows the 3-day average of BT’s daily profile (mean &= SEM), and
gray bars indicate the time when the ambient temperature falls
(cold pulses). Differences in BT were found right after the pulse
at either noon or midnight. The change in BT during the first day
of the protocol is shown in Figure 3C. Data from each mouse are
plotted with a line in black (lean n = 7) and gray (obese mice
n = 5) before the pulse (time 0), then during the first and the
second hour during the cold pulse (hours 1 and 2), and after the
pulse (hours 3 and 4), respectively. The results showed a variable
response mainly among obese mice; some showed a clear drop
in BT during the pulse that remains low after the pulse, while
few obese mice could defend BT from cold. At midnight, lean
mice (black dots) compensated BT from the first hour of cold
exposure, and at noon, only one out of six mice showed a drop
in BT. The average (=SEM) of the percent change regarding
the time 0 is shown in Figure 3D. Even though there is a fall
during the pulse regarding the time 0, there are no significant
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FIGURE 2
Comparative daily profile of daily food (A) and water (B) intake in
lean and obese N. alstoni. Data are presented as mean + SEM,
n =10 lean, n = 5 obese. Lean (black line), Obese (gray lines).
Bars depict the LD cycle. *Significant differences intergroup
(two-way ANOVA, P < 0.05).

differences between lean (black bars) and obese mice (gray bars)
until after the cold pulse finished. Obese mice reduced their BT
by nearly 10%, and the change seems to be persistent 2 h after
cold exposure.

Relative expression of the protein UCP1,
TH, and histology of interscapular
adipose tissue

Figure 4A shows the mean £ SEM of the relative presence of
UCP1 detected by WB with an a-tubulin signal as the protein of
reference from samples of iBAT (n = 14 lean, n = 8 obese mice)
collected at noon. Representative blots are shown in the right
panel (Figure 4B). Obese mice showed nearly 50% less relative
presence of UCP1 than lean mice, which may be related to a
thermoregulatory deficiency seen before, shown in Figure 3C.
Unexpectedly, the relative expression of normalized Ucpl shows
a nearly 11-fold increase in obese (#n = 4) than in lean (n = 6)
mice (P < 0.01; Figure 4C). On the other hand, the protein
thyroxine hydroxylase relative to GADPH in iBAT evaluated by
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Comparative of core body temperature in N. alstoni. Lean (black lines and bars, n = 7), Obese (gray lines or bars, n = 5). (A) Hour by hour
average + SEM of 3 days in LD; (B) Daily profile temperature and exposure to a drop in environment temperature (12°C, light gray bars), (C) first
day individual changes in BT before during and after the cold exposure; (D) Percent change of body temperature before, during and after cold
pulses vs. Time 0. *Significant differences intergroup (P < 0.05).

Western Blot (Figure 4D) show a reduction of nearly 20% in
obese mice (n = 5, each group).

Figure 5 shows the quantitative histological analysis of slides
contrasted with hematoxylin and eosin of staining in samples
from iBAT and compared with gonadal white adipose tissue
(WAT). Obese mice (gray bars) had nearly 4 times more
adipose tissue than lean mice (black bars) at the interscapular
zone (Figure 5A). Lean mice had a brown compact mass of
adipocytes (Figure 5D). In contrast, obese mice showed adipose
tissue with a lighter color (white-yellowish) than that of lean
mice, consistent with the low proportion of brown adipocytes
observed on slides (Figure 5E). The iBAT in obese does not show
abundant blood vessels as it is in lean mice. The histological
composition of iBAT in lean mice is mainly composed of brown
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adipocytes (small cells in dark gray), contrary to obese mice, in
which brown adipocytes are scarce (nearly 75% less than in lean
mice, Figure 5B). White adipocytes tend to be larger in gonadal
adipose tissue of obese than lean mice (Figures 5C,EG).

Discussion

In vertebrates, thermoregulatory needs are closely related to
energy balance, and endothermic animals always prefer normo-
thermal conditions to reduce energy costs. Obesity in mammals
has an influence on thermoregulation in different ways,
increasing the thermal insulation conferred by subcutaneous
fat (10), reducing motor activity (11), as well as modifying
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Relative presence of UCP1 and TH in iBAT. Black bars represent lean and gray bars obese mice. (A) Relative presence to tubulin lean (n = 14) and
obese (n = 8). (B) Representative blots. (C) Relative mRNA for Ucpl (n = 6 lean, n = 4 obese) analyzed by RT-gqPCR and normalized to the
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endocrine thyroidal metabolism (12) and leptin signaling (13).
Thermoregulation in obese rats is lower than in lean rats (44),
and studies about the metabolic rate and obesity in rodents rely
on models where the genetic structure or diet is modified to
highlight the overweight condition (45, 46).

The present work describes the difference in daily
thermoregulation and energy metabolism between lean and
obese N. alstoni mice. This species is interesting because
spontaneous obesity occurs in some mice raised in captivity,
isolated in cages, and with ad libitum access to bioterium food.
The biological causes for developing this condition are still
uncertain. Along with previous studies [reviewed in (25)],
this work helps to understand the circadian affectations in
behavior, metabolism, and thermoregulation in obese mice. It
is also relevant in line with circadian dysregulations related
to the obesity condition, such as reduced locomotor activity,
alterations in glucose regulation, oxidative stress, leptin, and
ghrelin signaling, as well as hepatic lipid dysregulations that
may be linked to metabolic disorders.

In the present work, we show that in N. alstoni, metabolism
and thermoregulation are down-regulated in obese mice.
Indirect calorimetry assays showed that the main differences
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between lean and obese mice occur in the ratio VO,/VCO,
throughout the day. However, the RQ showed no differences,
and we cannot conclude that different energetic substrates may
be differentially used in obese mice. Nonetheless, a tendency to
be higher in obese mice suggests that more carbohydrates are
used instead of lipids during the night. The RQ involves Vol CO;
released/Vol O, absorbed; carbohydrates are oxidized through
aerobic respiration resulting in an equal ratio of VCO,/VO;
(RQ = 1). Subsequently, the RQ for fat and protein metabolism
is 0.7 and 0.8, respectively. If a mixture of the substrates
is consumed, the RQ ratio collectively is ~0.8 (47). Results
in Figure 1C suggest that lipids are more likely to be used
during the rest phase of the day in lean mice, and obese mice
may have to use a mixture of substrates. This interpretation
could be related to the excess of adipose tissue detected in
obese mice.

Energy expenditure (EE) in kCal/min~! (Figure 1D) was
clearly reduced in obese mice. In previous studies, we observed
that obese N. alstoni mice show half the amount of locomotor
activity during the night and sometimes more activity during
noon than lean mice (27, 37), results that are consistent with
a reduced EE observed during the night in the present work.
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Nevertheless, during the rest phase, EE in obese mice is still
reduced compared to lean mice, indicating that metabolic use
of energy during rest is also different, as observed in body
temperature results (Figure 3A) as well as it may be related
with the enhanced food intake observed during the day in
obese mice (Figure 2A). Also, polydipsia observed in obese
mice (Figure 2B) could be related to a diabetogenic tendency
detected previous reports (26), since it is recognized that diabetic
organisms present polydispsia (48). The diabetic db/db mice
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present a spontaneous mutation of the leptin receptor (49)
also show polydipsia as well as increased food intake. Eating
and drinking is an activity mediated by lateral hypothalamic
area (LHA) and a subpopulation of LHA neurons expressing
Neurotensin also present the leptin receptor (50). LHA neurons
may promote water intake in mice (51), in Neotomodon
reduced hypothalamic leptin receptors and leptin transduction
previously observed (27) may affect the leptin regulation of
water intake.
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Reduced BT in obese mice was on average, almost
1°C colder than that observed in lean mice, while during
the active phase, there were times when the difference
reached even 3°C below, such as the end of the night.
These data suggest that obese mice might present reduced
oxidation of fat deposits and thus lower heat production,
implying a different homeostatic set point. A similar
response has been previously observed in ob/ob mice.
However, it has been discussed that such differences in
thermoregulation may not include a shift in the homeostatic set
point (52).

Metabolic phenotypes of obese mice may be useful to
better understand the relationship between genetic disorders
or physiological processes and energy metabolism in vivo.
Understanding thermoregulatory alterations across different
thermic challenges may reveal specific deficiencies in responses
to cold and heat challenges (53). In obese N. alstoni mice, the
exposure to a cold pulse did not change body temperature
in lean mice, but a diversity of responses was observed in
obese mice, especially during the resting phase. A decrease in
body temperature in obese mice could be related to a possible
facilitation of torpor in obese animals; this hypothesis may
be tested by analyzing the circulating pyruvate in obese mice
after a cold pulse that seems to facilitate the torpor (54). Daily
torpor facilitates survival when animals are faced with limited
energy resources, usually in adverse environments. In other
Peromyscus species, torpor occurs when starvation is sufficient
to significantly reduce body weight, and this is most notable
in animals that fatten under laboratory conditions (55), as
well as ob/ob obese mice (56). In obese Neotomodon alstoni,
restricted access to feed for 4h during the day produces a
significant reduction in feed intake and body weight, but does
not significantly reduce motor activity (57) or induce torpor.
Obese Neotomodon seems to be more sensitive to cold rather
than lack of food. The possible resistance to leptin in obese
Neotomodon (27) could be involved in the torpor response to
cold. In ob/ob mice, leptin has been shown to reduce the torpor
response to a period of fasting (58).

The reduced thermoregulatory response appears to be linked
to a deficiency of the UCP1 protein in iBAT (Figure 4A), which
could be related to the different proportions of brown and white
adipocytes in lean and obese mice. It has been demonstrated that
transcription of the UCP1 gene is up-regulated by adrenergic
stimulus (59), in our experiments, we found low presence of
TH in obese mice. The UCP1 is a member of the mitochondrial
carrier protein superfamily, all of which have similar molecular
weights and structural similarities (60). We used a monoclonal
antibody specific for rat and mouse UCP1 protein; however, we
do not know if it recognizes Neotomodon’s protein; therefore,
we cannot exclude the possibility that the antibody recognizes
any of the UCP1 members of the mitochondrial superfamily.
To understand whether UcpI gene expression was proportional
to the relative protein, we performed the mRNA analysis using
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a sequence for a phylogenetically related species Peromyscus
maniculatus. BLAST analysis of the Ucpl sequence shows only
one gene for Peromyscus, as for Mus musculus. As long as there
is alack of information in Neotomodon’s genome, approximation
of these mechanisms at the genetic level depends on their
homology with the closest species. The qPCR results indicate
an elevation in the relative presence of Ucpl mRNA in obese
mice, which does not correspond to the discrete relative presence
of the protein. Despite the few samples analyzed (n = 5 for
each group), the observed differences were striking. This result
indicates that the canonical pathway of adrenergic induction of
UCP1 might not be involved in such expression and it will be
necessary to explore various transcription factors such as Pgcla,
Prdm16, and Ppara (7) to better understand the regulation of
Ucpl expression in obese mice. UCP1 is also regulated either at
the transcription of gene and protein activity in mitochondria
as well as its possible regulation by cAMP, retinoids, thyroid
hormone, and other factors (6). In this scenario, our data could
be explained by events that need further studies: (a) a strong
inhibitory regulation of the traslational activity (at ribosomal
level, nuclear transport, etc.), (b) a fragility or rapid exchange
of the synthetized protein (covalent modifications, intracellular
transport, etc.). In order to understand the difference observed
in mRNA and protein, future research is required.

Brown adipose fat is innervated by the sympathetic nervous
system. Adrenergic-stimulated breakdown of triglycerides in the
lipid vesicles of the brown adipocyte provides rapid activation
of thermogenesis, followed by the efficient distribution of heat
released from brown fat for delivery to vital organs (61). A
first approximation considering TH relative presence in iBAT
indicates a slight drop in TH presence in iBAT, which is in line
with the decrease in UCP1 protein. It is possible that in obese
N. alstoni, reduced sympathetic tone may be a consequence
of leptin resistance in the hypothalamus. Obese N. alstoni
show high circulating leptin, while there is low expression of
leptin receptors in the hypothalamus and their correspondent
activity (27). Leptin can modulate thermogenesis and regulate
energy expenditure. The action of leptin on LepRb neurons in
DMH/DHA and mPOA mediates sympathetic tone (11), which
in turn regulates the metabolic activity of brown adipose tissue,
mainly due to UCP1 activity.

In addition, this process allows heat production and its
dissipation (derived from non-shivering thermogenesis) with
the release and use of fatty acids from the brown adipose tissue
(62, 63). Sensitivity to the thermoregulatory effects of leptin
appears to be integrated in part at the level of DMH (64).

The physiological basis of the substantial differences in
metabolic efficiency between lean and the obese mice requires
further study and may play a key role in understanding
the pathophysiology of obesity (65). The plasticity of the
adipose tissue is well known; recent research provides
insight that BAT undergoes “bleaching,” a brown-to-white
conversion induced by lipase and leptin receptor deficiency,
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as well as impaired B-adrenergic signaling, leading to brown
adipocyte expansion, death, and obesity-related inflammation
(66). Furthermore, BAT malfunction and tissue inflammation,
including macrophage activity, appear to decrease thermogenic
expression by low sympathetic innervation and norepinephrine
activity (67). In the present work, we observed that obese
iBAT exhibit large numbers of adipocytes resembling white
adipose cells, suggesting similar bleaching. Also, low relative TH
expression may be related to low sympathetic innervation and
norepinephrine activity.

Obese Neotomodon resembles the ob/ob mouse deficient
in leptin production (68). The ob/ob mouse is about three
times the body mass of the lean mouse while its daily food
intake is similar. At ambient temperature BT in obese is ~1-
2°C lower than in the lean mice and presents a reduced
capacity for thermogenesis due to exposure to cold without
prior acclimatization (69, 70). Hypothermia in the ob/ob mouse
is the result of a deficiency in heat production in brown
adipose tissue (70, 71) consistent with a deficit in noradrenergic
stimulation (72). On the other hand, mice with a leptin receptor
deficiency (db/db) show also reduced energy expenditure in
thermoregulation and thermogenesis such as in ob/ob mice
(73). The deficit in noradrenergic stimulation of subcutaneous
white and brown adipose tissue appears to be a consequence
of a lack of leptin signaling in neurons expressing brain-
derived neurotropic factor in the paraventricular nucleus of the
hypothalamus (BDNFPVH), a descending neural pathway that
it is crucial for energy homeostasis (74). The obese Neotomodon
alstoni present hyperleptinemia, more clearly in females (26) and
low leptin signaling in the hypothalamus (27). Given that in
Neotomodon the obesity condition occurs spontaneously only in
a subset of the captive mice, may be cause of some genetic deficit
related to leptin signaling or leptin resistance that in this species
still needs to be identified.

Although the causes may be multiple, it is essential to
further investigate the relationship between thermoregulation
deficit and obesity. For example, a deficit in TRPMS8 cold
receptors has been associated with low BT in obese mice
(75). Furthermore, when given a cold pulse, lean Neotomodon
showed a greater burst of locomotor activity than obese mice
(data not shown), which involves the reduction of producing
extra heat through exercise.

Obesity is the consequence of larger energy intake than
energy expenditure. We noted in N. alstoni that mice eat more
food. It is possible that the obesity in these mice may be a
combination of a reduction in energy expenditure with a higher
energy intake, considering that obese mice show reduced BT,
locomotor activity, and low thermogenesis to compensate for
a cold pulse than in lean mice, and less lipid oxidation during
fasting; however, at this stage, we cannot distinguish which is
cause and which is consequence.

Also, calorimetric assessment suggests that metabolic
pathways substrates and circadian

regulating  energy

Frontiersin Nutrition

72

10.3389/fnut.2022.963804

organization of metabolism are impaired, and lipid catabolism
is impaired in obese N. alstoni mice (34). The above is consistent
with increased free fatty acids (FFA) and out of phase or reduced
relative expression of hepatic PPARs, suggesting a potential
enhanced lipolysis, but also possible deficient FFA uptake and/or
reduced fatty acid oxidation in peripheral organs. A decreased
metabolism and reduced heat production appear to be part of
a circadian disruption in obese mice (76, 77). Obese animals
are regulating their body temperature at a lower level than lean
animals and are unable to maintain a stable body temperature
in the face of a cold challenge. However, they are still able to
maintain a daily rhythm; therefore, it does not appear to be a
severe circadian dysfunction, but a rather a putative different
set point in regulation. The causes of such change suggest
hypothalamic differences that may target nuclei controlling
thermoregulation, ie., a function of heat-sensitive neurons
in the preoptic anterior and dorsomedial hypothalamus that
directly control the dissipation of heat (78).
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Snacking of small quantities of palatable food items throughout the day is
common in modern societies and is promoted by 24/7 lifestyles. Long-term
mistimed high-caloric food intake disrupts endogenous circadian rhythms and
supports the development of obesity and other metabolic disorders. However,
less is known about the time-of-day dependent effects of snacking. We
hypothesized that already a single snacking episode may affect the circadian
regulation of metabolic parameters, in particular when the snack is consumed
during the daily rest phase. We performed an acute snack experiment in
mice by providing access to chow or chocolate either at day- or nighttime
and assessed snack effects on core body temperature, locomotor activity,
and gene expression in metabolic tissues. Our results show that daytime
chocolate snacking leads to a higher body temperature and locomotor activity
increase compared to chow and nighttime intake. This goes along with
altered clock and metabolic gene expression in peripheral tissues. Changes
in nutrient uptake transporter gene expression in the small intestine suggest
increased glucose resorption after daytime snacking. Our results indicate an
early mechanism for the adipogenic effect of mistimed high-calorie snacking.

caloric intake, circadian clock, body temperature, locomotor activity, snack

Introduction

Eating palatable calorie-dense snacks during various phases of the day is a common
behavior in Western societies with unlimited access to all kind of foods. A high-calorie
diet is known to disrupt endogenous circadian rhythms and to shift food intake into the
normal rest phase (1). While it is known that 1 week on a high-caloric diet is sufficient to
shift endogenous rhythms in the liver (2), the acute effects of snacking on physiological
parameters and circadian rhythms is much less understood.

Circadian clocks are internal timekeepers that synchronize physiology and behavior
to external environmental rhythms such as the light-dark cycle (3). A master circadian
pacemaker located in the suprachiasmatic nucleus (SCN) of the hypothalamus resets
subordinate cellular clocks throughout the body to coordinate rhythmic functions within
and between tissues and organs (4). At the molecular level, these clocks consist of
interlocked transcriptional-translational feedback loops of clock proteins such as brain
and muscle ARNT-like protein 1 (BMALI or ARNTL), circadian locomotor output cycles
kaput (CLOCK), Period (PER1-3) and Nuclear receptor subfamily 1 group D member
1/2 (or NR1D1/2 or REVERBa/B) (3, 4).
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While light is the main synchronizer of the SCN clock,
altered food intake patterns can uncouple peripheral clocks from
the SCN, thus leading to internal circadian desynchronization
(5). In mice, daily food intake rhythms peak in the beginning
of the active phase in line with the time of highest energy
expenditure (6, 7). If food intake is restricted to the normal
rest (i.e., light) phase energy expenditure is reduced and
mice gain weight compared to animals with ad libitum
food access (6). In contrast, appetite for highly palatable
foods peak in the early inactive phase in mice, and also
in humans, the drive to snack is higher toward the end of
the active phase (i.e, in the evening) (7, 8). Sweet craving
increases throughout the day in humans (9) and snacking
rather than consuming one hot meal is common in night-shift
workers (10). Studies on total energy intake in shift workers
are controversial (11, 12), but disturbed eating patterns and
increased snacking are consistently observed in night shift
workers (13). Food intake-dependent signals such as insulin
may provide feedback to the circadian system adjusting clock
rhythms in metabolic tissues (14-16). However, the interaction
of meal timing and type on the circadian clock system is still
poorly understood.

We the
vulnerability to snacking at this time—high-energy food

hypothesized that—in line with increased
intake would have stronger effects on circadian rhythms
in the inactive phase. For this purpose, we offered mice
chow or chocolate snacks at different times of day and
investigated the impact on physiological parameters such
as core body temperature and locomotor activity as well as
on peripheral clock and clock target gene expression. Our
data show that chocolate snacking has a stronger impact
compared to chow on physiological parameters and tissue
clock effects are largely restricted to the normal rest phase
in mice.

Materials and methods

Animals and housing conditions

All adult
wildtype mice on C57BL/6JRj background. Mice were

experiments were performed with male
purchased from Janvier labs (Le Genest-Saint-Isle, France).
They were housed individually under standard laboratory
conditions in a 12h: 12h light-dark cycle with ad libitum
access to normal chow and tap water unless otherwise
indicated. Experimental groups were age- and weight-
matched. Experiments were carried out in accordance
with the German Law for Animal Welfare and approved
by the Ministry of Energy, Agriculture, Environment,
Nature, and Digitalization (MELUND) of the State of

Schleswig-Holstein, Germany.
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Core body temperature/locomotor
activity recordings and acute snack
experiment

All animals were implanted with G2 E-mitters (Starr Life
Sciences, Oakmont, USA) into the intraperitoneal space to
measure body temperature and activity. Mice were anesthetized
with isoflurane (4% in air), injected with 4 mg/kg Carprofen
(Rimadyl, Zoetis, Parsippany, USA) and Bepanthen (Bayer,
Leverkusen, Germany) was applied on the eyes. The abdomen
was shaved, disinfected and the abdominal cavity opened by first
cutting the skin and then the muscular layer. The sterilized E-
mitter was implanted and the two layers of the abdominal wall
were closed separately. After 1 week of recovery, temperature
and activity were recorded on the experimental day in 1-min
intervals using ER4000 receivers (Starr Life Sciences) and the
Vital View software, version 5 (Starr Life Sciences). On day
four, mice were fasted for 12h and then received a snack for
20min (or nothing for the control cohort). Nighttime snack
mice were fasted from zeitgeber time (ZT; ZT0 = light onset)
2/2.5 on day four onwards, receiving a snack at ZT14/14.5
whereas daytime snack mice fasted from ZT14/14.5 onwards and
received a snack at ZT2/2.5 on the next day. Mice had access to
the snack for 20 min. Control mice were fasted but received no
snack. All animals were sacrificed after another 40 min (ZT3/3.5
or ZT15/15.5).

Tissue and serum collection

Mice were sacrificed by cervical dislocation and trunk
blood and tissues [subcutaneous white adipose tissue (scWAT),
epididymal white adipose tissue (eWAT), intrascapular brown
adipose tissue (iBAT), duodenum, jejunum, ileum, liver,
pancreas] were collected. Tissue samples were stored in
RNAlater (Invitrogen, ThermoFisher Scientific, Waltham, USA)
and kept at 4°C for 11-12 h before transfer to storage at —20°C.
Blood clotting was allowed at room temperature for 20 min
followed by 30 min centrifugation at 664 rcf and 4°C. Serum
samples were stored at —80°C until further processing.

Food intake measurements

Food intake was determined for the 20-min re-feeding
period on the experimental day. Snacks—chow [breeding
diet #1314, Altromin, Lage, Germany (14% fat, 27% protein,
59% carbohydrates, metabolized energy: ~3,339 kcal/kg)] or
chocolate (RUF milk chocolate drops, RUF, Quakenbriick,
Germany; per 100 g: 2,099 k] = 503 kcal, fat 27.1g from
which 16.7g saturated fatty acids, carbohydrates 54¢g from
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which 47.6 g sugar, protein 6.5g)—were weighed before and
after mice had access. It was confirmed for each mouse that
food was not crumbled. Nutrient composition in chow and
chocolate was calculated using the manufacturer’s indication of
food composition (Supplementary Figure 1).

Serum levels of glucose, triacylglycerides,
free fatty acids, insulin, and leptin

Serum glucose concentrations (mg/dL) were measured
with a glucometer (ACCU-CHECK, Aviva, Roche, Mannheim,
(TAG)
determined in duplicates using a triglyceride colorimetric

Germany). Triacylglyceride concentrations  were
assay kit (Cayman Chemical, Ann Arbor, USA) following
the manufacturer’s instructions. Free fatty acid (FFA) levels
were measured in duplicates according to the kits manual
(serum/plasma fatty acid kit, non-esterified fatty acids detection,
Zenbio, Durham, USA) with samples diluted 1:10 in dilution
buffer.

duplicates using a mouse insulin ELISA (Mercodia, Uppsala,

Serum insulin concentrations were measured in
Sweden) following the manufacturer’s 5 pL protocol. A
four-parameter logistic curve was fitted to calculate the
concentrations. Due to limited material three samples were
measured in singlets and the number of samples (n = 2-6)
is not matching the n = 6 of glucose, FFA, and TAG. The
blank absorbance value was subtracted from the mean of each
duplicate and the concentration calculated according to the
TAG, FFA or insulin standard curve, respectively. The insulin
concentrations were converted as follows: 1 g £ 174 pmol
and 6 pmol/L = 1 pIU/mL. Leptin levels were determined in
duplicates using a mouse leptin ELISA kit (Crystal Chem, Elk
Grove Village, USA) according to the kit’s manual. Two samples
were measured in singlets due to limited material. Data were
analyzed in GraphPad Prism 8 (GraphPad, San Diego, USA).

Quantitative real-time PCR

Total RNA was isolated from tissue homogenates (Omni
Bead Ruptor 24, Omni International, Kennesaw, USA) by
Trizol (Ambion, Life Technologies, Austin, USA) chloroform
(>99.5%, Honeywell, Charlotte, USA) extraction. RNA was
reverse transcribed using the high-capacity ¢cDNA reverse
Waltham, USA)
according to the manufacturer’s protocol. Go Taq qPCR

transcription kit (Applied Biosystems,
master mix kit (Promega, Madison, USA) was used for qPCR.
Plates were run on a CFX-96 or CFX-Connect thermocycler
(Bio-Rad, Hercules, USA) and analyzed with the AAC;
method using Eeflo as reference gene. Data were normalized
to the mean ratio of the “no snack” group. Primer sequences
were: Bhlhe40 forward 5-CTCCTACCCGAACATCTCAAAC-

3, Bhlhe40 reverse 5-CCAGAACCACTGCTTTTTCC-3;
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Bmall forward  5-CCTAATTCTCAGGGCAGCAGAT-3,
Bmall reverse 5-TCCAGTCTTGGCATCAATGAGT-3,
Clock forward 5-ATGGTGTTTACCGTAAGCTGTAG-
3 Clock reverse 5-CTCGCGTTACCAGGAAGCAT-3,
Cry2 forward 5-AGATGGCCTCAGGTTTTCTCAG-
3,  Cry2 reverse 5-TTACGGCCCACTCTACCTTCT-3,

Eefla forward 5- TGCCCCAGGACACAGAGACTTCA-3,

Eefla  reverse 5- AATTCACCAACACCAGCAGCAA-
3, Lipe forward 5-GGCTCACAGTTACCATCTCACC-3)
Lipe reverse 5- GAGTACCTTGCTGTCCTGTCC-3;
Perl forward 5-AGTTCCTGACCAAGCCTCGTTAG-3)
Perl reverse 5-CCTGCCCTCTGCTTGTCATC-3, Per2
forward 5-GCCAAGTTTGTGGAGTTCCTG-3, Per2
reverse  5-CTTGCACCTTGACCAGGTAGG-3,  Pnpla2
forward ~ 5-CAACGCCACTCACATCTACGG-3,  Pnpla2
reverse 5-TCACCAGGTTGAAGGAGGGAT-3, Nrldl
forward  5-AGCTCAACTCCCTGGCACTTAC-3, Nrldl
reverse 5-CTTCTCGGAATGCATGTTGTTC-3), Slc2a2
forward 5-TCAGAAGACAAGATCACCGGA-3, Slc2a2
reverse 5-GCTGGTGTGACTGTAAGTGGG-3), Slc5al
forward 5-TCTGTAGTGGCAAGGGGAAG-3), Slc5al

reverse 5-ACAGGGCTTCTGTGTCTTGG-3’.

Data and statistical analysis

Data are represented as group mean £ SEM. Statistical
analyses were performed in GraphPad Prism 8 (GraphPad,
San Diego, USA) whereby p-values < 0.05 were considered
significant. To compare data between groups and different time
points 2-way analysis of variance (ANOVA) was used with
Bonferroni post-hoc tests to compare data at one ZT between
groups or within one group at different ZT’s, respectively.

Temperature and activity data were recorded in 1-min
intervals. The 15 min before the snack was given to the mice were
taken as baseline measures for temperature and activity. Mean
temperature or activity were compared to the maximum change
in body temperature or activity after “snack in.” Data were
statistically analyzed by repeated measurement 2-way ANOVA
with Bonferroni post-hoc tests. To further analyze changes in
temperature and activity as well as the kinetics of these changes,
each data point was normalized by subtracting the mean of
the 15-min baseline. Such normalization allows a correction
for individual differences in baseline body temperature and
locomotor activity. For noise reduction in activity data a 10-
min moving average was applied. Analyses were performed
for each mouse individually. A non-linear fit (one site) was
laid through the data for each group to determine the logIC50
value representing the half-time (in minutes) to the maximum
change in temperature or activity. Analyses were performed with
n = 6 mice for all cohorts; however, one no snack/daytime
and one chow/nighttime animal were excluded due to technical
reasons during the recordings. To calculate the mean change
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in temperature and activity, the mean of the 15 min before the
snack was subtracted from the mean of the 1h after “snack in”
until sacrifice. To compare changes in temperature and activity
(logIC50), non-linear fits were performed for each mouse
individually. During fitting of temperature data, a constraint
was set to 0 < logIC50 < 60, but one no snack/nighttime
and one chow/daytime mouse had to be excluded in addition
to the two above mentioned mice because it was not possible
to fit a sigmoidal curve with a plausible logIC50 through the
data. For activity data the most accurate fits were obtained
with a 10-min moving average over the non-normalized total
counts. To not distort the fit due to decreasing activity in the
second half of the experiment, only data including a moving
average of 30.5min were used to determine the half-time of
activity change as a direct response to the snack. Constraints
were set for some curves to ensure that the correct part of
the curve was fitted compared to other mice in the group.

10.3389/fnut.2022.956641

In addition to the animals excluded for technical reasons, one
no snack/nighttime mouse was excluded from activity logIC50
analysis as a reasonable fit could not be obtained. logIC50 values
were statistically compared between cohorts and across time by
2-way ANOVA.

qPCRs were performed with n = 6 per cohort, but
individual values were excluded based on Grubbs outlier tests.
To analyze peripheral tissue gene expression profiles, the mean
relative mRNA expression of the respective gene in every
group was determined for each tissue, e.g., relative Bmall
mRNA expression in liver for the no snack/daytime group.
Therefore, each data point in Figure 4 represents one tissue.
Heat maps how the mean gene relative mRNA expression for
each tissue. To investigate the relationship between clock gene
mRNA levels against glucose transporter gene expression, simple
linear regressions were performed using GraphPad Prism 8
(GraphPad, San Diego, USA).
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Results received the snack (or no snack) in the beginning of the light

L. phase (ZT2-3, daytime) whereas the second group received the
Chocolate snack effects on caloric intake snack (or no snack) in the beginning of the dark phase (ZT14-

areh Ig her duri ng dayti me 15, nighttime). Mice consumed more energy during daytime
compared to nighttime snacking for chocolate but not for chow.

To assess the time-dependent effect of different snacks, mice Caloric intake was always higher in mice receiving the chocolate
were separated into two groups of three cohorts each. After compared to the chow snack independent of snack timing
12 h of fasting, they received either no snack (control cohorts), (Figures 1B,C). These data suggest that both, snack type and
a chow snack (chow cohorts) or a chocolate snack (chocolate timing, influence appetite regulation, but temporal regulation is
cohorts) with access for 20 min (Figure 1A). The first group more pronounced for more palatable snack types.
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interaction p > 0.05. (F,G) Bonferroni post-hoc test: *p < 0.05; Repeated measurement 2-way ANOVA: (F) group p < 0.05, time, interaction p >
0.05; (G) time, group, interaction p > 0.05.
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Snack type dependent upregulation of
core body temperature and locomotor
activity is restricted to daytime

Food intake leads to a transient increase in body temperature
and locomotor activity, and both have been implicated in
the postprandial regulation of satiety (17, 18). We thus
examined the interaction of time and snack type on these
two physiological parameters. After daytime snacking body
temperature significantly increased compared to baseline in the
chow and chocolate cohorts (Figure 2A) whereas a temperature
increase after nighttime snacking was only observed in the
chocolate cohort (Figure 2B). We next investigated the kinetics
of the temperature increase upon snacking. While body
temperature increased comparably early upon, both, chow and
chocolate snacking during daytime, this increase was higher,
and temperature stayed elevated for longer in the chocolate
cohort (Figure 2C). In comparison, body temperature in the
chow/daytime snacking cohort dropped back to baseline levels
1h after the snack was provided (Figure 2C). In contrast to
daytime, body temperature changes in the nighttime cohorts
were smaller and largely comparable between snack types
(Figures 2C,D). We did not observe differences in temperature
increases between the control cohorts at different ZTs, but we
found much larger temperature effects in the chow/daytime and
chocolate/daytime compared to the respective nighttime cohorts
(Figure 2D). Daytime snacking led to a stronger increase in
body temperature in the chocolate cohort compared to chow
(and no snack) with mean temperature changes of 2.6°C, 1.5°C
and —0.3°C, respectively (Figure 2D). To compare the kinetics
of body temperature changes upon snacking we performed
a non-linear fit for each individual curve and determined
logIC50 values. Daytime snacking with chow and chocolate
induced a fast increase in body temperature (logIC50 < 10 min;
Figure 2E). Additionally, chow/daytime snacking induced a
faster body temperature increase than in the chow/nighttime
cohort (logIC50 of 5 and 20min, respectively; Figure 2E).
These temporal effects were much less pronounced for the
chocolate snack cohorts [logIC50 values of 7 (daytime) and
10 min (nighttime); Figure 2E]. Together, these data suggest that
daytime snacking induces larger changes in body temperature
and that these changes differ for snack type.

Similar to what we observed for body temperature,
locomotor activity was affected mostly by snacking during
daytime, while little effects were observed at nighttime
(Figures 2F-H). Significant increases in locomotor activity
the
the no

compared to baseline activity were restricted to
(Figures 2EG).  While

snack/daytime cohort became less active due to extended

chocolate/daytime  cohort
fasting, chow-fed animals showed on average stable activity and

chocolate/daytime mice a marked increase in activity peaking at
20 min after snack access (Figures 2H,I). Individual non-linear
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curve fits revealed delayed changes in activity in the chow
cohorts at both time points compared to control and chocolate
fed animals (Figure 2]). Overall, we observed a time-of-day
effect for activity kinetics with a significant post-hoc comparison
for the control cohorts (Figure 2]). In summary, the extents of
locomotor activity changes upon snacking are in line with body
temperature effects with larger changes induced by daytime
snacking and chocolate snacks. However, marked differential
effects were observed with regard to kinetics suggestive of
distinct regulatory mechanisms.

Daytime snacking alters serum glucose
and free fatty acid levels

We next analyzed the impact of timed chow or chocolate
snacking on postprandial nutrient levels in the circulation
(Figure 3). 1 h after the snack serum FFA levels were significantly
decreased in the chow/daytime cohort and reduced with
borderline significance (p = 0.0540) after chocolate snacking
during the day compared to no snack controls (Figure 3A).
Serum FFA concentrations were not altered in the nighttime
cohorts (Figure 3A). We did not observe any snack induced
changes in serum TAG levels apart from a general time
effect with slightly higher levels at daytime compared to
nighttime (Figure 3B). Serum glucose concentrations were
increased after chow and chocolate daytime snacking compared
to controls with higher levels in the chow cohort (Figure 3C).
Nighttime serum glucose concentrations did not differ between
the cohorts. Serum insulin levels were higher at daytime
compared to nighttime, but we did not observe snack induced
differences (Figure 3D). However, the insulin concentrations
roughly followed serum glucose concentrations (Figures 3C,D).
We did neither observe a significant effect for time nor
snack group in serum leptin levels (Supplementary Figure 2).
Together, snacking decreased FFA and increased glucose serum
levels specifically during the day hinting at temporal differences
in lipid mobilization and glucose uptake.

Time and snack dependent regulation of
clock and metabolic gene expression in
peripheral tissues

Considering the observed time and snack type specific
responses in body temperature as well as in locomotor
activity against a background of circadian regulation of both
processes, we hypothesized that tissue clock gene expression
might likewise be affected by snacking with higher changes
after chocolate snacking and during daytime. We focused on
peripheral tissues important for the processing of nutrients
such as liver, pancreas, adipose tissues (eWAT, scWAT,
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Daytime snacking alters serum free fatty acid (FFA) and glucose levels. Concentrations of (A) FFAs, (B) triacylglycerides (TAGs), (C) glucose, and
(D) insulin in serum. Mice were fasted for 12 h and received no snack (control cohort), normal chow, or chocolate ad libitum for 20 min. Data are
shown as mean + SEM; (A-C) n = 6, (D) n = 2-6 per group; Bonferroni post-hoc test: *p < 0.05; **p < 0.01; ****p < 0.0001; 2-way ANOVA: (A)
time, group, interaction p > 0.05, (B) time p < 0.01, group, interaction p > 0.05, (C) time p > 0.05, group, interaction p < 0.001, (D) time p <
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and iBAT), and small intestine (duodenum, jejunum, and
ileum). Overall, results were largely comparable across all
these tissues with marked temporal differences for Bmall,
Perl, Per2, Cry2 and Nrldl in the control cohorts and
snack effects confined mostly to Bmall and Nrldl expression
during daytime and Perl, Per2 and Cry2 expression during
nighttime (Supplementary Figure 3). To provide a more general
overview, we plotted a heat map showing the mean relative
mRNA expression for the respective gene and determined
specific clock gene responses across metabolic tissues by
averaging the mean relative clock gene mRNA expression
for each group (Figure4). A detailed analysis of each single
gene in each tissue is provided in Supplementary Figure 3.
Across all tissues, Bmall expression was higher at daytime
compared to nighttime with antiphasic regulation of Perl,
Per2, and Cry2 in the periphery in all snack cohorts
(Figures 4A,C-E). Bmall expression was decreased at daytime
after chocolate but not after chow snacking while levels
were stable during nighttime (Figure 4A). In contrast, Perl
expression was decreased in the chow and chocolate cohorts
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during nighttime snacking with no effect during daytime
(Figure 4C). For Nrldl—and similar to Bmall—we observed
a snack induced decrease in expression during daytime, but
no snack effect in the night (Figure 4B). Effects on Per2 and
Cry2 expression were restricted to nighttime (Figures4D,E).
Per2 was increased in the chow/nighttime cohort compared
to the control and chocolate cohorts (Figure 4D). Cry2 was
decreased after chocolate/nighttime snacking compared to the
chow and nighttime cohort (Figure 4E). Bhlhe40 expression was
comparable between different tissues at day-/nighttime after
different snacks, however, it was increased in scWAT in the
chow cohorts as well as in iBAT after chow/daytime snacking
(Figure 4F). Clock mRNA expression did not respond to snack
intake, but slightly higher daytime mRNA levels compared
to nighttime were observed in the chow cohorts (Figure 4G).
In summary, time and snack type dependent effects on clock
gene mRNA expression were observed in metabolic tissues.
Regulation of Bmall and Nrldl was restricted to daytime,
while Perl, Per2, and Cry2 responses were seen only after
nighttime snacking.
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FIGURE 4
Snacking affects clock gene expression in peripheral tissues. Mice were fasted for 12 h and received no snack (control cohort), normal chow, or
chocolate ad libitum for 20 min either at daytime or nighttime. Clock gene expression was determined 1 h after the snack was provided. Heat
map of mean gene relative mRNA expression for each tissue and mean gene relative mRNA expression of (A) Bmall, (B) Nr1d1, (C) Perl, (D)
Per2, (E) Cry2, (F) Bhlhe40, (G) Clock in peripheral tissues (duodenum, jejunum, ileum, subcutaneous and epididymal white adipose tissue,
intrascalpular brown adipose tissue, liver, pancreas). Each data point represents one tissue. Data are shown as mean 4+ SEM; n = 3-6 withinn =
8 tissues per group; Bonferroni post-hoc test: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; 2-way ANOVA: (A) time p < 0.0001, group p
< 0.01, interaction p > 0.05; (B) time p < 0.0001, group p < 0.01, interaction p < 0.05; (C) time p < 0.0001, group, interaction p > 0.05; (D) time
p < 0.05, group p < 0.01, interaction p < 0.05; (E) time p < 0.0001, group p < 0.01, interaction p < 0.05; (F) group p < 0.05, time, interaction p >
0.05; (G) time p < 0.01, group, interaction p > 0.05. Separate analysis of each gene in each tissue as well as statistics are provided in
Supplementary Figure 3.

Reduced FFA levels after snacking during daytime suggested expression in scWAT (Supplementary Figure 3, Figure 5).
an effect on lipolysis in adipose stores (Figure 3A). We therefore Bmall expression was higher at daytime compared to nighttime
compared responses of clock and lipolysis associated gene for all groups and was reduced after chocolate/daytime snacking
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2.5

Genes of lipolysis key-enzymes in scWAT are not affected by snacking and do not correlate with clock gene expression. Relative mRNA
expression of (A) Pnpla2, (B) Lipe. Linear regression of (C) Bmall and Pnpla2, (D) Bmall and Lipe, (E) Nr1dl and Pnpla2, (F) Nr1dl and Lipe. (A,B)
Data are shown as mean + SEM; n = 4-6 per group; 2-way ANOVA (time, group, interaction p > 0.05) with Bonferroni post-hoc test. (C—F)
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compared to the control cohort (Supplementary Figure 3D).
We observed similar effects for Nr1dI expression, but the time-
of-day difference between the chocolate cohorts was lost due to
a strong reduction in Nr1dI expression after chocolate/daytime
Additionally, Nrldl
expression was reduced in the chocolate compared to the

snacking (Supplementary Figure 3D).

chow/daytime cohort (Supplementary Figure 3D). In contrast,
we did not find any changes in genes encoding two lipolysis
pacemaker enzymes, Pnpla2 and Lipe (Figures5A,B), nor
a correlation between clock and lipolysis associated gene
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expression (Figures 5C-F). Thus, although FFA serum levels
were reduced after daytime snacking (Figure 3A) and lipolysis
genes have been reported to be under control of the circadian
clock (19), our data would be in line with a snack-induced
downregulation of adipose lipolysis via resetting of local
tissue clocks.

Like FFAs, blood glucose levels were mainly affected by
snack intake during daytime. As the small intestine, especially
duodenum and jejunum, are important for glucose uptake
(20), we investigated relative mRNA expression of glucose
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transporter genes in comparison to clock genes in response
to snack intake (Supplementary Figure 3, Figure 6). Expression
of Bmall and Nrldl in the jejunum was reduced after
snacking during daytime with little responses during nighttime
snacking (Supplementary Figure 3B). The expression of both
glucose uptake transporter genes, Slc5al and Slc2a2, was
decreased in the chocolate/nighttime cohort compared to the
no snack/nighttime cohort leading to a loss of the time-of-day
difference in chocolate cohorts (Figures 6A,B). As both, clock
and glucose uptake transporter, transcript levels were affected
by snacking, we investigated the relationship between both by

10.3389/fnut.2022.956641

linear regression analysis. Interestingly, we found a negative
correlation between Bmall and Nrldl, respectively, with both
glucose uptake transporter genes (Figures 6C-F).

Duodenal clock gene expression was reduced after
chocolate/daytime snacking compared to the chow cohort
(Bmall) or the control and chow cohorts (Nrl1dI), respectively
(Supplementary Figure 3A). All cohorts had a higher expression
at daytime compared to nighttime except of the chocolate
cohort for Nrldl (Supplementary Figure 3A). Interestingly,
relative mRNA expression of glucose uptake transporters
was decreased in the chocolate cohorts at both time points
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compared to the control and chow cohorts except of control
vs. chocolate/daytime for Slc5al (Supplementary Figures 4A,B).
However, unlike for jejunum, we did not find significant
correlations between clock and glucose transporter gene
expression in the duodenum (Supplementary Figures 4C-F).

The observed relationship of clock and glucose uptake
transporter gene expression in the jejunum, but not in the
duodenum, support the idea of a potential role of the jejunal
circadian clock in mediating changes in intestinal glucose uptake
upon snacking.

Discussion

In our study we investigated time-of-day dependent effects
of snacking on tissue circadian clock function and physiological
parameters. Our results indicate that a high-calorie snack such
as chocolate at daytime has a stronger effect on physiological
parameters as well as on peripheral clock gene expression than
less energy-dense snack types or the same snack consumed
during nighttime. This temporal regulation associates with
similar effects on glucose regulation in line with clock and
glucose uptake transporter gene regulation in the jejunum.

Snack type and time influence appetite
and temperature/activity responses

In our snack experiment we observed an effect of
snack type and snack time on behavioral and physiological
responses. Chocolate consumption was always higher than chow
consumption and chocolate/daytime mice consumed more than
the respective nighttime cohort (Figure 1). These results go in
line with data showing that overconsumption of chocolate peak
in the early inactive phase in mice and time-of-day differences
in the drive to eat in humans (7, 8). Likewise, we found a
snack type dependent upregulation of core body temperature
and locomotor activity mostly restricted to daytime (Figure 2).
As body temperature shows a circadian rhythm with higher
temperature throughout the active phase (21) and even on heat
stress mice show little increase in body temperature throughout
their active phase (22), a large body temperature increase
upon snacking was not expected at nighttime. We observed
a higher upregulation in body temperature after chocolate
compared to chow/daytime snacking. As mice consumed
more calories after a chocolate snack, these findings are in
line with previous studies showing that body temperature is
higher after high caloric meals (23). It has previously been
shown that diet composition impacts body temperature (24).
Considering the different nutrient composition of the snacks
in this study (Supplementary Figure 1), an effect of snack type
on body temperature change remains possible. However, we
did not closer investigate the specific effects of individual
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macronutrients and therefore cannot distinguish which factor—
snack type (i.e. snack composition) or calories—is mediating
the observed effects. In line with the changes in core body
temperature we found similar changes in locomotor activity
after daytime snacking. Larger changes throughout nighttime
snacking were not expected as the capacity for changes is
higher throughout the usual inactive phase (i.e., daytime).
Overall, we did not observe a mean change in activity in
chow snacking mice. These animals first reduced their activity
as they were eating the snack and then became more active
afterwards. Our observation of upregulated locomotor activity
after chocolate/daytime snacking is in line with human data
showing that a daily chocolate snack for dinner leads to
increased activity (25). However, one has to consider that
subjects were monitored after a chronic chocolate snack showing
overall activity (25). Additionally, our data of the chow/daytime
cohort show that temperature increases do not merely follow
upregulated locomotor activity.

Clock gene responses are influenced by
snack time and type

Because of our findings of upregulated core body
temperature and locomotor activity restricted to daytime
snacking, we assumed a snack effect on peripheral clock
gene expression. We found slightly more reduced relative
mRNA expression of clock genes in the periphery after
chocolate/daytime snacking hinting at a potential influence
of snack type on clock gene expression (Figure4). After
nighttime snacking, we observed changes in the chow as
well as in the chocolate cohorts (Figure4). Clock gene
expression is shifting and uncoupling from the SCN upon
light-phase restricted feeding (5). But also fasting and re-
feeding is changing peripheral tissue clock gene expression
(26). Although our data do not determine full circadian
profiles, they are in line with others showing downregulation
of Nridl and Per] mRNA expression upon re-feeding (26).
Bmall mRNA expression was rather seen to be upregulated
(26). The differences of those results and ours could be
explained by different re-feeding times, durations and snack
types. As we investigated only two time points, we cannot
comment on circadian rhythm parameters such as period, phase
or amplitude.

A potential role of jejunal circadian clocks
in regulation of glucose metabolism and
effects of snack type and timing

Our results revealed decreased FFA and increased glucose
serum levels specifically in response to daytime snacking
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(Figure 3) suggesting alterations in lipolysis and glucose uptake.
Upon fasting, lipolysis is enhanced increasing FFA levels
in the blood (27). After daytime re-feeding in rats, FFA
concentrations in serum decreases again in line with our data
(27). Another study found a fast reduction of FFA upon
food intake in humans after breakfast and dinner (28). We
did not observe decreased serum FFA levels after nighttime
snacking in mice. However, these animals were only fasted for
12h, so basically throughout daytime, the usual phase where
they normally do not consume many calories. Potentially, the
difference in FFA levels upon snacking was therefore more
visible after daytime snacking because these cohorts were
likely fasted even longer than 12h due to the normal daily
food intake pattern with low intake during the light phase.
Our observation of unchanged TAG levels after daytime or
nighttime snacking are in line with other data showing that
plasma TAG levels in humans are unaltered after breakfast
and dinner at least 1h after the meal (28). The apparent
absence of changes in leptin levels (Supplementary Figure 2)
could be explained by different kinetics of leptin responses after
snacking. We found altered serum glucose levels after daytime
snacking and a time-of-day difference after chow snacking.
These results are consistent with data showing that glucose
tolerance varies throughout the day peaking in the morning
(active phase) and that the postprandial glucose response is
higher in the evening in humans (29). A higher increase
in glucose concentration is also consistent with human data
showing a higher glucose increase after dinner vs. breakfast
(28). Unexpectedly, glucose levels after chocolate/daytime were
lower compared to chow/daytime snacking. Mice consumed
the chocolate within the very first min after the snack was
provided which could indicate that the glucose levels were
already dropping again, but we also cannot exclude an influence
of snack type/food composition on serum parameters. Glucose
uptake by peripheral tissues could be differently affected in
the two daytime snacking cohorts. More glucose could be
taken up by adipose tissue, by the liver for glycogen storage,
or by the muscle and thereby reduce serum glucose levels
in the chocolate/daytime cohort. As mice consume most of
their food during the active phase, equal experimental fasting
will likely be longer for the daytime than for the nighttime
cohorts and, consequently, daytime cohorts might have been
at a different fasting/metabolic state in the beginning of
the snack time. Differences in insulin release upon chow
or chocolate consumption could also explain the observed
changes in the chow/daytime and chocolate/daytime cohorts. In
our study insulin concentrations followed changes in glucose,
however, they did not reach significance due to high variations
within the cohorts. Lower insulin levels in the nighttime
cohorts could indicate a higher insulin sensitivity at nighttime
compared to daytime. A higher insulin sensitivity in the
beginning of the active phase was also reported in humans (30).
Additionally, changes in lipolysis are a possible explanation for
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the differences we observed in FFA serum concentrations after
daytime snacking.

Due to the downregulation of Bmall expression after
chocolate, but not after chow/daytime snacking, we analyzed
lipolysis related gene expression and the relationship of
lipolysis and clock gene transcript levels. Pnpla2 and Lipe are
downregulated in Bmall knockout mice (19). However, our data
did not support a downregulation of lipolysis in scWAT upon
daytime snacking (Figure 5). FFA are increased in the blood
upon fasting and decrease after re-feeding (27). We already
saw decreased FFA levels upon daytime snacking (Figure 3).
However, the analyzed time point might be too early to observe
changes upon lipolysis related genes or the effect of fasting might
be stronger on mRNA expression. We also did not observe a
relationship between clock and lipolysis related gene expression.

Our results indicate changes in clock and glucose uptake
transporter gene expression upon snacking in the small intestine
(Figure 6, Supplementary Figures 3, 4). Studies in cells revealed
a regulation of BMALI on glucose uptake and Slc5a] mRNA
expression (31). Additionally, BMALL can directly bind to
the promotor region of glucose uptake transporter genes (32).
In line with these data, we found an association between
clock and glucose uptake transporter gene expression in
the jejunum. Importantly, we mainly observed changes in
glucose uptake transporter gene expression upon chocolate
snacking. Even though the chocolate contains less carbohydrates
compared to chow (Supplementary Figure 1), it contains more
disaccharides (carbohydrates 54 g from which 47.6 g sugar vs. 5%
dissaccharides but 35% polysaccharides in normal chow). Our
data, thus, are in agreement with a potential role of the jejunal
circadian clock on glucose uptake upon snacking.

In conclusion, we here show that distinct snack types have
different effects on tissue circadian clocks whereby the effect is
strongest after snacking during daytime. Our data suggest that
an acute snack could influence the circadian clock and modulate
glucose uptake in the small intestine. With our experimental
setup we analyzed acute snack effects on gene expression, but
we cannot make conclusions about how these effects would alter
circadian rhythm parameters. As our study is limited to male
mice it would be interesting to investigate whether the same
effect is observed in females. These observations in mice could
be interesting for shift workers with an irregular eating pattern.
Although our data suggest a potential role of the jejunal clock
in snack associated glucose uptake, further confirmatory work
is needed to, e.g., investigate whether an acute snack at the
“wrong” time of the day could lead to a larger shift in the internal
clock network.
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Background: Emerging research suggests that food intake timing, eating
behavior and food preference are associated with aspects of the circadian
system function but the role that the circadian system may play in binge eating
(BE) behavior in humans remains unclear.

Objective: To systematically evaluate the evidence for circadian system
involvement in BE behavior.

Methods: Systematic searches of PubMed, EMBASE, and Scopus were
performed for reports published from inception until May 2020 (PROSPERO
Registration CRD42020186325). Searches were conducted by combining
Medical Subject Headings related to the circadian system, BE behavior, and/or
interventions. Observational and interventional studies in humans with BE
behavior published in peer-review journals in the English language were
included. Studies were assessed using quality and risk of bias tools (AXIS, ROB
2.0, or ROBINS).

Results: The search produced 660 articles, 51 of which were included in
this review. Of these articles, 46 were observational studies and 5 were
interventional trials. Evidence from these studies suggests that individuals
with BE behavior tend to have more food intake, more binge cravings, and
more BE episodes later in the day. Hormonal and day/night locomotor activity
rhythm disturbances may be associated with BE behavior. Furthermore, late
diurnal preference (“eveningness’) was associated with BE behavior and
chronobiological interventions that shift the circadian clock earlier (e.g.,
morning bright light therapy) were found to possibly decrease BE behavior.
Substantive clinical overlap exists between BE and night eating behavior.
However, there is a significant knowledge gap regarding their potential
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relationship with the circadian system. Limitations include the lack of studies
that use best-established techniques to assess the chronobiology of BE
behavior, heterogeneity of participants, diagnostic criteria, and study design,
which preclude a meta-analytic approach.

Conclusion: Current evidence, although limited, suggests that the circadian
system may play a role in the etiology of BE behavior. Further mechanistic
studies are needed to fully characterize a potential role of the circadian system
in BE behavior. A chronobiological approach to studying BE behavior may lead
to identification of its neurobiological components and development of novel

therapeutic interventions.

Systematic

review

registration: [https://www.crd.york.ac.uk/prospero/

display_record.php?ID=CRD42020186325], identifier [CRD42020186325].

binge eating, circadian, chronobiology, actigraphy, obesity, chronotype, light, night

eating

Introduction

Binge eating (BE) behavior is a form of disordered eating
characterized by consuming an objectively large amount of food
in a short amount of time with a sense of loss of control over
eating (1). BE behavior is a core feature of the eating disorders
(EDs) binge-eating disorder (BED) and bulimia nervosa (BN),
and may occur in anorexia nervosa (AN). BE behavior may also
occur in night eating syndrome (NES), classified as an Other
Specified Feeding or Eating Disorder in the DSM-5, as well
as in non-ED-psychiatric diagnoses like mood and attention-
deficit/hyperactivity disorder (ADHD) (2-5). Currently, BE
behavior is often identified as a symptom associated with
deficits in impulse-control but its neurobiology remains poorly
understood (3).

The circadian system is a robust multi-oscillator circadian
network influencing most physiological and behavioral
processes, including metabolism, hunger, food intake timing,
and eating behavior (6-8). The circadian system consists of the
suprachiasmatic nucleus (also called the master pacemaker)
located in the hypothalamus and of peripheral oscillators or
“clocks” located in other regions of the brain and most tissues
of the body (8, 9). Inadequate or mistimed interactions among
components of the circadian system with the environmental
and/or behavioral cycle can have profound physiological
consequences and are associated with multiple adverse health
outcomes, which may include disordered eating (9-14). Early
studies suggest that time-of-day clinical features are associated
with BE behavior (15, 16) and that targeted chronobiological
interventions may have therapeutic potential in EDs (17),
suggesting a possible circadian system involvement in BE
behavior not yet thoroughly explored. Moreover, variability
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across the day and night in a physiological variable can be
the result of changes in behavior or environmental conditions
cycling in parallel and do not necessarily reflect involvement of
the circadian system.

Best-established techniques like constant routine (CR)
or forced desynchrony (FD) are typically used to discern
a change in the circadian rhythm in physiology and
behavior by minimizing the influence of behavioral and
environmental effects or by evenly distributing them during
the circadian cycle (18). However, these techniques are typically
conducted in well-controlled experimental conditions and
have not been applied to study the role of the circadian
system in BE behavior.

Emerging research supports that food intake timing
(10, 19), eating behavior and food preference (12, 14,
20) are associated with aspects of the circadian system
function in humans but the role that the circadian system
may play in BE behavior remains unclear. Given the
absence of published studies using best-established methods
to study the circadian system in BE behavior, we aimed to
systematically review current evidence on circadian-related
or proxy measures that can inform the potential role of
the circadian system in the etiology, phenomenology, and
treatment of BE behavior.

Method

Initially, a systematic review and meta-analysis approach
was conducted following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) checklist
guidelines (Supplementary Table 1) (21). The study protocol

frontiersin.org


https://doi.org/10.3389/fnut.2022.978412
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42020186325
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42020186325
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Romo-Nava et al.

was registered with the International Prospective Register
of Systematic Reviews (PROSPERO); registration number
CRD42020186325. The limitations on available evidence
precluded a quantitative analysis on each of the specific sub-
categories initially planned to conduct the systematic review
and meta-analysis approach. In this context, the complex and
heterogeneous nature of the current body of evidence gave way
to a systematic scoping review on the existing literature in this
topic (22).

Database searches

Searches for relevant scientific articles were conducted in
PubMed, EMBASE, and Scopus from inception to May 1st,
2020. Observational and interventional studies in humans
published in peer-review journals in the English language
were included. References from reviews, systematic reviews,
and meta-analyses were also evaluated to identify additional
original studies.

Observational articles included were those reporting on
human BE behavior and some aspect of a circadian-related
function. Studies included individuals with BE behavior and/or
a diagnosis of BED, BN, AN, or NES. We included night
eating because of its clinical overlap with BE behavior
(23, 24). Aspects of circadian-related function included: (1)
timing of BE behavior; (2) timing of food intake; (3) a
behavioral assessment of chronotype (e.g., dimensional or
categorical); or (4) objective evaluations of a circadian-related
function (e.g., dim light melatonin onset, actigraphy or
sleep/wake cycle).

Interventional trials included were those evaluating
chronotherapeutic strategies in individuals with BE behavior
and reporting on BE behavior as an outcome. Interventions of
chronobiological relevance included light therapy, melatonergic
agents, or scheduled food intake. Other interventions that
may influence the circadian system via changes in sleep/wake
cycles or the timing of light exposure targeting the circadian
system in conditions with BE behavior (e.g., interpersonal
and social rhythms therapy) were considered if their effect
on a circadian-related assessment (e.g., circadian phase,
actigraphy) was reported.

Specific search terms used for circadian-related factors were:
suprachiasmatic nuclei or nucleus, biological clock, circadian,
chronotype, morningness-eveningness, morning, evening, night
eating, nocturnal binge, and skipping meals (e.g., breakfast).
The following specific search terms for BE behavior and food
intake timing were used: anorexia nervosa, bulimia nervosa,
night eating, night eating syndrome, BE, and food intake timing
or food intake time (or temporal pattern). Specific terms for
chronological interventions were the following: bright light,
light therapy, melatonin, melatonin agonist, melatonergic, and
scheduled food intake.
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Data extraction

All potentially relevant studies were screened by two authors
(FR-N, AG, or NM) after independent evaluation of titles and
abstracts. A third author (SM, FR-N, AG, or NM) made a
final decision when there was disagreement between reviewers
regarding the eligibility of a study. Upon completion of the
screening process, a list of studies was compiled and reviewed
for repetitions. Full articles were then reviewed to assess
eligibility. Additional studies were selected when identified after
reviewing a study. Two authors discussed the findings (FR-N,
AG, or NM) and a third author (FR-N, AG, NM, or SM) helped
make a final decision when there was disagreement. Reviewer
0.72). A critical
appraisal of selected observational studies was conducted using
the Appraisal tool for Cross-Sectional Studies (AXIS tool) (25)
and is presented separately for each section (Supplementary

agreement was substantial (Fleiss’ kappa =

Tables 2-4). For the interventional studies risk of bias was
assessed using the COCHRANE ROBINS for non-randomized
trials or Rob 2.0 tools for randomized trials (see Supplementary
Figures 1, 2, respectively) (26, 27). The PRISMA flowchart
was followed for two categories of studies: observational and
interventional. A data extraction form developed by the authors
was used to systematically collect data from identified studies.

Strategy for data synthesis

Although considered initially, a meta-analytic approach
for data synthesis was not possible due to the small number
of studies meeting criteria for each subsection and their
considerable methodological differences (heterogeneity). We
therefore classified the 51 identified studies into two categories:
observational and interventional, and conducted narrative
syntheses of each category. Potential links between the
categories and sections were addressed in the discussion.

Results

Observational studies

Forty-six ~ observational studies reported relevant
information on circadian-related features of BE behavior and/or
food intake patterns, circadian-related outcome measures, or
night eating among individuals with BE behavior (see Figure 1).
Because these studies had heterogeneous methods, we elected
to summarize them in three main sections: (1) patterns of food
intake and/or timing of BE behavior (N = 16); (2) assessment
of the circadian-related measures among individuals with BE
behavior (N = 12); and (3) the co-occurrence of BE behavior

and night eating (N = 18).
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FIGURE 1
PRISMA flowchart for observational studies

Patterns of food intake and/or timing of binge
eating behavior

Sixteen studies reported information on time-of-day related
features of BE behavior and/or food intake among individuals
with BE behavior (Table 1 and Supplementary Table 2). Nine of
these studies explored food intake patterns throughout the day
among individuals with BE behavior (15, 28-35); five explored
timing of BE behavior or of the urge to binge eat (16, 36-39);
one study evaluated the relationship between BE behavior and
photoperiod (40); and one study evaluated food intake patterns
in youth with BE behavior (41).

Daily food intake patterns

The first of nine studies exploring daily food intake patterns
were conducted under laboratory conditions across a 24-h
period (divided in four 6-h periods) in female patients with BN

Frontiers in Nutrition

Records identified through
)
database searching (PubMed,
(3 EMBASE, and Scopus) from
2 inception to May 1%, 2020. Additional records identified
S (n =353) through other sources
=t
= (n=6)
c
)
=
v v
PR Records after duplicates removed
(n=331)
ap
£
=
d v
S
&) Records screened ] Records excluded
(n=331) " (n=234)
| S—
v
Full-text articles excluded,
Full-text articles assessed with reasons
Zz for eligibility (n=51)
:.?:z (n=97) \ e No BE behavior
oo
5 outcome (n=4)
e No circadian system
outcome (n=20)
SH— e No relevant outcomes
(n=27)
y
= Studies included in
e qualitative synthesis
3 (n =46)
[%3
=
—

93

(n = 54) and showed a disturbed eating pattern characterized
by the absence of the typical peaks in meal intake patterns
during breakfast, lunch, and dinner that were observed in
the control group (n = 11). In addition, 30% of the meals
consumed between the afternoon (18% from 12 to 6 pm) and
midnight (12% from 6 pm to 12 am) periods were considered
“large” (i.e., a > 1000 kcal meal) in a subset of BN patients
(n = 24) cataloged as “overeaters,” with a 24-h caloric intake
of more than two standard deviations higher than the mean
of the control group (28). The combined percentage of meals
that were considered “large” from midnight to noon was only
8%. Unfortunately, it was not reported whether the overeating
episodes met criteria for BE behavior. In the second study,
calorie intake in women with BED (DSM-IV criteria) and
obesity was lower in the mornings and midday, and higher
in the evening, when compared to a BMI and age matched

frontiersin.org


https://doi.org/10.3389/fnut.2022.978412
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

UOIMIJINN Ul S1913U014

640" UISISIUOIY

TABLE 1 Studies on patterns of food intake and/or timing of BE behavior.

Author, year Study Participants Sample size/  Outcomes Instruments Results Comments and
design and age (SD) Female% limitations
Blouin et al. (40) Study 1: CS NW women with BN Study 1: Seasonal patterns in Study 1: M-SPAQ Study 1: Dark hours predicted% of subjects with Dark hours included twilight
Study 2: CS vs. Ctrl Study 1: BN =31, BN (DSM III-R) Study 2: Self-report BE likelihood each month. SAD in 35.5% of BN. hours at dusk and dawn.
BN = 24.6(6.0), Ctrl =31 Association between questionnaire Study 2: BE/week directly correlated with dark Retrospective and self-reported
Ctrl = 24.7(6.2) F =100% Study BE and photoperiod hours in the month of assessment in all subjects. assessments. BE time of day not
Study 2: BN =26 2 Purging did not show this correlation assessed. High% with psychiatric
BN =197/F=98% comorbidities
Cachelin et al. (35) CS Latina women BED =65 Eating patterns in DSM-5 criteria BN had more nocturnal eating than the other two Association between meal timing
with/o ED All = 26.9 BN =22 No Latina women with groups (BN: 18.2%; BED: 3.1%; no ED: 1.5%). BED and BE was not analyzed. BE
?) ED =68 BE (48%) and BN (68%) snacked more frequently timing was not assessed
/F =100% during the evening (more than half of the past
28 days). In BED, BN and Ctrl group no
association between breakfast or evening snacks
and BE
Ellison et al. (34) P BN or partial BN BN =68/F=90%  Association between EDE Increased evening meal consumption during Subjects were enrolled in a RCT
(purging + objective evening meals and treatment predicted decreased BE after 4-month and receiving psychotherapy
or subjective BE) BE follow-up. Similar results with depression as focusing on food.
All =27.3(9.6) covariate.
Elran-Barak et al. (41) CS Children and AN-R =120 Meal patterns in DSM-5 criteria EDE Youth with AN-BE/P consumed less breakfast,
adolescents with AN-BE/P =40 youth with AN types lunch, dinner, as well as mid-morning and
AN-R =14.7(2.1) F=93.8% mid-afternoon snacks compared to AN-R types.
AN BE-P type that consumed dinner more often had
BE/P =16.26(1.9) less BE episodes.
Ferrer-Garcia et al. (38) Cs BED and BN patients ~ Total = 101 Transcultural DSM-5 criteria BE craving was higher in the afternoon/early
All =30.1 (8.02) BED =50, contexts and cues evening and late evening/night.
BN =51 that elicit food
/F = 88% craving
Harvey et al. (31) CS Women with BED or ~ Total = 106 Meal patterns in DSM-IV criteria Dinner was the most and breakfast the least BE timing not assessed.
RBE (1/week for BED =48, BED and RBE EDE common meal. Evening snacking was most Correlations for meal patterns
3 months) RBE =58 women frequent and associated with BE. Meal frequency and BE was not provided
All = 33.9(7.4) F =100% not associated with BE, BMI, or ED pathology separately for BED and RBE
Leblanc et al. (32) P (3-days) Premenopausal Total = 143 Association between TFEQ Self-report BES scores positively correlated with% energy BE frequency and timing not
women with /F =100% eating behavior and dietary intake intake after 5 pm. This correlation was not assessed. Presence of ED in
overweight or OB eating patterns significant after removal of "underreporters.” % of participants not reported. Self
All = 42.6 (5.6) energy intake from snacks after 5 pm mediates the report
association between BES scores and self-reported
energy intake
Masheb et al. (30) CS BED, BN, and Ctrl Total = 311 Eating behavior and EDE-Q BED > snacks/day and evening snacks than BE timing not assessed Dx based
Community BED =69, patterns in BED or controls, but not compared to BN. BED and on self-report
volunteers All = 36.3 BN = 39, BN, and controls BN > nocturnal eating compared to controls More
(12.4) Ctrl =203 frequent breakfast related to < weight in BED and
/F =100% control, but not BN. In BED, BE inversely related

to dinner frequency.
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TABLE 1 (Continued)

Author, year Study Participants Sample size/  Outcomes Instruments Results Comments and
design and age (SD) Female% limitations
Masheb and Grilo (29) Cs BED All = 45.2 (8.8) Total = 173 Meal patterns in SCID-I/P (DSM-IV),  No association between meal frequency and BE BE timing not assessed
/E=73% BED EDE, TFEQ Evening snack directly correlated with BE days and
episodes
Mitchell et al. (36) (o BN All =24.8 (?) Total =275 Description of DSM-III Subjects that reported BE usually occurring late BMI not reported
/F =100% clinical variables in afternoon (46.2%), early evening (52.4%), late
BN evening (54.2%), or after midnight (15.3%). BE was
reported as usual early in the morning (17.1%) or
late morning (17.5%). BE could occur at any time
in (33.5%)
Pla-Sanjuanelo et al. (39) CS BED and BN = 30.1 Total = 101 Binge craving and DSM-5 EDE-3 Higher binge craving at dinner, snacking between
(8.0) Ctrl = 22.64 BED = 50, specific cues BULIT-R PBEBI meals (after dinner), during the afternoon/evening,
(6.06) BN =51 and between 8 and 12 pm
/F = 88%
Ctrls = 63/F = 85%
Raymond et al. (15) P Obese women with BED = 12 Energy intake SCID-IIIR DSM-IV/ DEC in BED = Ctrl group. BED group had a BE timing not assessed Small
BED BED =37.9(7.8)  Control =8 patterns in obese BED criteria EDE, higher calory intake (50% of DEC) in the evening sample size
Control = 34.9(8.0) /E =100% women with BED Dietary recall compared to Ctrl (39% of DEC). In BE days, BED
interviews consumed less calories in the morning and midday
compared to Ctrl. Similar patterns of energy intake
between BE days and No-BE days.
Shah et al. (33) P Women with BN BN =158/F=100% Association between EDE Highest BE behavior abstinence rates in those with Participants received CBT or IBT
BN =28.7(7.2) eating patterns and more meals and more afternoon or less evening during study follow-up.
BE snacks.
Schreiber-Gregory etal. (16)  Study 1: CS BED subjects Study Study 1: BE duration and Study 1:EDE Study 2:  Study 2: BE more frequent in the early afternoon Study 1: BE timing not assessed
Study 2: P 1 =47.5(10.8) Study BED = 139/F = 87.7%temporal pattern in SCID-IV (12-3 pm) and evening hours (6-9 pm) BE less Study 2: Small sample size,
2=37.9(11.8) Study2: BED=5  BED E-recording of BE frequent during the weekend days included subthreshold BED
Subthreshold and meals
BED =4/F =100%
Waters et al. (37) P (1-week) Women with BN Total = 15/F=100% Factors preceding BE ~ BE diary and craving ~ Time of day had an effect on BE after craving BE Statistical model underpowered
All =24.8 (SE 0.7) record more frequent in the afternoon
Weltzin et al. (28) P Women BN BN =54 Food intake patterns ~ SCID-DSM-IIT Total calories BN > Controls. # meals/day Study conducted in laboratory
BN =24.8(6.3) Ctrl =11 in BN criteria. Conducted BN = Controls BN: majority of meals and calories conditions
Ctrl = 22.5(4.0) /F =100% in laboratory between noon and midnight
conditions

ADHD-RS, attention deficit and hyperactivity disorder-rating scale; AN, anorexia nervosa; AN-B/P, anorexia nervosa-bingeing/purging type; AN-R, anorexia nervosa-restrictive type; BE, binge eating; BED, binge eating disorder; BES, binge eating scale;

BMI, body mass index; BN, bulimia Nervosa; BULIT-R, bulimia test-revised; CBT, cognitive behavioral therapy; CS, cross-sectional; Ctrl, control; DEC, daily energy consumption; DSPS, delayed sleep phase syndrome; Dx, diagnosis; ED, eating disorder;
EDE, eating disorder questionnaire; EDI-3, eating disorder inventory-3; F, female; IPT, interpersonal therapy; M-SPAQ, Modified (Binge-Purging) Seasonal Pattern Assessment Questionnaire; NW, normal weight; OB, obesity; PBEBI, precipitating binge
eating behavior inventory; P, prospective; RBE, recurrent binge eating; RCT, randomized controlled trials; SCID III, structured clinical diagnostic interview for the DSM-IIT; SD, standard deviation; TFEQ, Three Factor Eating Questionnaire; VOA, Dutch

version of a Morning/Evening type Questionnaire.
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control group with obesity without BE behavior (15). The third
study found that among 173 male and female patients with
BED (DSM-IV criteria) with co-existing obesity, the frequency
of evening snacking was directly correlated with the frequency of
BE behavior days and BE behavior episodes per week (29). This
correlation was not observed with the frequency of other meals
individually or with the overall meal frequency. In the fourth
study, eating patterns were evaluated among women with BN
(n=39) and BED (n = 69) defined by modified-DSM-1V criteria
from a community sample (30). It reported that BE behavior
frequency was inversely correlated with the average number of
meals per day and with dinner frequency only in the BED group.
This was interpreted as indicating that BED individuals with less
regular meals and those who consumed dinner less frequently
experienced more BE behavior episodes. In the same study,
more frequent breakfast consumption was associated with lower
weight in the BED group.

In the fifth study, 106 individuals with DSM-IV BED or
recurrent BE behavior (e.g., one episode/week for at least
3 months, similar to current DSM-5 BED criteria) reported that
dinner and evening snacks were the most common meal and
snacks consumed, respectively, and that the number of days
with BE behavior was directly correlated with the frequency
of evening snacks (31). The sixth study found that severity of
BE behavior correlated directly with the proportion of energy
intake from snacks after 5:00 pm among premenopausal women
with overweight or obesity (32). Of note, a secondary analysis
identified that the association between BE behavior severity
and total self-reported energy intake was partially mediated
by the percentage of energy intake from evening snacks after
5:00 pm. In the seventh study, a prospective evaluation of
158 patients with BN, an increase in regular meals and more
afternoon or evening snacks were both associated with increased
abstinence rates of BE and purging behavior (33). In the
eight study, also using a prospective design, increased evening
meal intake frequency was associated with a decrease in BE
behavior frequency in 68 patients with BN or partial BN
(purging + objective or subjective BE behavior) (34). The ninth
study showed no correlation between meal intake frequency and
BE behavior frequency among Latina women with BN (n = 22)
or BED (n = 65) (35). A limitation in these studies was that BE
behavior timing and its relationship with meal and snack timing
was not analyzed. Nonetheless, taken together, these studies
suggest more regular meal and snack intake during the later part
of the day among individuals with BE behavior is associated with
less BE behavior.

Binge eating behavior timing

Five studies examined BE behavior timing. In the first
study, with 275 patients with BN, the early evening (52.4%)
and late evening (54.2%) were reported as the time of day
when BE behavior usually occurred for more than half of
participants (36). The second study was a one-week prospective
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investigation of the internal and external factors that preceded
BE behavior occurrence after an urge to binge eat in 15 women
with BN (37). This study identified that both the urge to
binge eat and BE behavior occurred more frequently during
the afternoon. An effect of time of day of the urge to binge
eat on BE behavior was also reported. However, the statistical
model was underpowered and results difficult to interpret.
The third study utilized an ecological moment assessment
approach to prospectively evaluate the duration and timing of
BE behavior episodes in nine subjects with threshold (n = 5)
and subthreshold BED (n = 4) according to DSM-IV criteria
(16). Frequency of BE behavior was higher in the early afternoon
(12:00 to 3:00 pm) and evening (6:00 to 9:00 pm) than in the
morning. Interestingly, BE behavior was less frequent during
weekend days than on weekdays. The fourth and fifth studies
reported only on the timing of the urge (or craving) to binge
eat in subjects with BN or BED. In both studies, the urge to
binge eat was heightened in the afternoon/early evening (4:00
pm to 8:00 pm), late evening/night (8:00 pm to 12:00 am), and
was consistently increased during the weekend (38, 39). These
observations further suggest that the more frequent occurrence
of BE behavior during the evening or night is not just explained
by an “increased opportunity” to binge eat when individuals are
not busy or working (e.g., after work hours) even if the craving
to binge eat is high during the weekends.

Photoperiod and binge eating behavior

One study evaluated the relationship between BE behavior
and photoperiod, defined as the average number of light hours
across 24-h. It was observed that among 31 patients with
BN, a decreased number of light hours predicted an increased
likelihood for BE behavior each month but did not predict
the likelihood of purging behavior (40). It was concluded that
photoperiod may exert an influence over BE behavior that is
likely mediated by the circadian system and is independent
from other compensatory behaviors (e.g., self-induced vomiting,
misuse of laxatives, weight loss medications, or diuretics,
food restriction or prolonged fasting, or excessive exercise),
although—as recognized by the authors—a role independent of
other highly correlated seasonal changes such as environmental
temperature could not be determined.

Patterns of food intake in children and adolescents
with binge eating behavior

One study explored food intake patterns in youth with BE
behavior. This study evaluated 160 children and adolescents
with restrictive AN (AN-R, n = 120) or binge eating/purgative
AN (AN BE/P, n = 40) subtypes. Youth with AN-BE/P consumed
breakfast, lunch, dinner, as well as mid-morning and mid-
afternoon snacks less often as compared to those with AN-
R types. There were no group differences in evening snack
consumption. Interestingly, as has been described in adults with
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TABLE 2 Assessment of circadian-related measures among individuals with BE behavior.

Author, year Study  Participants, Sample Outcomes Instruments Results Limitations and
design Age size/Female% comments
Carnell et al. (42) CS Obesity w/and w/o N =32, Time of day and between  IDS, PSS, TEFQ, PM eating associated w/1 hunger and | fullnessin ~ Limited information on BE
BED BED = 16(62.5%), group differences in DEBQ, ZUNG, BED. Fasting ghrelin | in AM and 4 in PM in behavior frequency/severity for
BED =35.9(8.1), OB =16(56.3%) hunger/fullness, food EMAQ, PFS, BES, BED. Greater experience of LOC and BE BED participants.
OB =36.8(9.2) intake, and ghrelin levels STAI NESHI resemblance at AM and PM in BED
Galasso et al. (46) P BED with obesity, N =28(100%), BED Relationship between Wrist actigraphy BED showed | MESOR and amplitude and poor BED actigraphy recordings while
56.8(16.7) Controls with obesity = 14, RAR and BED diagnosis sleep quality compared to controls. No difference on intensive cognitive-behavioral
with Controls with in acrophase. therapy and nutritional program
obesity = 61.5(13.8) obesity = 14 (8-5 p.m). Controls did not
receive intervention
Harb et al. (49) CS Patients with obesity N =100 (77%) Associations between MEQ, NEQ, EAT Strong association between eveningness and BE, Low incidence of night eating
seeking weight loss chronotype, eating weak association w/number of night eating
treatment 39.5(11.7) patterns and BMI behaviors
Mason et al. (47) P DSM-5 BN, DSM-5 N =212(85%) Sleep disturbance in 13-CSM (used in BN and BED associated w/4eveningness, Patients seeking weight loss
BED 44.28 (12.54) obesity. Association place of MEQ), | subjective sleep. 1ED severity correlated with | treatment, self-report measures
between ED severity and EDDS, SATED sleep quality
subjective sleep measures
Monteleone etal. (52)  CS Obesity w/and w/o N =298 (85.4%), CLOCK polymorphism SCID-IP 3111T/C associated w/1BMI in obesity, not w/BED  No circadian-related measures.
BED. Age reported OB =99, in obesity. Eveningness Ctrls significantly younger.
by Genotype OB-BED =107 in homozygous T111C
genotype
Romo-Navaetal. (12)  CS Non-evening N =783; non- Association between EDDS, REAPS Evening chronotype associated w/increased eating Retrospective survey. No control
BD =40.8 (14.8); evening = 575(66%) chronotype and psychopathology (EDDS scores), higher BE for effects of medications or BMIL
Evening type Evening = 208(60%) unhealthy eating behavior, BN, and nocturnal eating binges, and
BD =375 (13.4) behaviors BMLI. Evening types had worse dietary habits
(REAPS scores), including skipping breakfast more
often, eating less fruits and vegetables, consumed
more fried foods and unhealthy snacks.
Roveda et al. (48) p OB with N =16(100%), OB Relationship between Actigraphy BED showed | MESOR and amplitude and poor BED participant actigraphy
BED =55.7(15.6), with BED = 8, OB RAR and BED diagnosis sleep quality compared to controls. No difference recorded during day hospital care
OB w/o w/o BED =8 in acrophase or sleep quality. with a "multidisciplinary
BED =60.0(12.4) treatment"
Taylor et al. (43) P NW females N =7(100%) Effects of BE-like dinner BITE (Edinburgh Time of eating drove diurnal leptin rhythm. Small sample size. Metabolic

w/normal menstrual
cycles = 28.1(3.0)

on metabolism

Bulimic

investigation Test)

BE-like dinner increased fasting glucose levels, and
increased postprandial insulin without a change in

postprandial glucose levels

parameters measured only during
14 h. Participants fasted prior to
the BE-like dinner
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TABLE 2 (Continued)

Author, year Study Participants, Sample Outcomes Instruments Results Limitations and
design Age size/Female% comments

Tzischinsky et al. (44) P Obesity with N =47(100%), Characterization of sleep ~ 1-week Actigraphy, Compared to NC, the BED and OB group showed ~ No assessment of mediators in
BED = 37.8(5.5), Obesity with disturbance in BED and MSQ, Std Technion sleep disturbance, | quality, and on actigraphic sleep disturbance (e.g., OSA)
Obesity w/o BED = 18, Obesity OB Clinical Sleep measures for SE, TST, Long, Zero, and WAKE
BED = 38.0(6.7) w/o BED =13, Questionnaire, Sleep
NW =22.1(3.1) NW =16 diary

Tzinchinsky and Latzer (45) P Children with OB N=61,0B-BE=13  BEin children. Sleep in DSM IV BED criteria ~ SE% was lower in OB with BE compared to OB No analysis of association

Weltzin et al. (81) CS

Vogel et al. (50) CS

with and w/o BE. OB
with BE = 9.7(2.0),
OB w/o

BE =9.1(1.70),

NW = 10.2(1.5),
NW BN =24.8 (6.3)
NW w/o BN =22.5
(4.0)

OB =43.8(11.2)
ADHD = 34.9 (10.6)
Controls = 23.6 (3.1)

(38.5%), OB w/o
BE =23 (73.9%),
NW = 25 (56%)

N = 65(100%) NW
BN =54, NW w/o
BN =11

OB =114 (86%)
ADHD = 202 (47%)
Controls = 154
(65%)

children with obesity

Food intake patterns in
BN. 24 h hormonal
pattern during BE days.
Circadian-related
variables in ADHD and
their relationship with
obesity

1-week Actigraphy,
MSQ, Standard
Technion Clinical
Sleep Questionnaire,
Sleep diary

DSM III-TR
Cortisol, HGH, PL

Dutch version of the
ADHD rating scale
Morning/Evening
type Questionnaire
MCTQ

w/o BE, and NC groups. WAKE was higher in OB
with BE group compared to OB without BE and
NC group.

Nocturnal prolactin blunted in BN. No significant
effect of binging/purging on other hormones.

Extreme evening chronotype higher in ADHD vs.
OB group. Unstable eating pattern (skipping
breakfast + evening/night BE), skipping breakfast
and BE behavior at night higher in ADHD vs. OB.
Rate of BE behavior similar in ADHD vs. OB.
Unstable eating pattern (BE at mediated BMI in
ADHD.

between BE behavior severity and
actigraphy or diurnal preference

or sleep parameters

BE behavior timing and potential
effect of compensatory behavior

was not analyzed.

No comparisons between ADHD
and Control group. No specific
analysis for BE behavior
association with other clinical
variables

ADHD, attention deficit and hyperactivity disorder; AN, anorexia nervosa; BDI, Beck depression inventory; BD, bipolar disorder; BE, binge eating; BED, binge eating disorder; BN, bulimia nervosa; BLT, bright light therapy; CD, circadian; CS, cross-
sectional; EAT, eating attitudes test; EDDS, eating disorder diagnostic scale; ED, eating disorder; HDRS, Hamilton depression scale; HGH, growth hormone; Long, longest episode of continuous sleep; MEQ, morningness-eveningness questionnaire;
MCTQ, Munich Chronotype Questionnaire; NEQ, night eating questionnaire; NW, normal weight; NE, night eating; OB, obesity; PL, prolactin; PSG, polysomnograph; P, prospective; REAPS, rapid eating assessment for patients; SE, sleep efficiency; TST,

total sleep time; w/o, without; Zero, minutes of zero activity counts.
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BE behavior, youth with AN BE/P type with a less regular dinner
consumption experienced more BE behavior episodes (41).

Assessment of circadian-related measures
among individuals with binge eating behavior

Twelve studies provided evidence on objective or subjective
circadian-related parameters in individuals with BE behavior
(see Table 2 and Supplementary Table 3). Assessment methods
used to explore circadian-related function in these studies
included hormonal levels (n = 3), actigraphy (n = 5), diurnal
preference or chronotype (n = 3), and genetics (1 = 1). These
studies are summarized below.

Hormonal studies

Three studies have investigated the association between
diurnal hormonal variations and BE or BE-like behavior (42, 43).
In the first study, normal weight participants with and without
BN were evaluated during 72 h in a laboratory setting. Cortisol,
growth hormone, and prolactin plasma levels were obtained
from blood samples taken every 20 min for 24 h on one of the
experimental days. Participants with BN were asked to conduct
a BE behavior during one of the days and hormone levels were
compared to those without BN. Prolactin levels were decreased
during the latter part of the night in patients with BN compared
to those without BN. No other differences in 24-h hormonal
patterns were observed. The time of BE behavior and presence
of purging (e.g., self-induced vomit) or other compensatory
behaviors (e.g., vigorous exercise, skipping meals) behavior, as
well as sleep/wake cycles were not described. The potential effect
of these variables on hormone levels was not analyzed.

In the second study, healthy-weight females (n = 7) without
a history of an ED were evaluated under a strictly controlled
laboratory setting. It was observed that the time of eating
determined the diurnal variation of leptin secretion and that
consumption of BE-like dinners induced increased fasting
glucose levels. Having a BE-like dinner increased postprandial
insulin secretion, as well as decreased postprandial leptin
secretion without a postprandial difference in glucose levels
(43). These findings suggest that consuming BE-like meals
might induce profound metabolic changes that persist for hours,
potentially altering hormone physiological diurnal variation.

In the third study, 32 individuals with obesity and with
(n = 16) or without (n = 16) BED were evaluated for morning
vs. evening variation in fullness and hunger ratings according
to visual analog scale ratings, as well as hormonal variation
differences in response to a standardized liquid meal or an
ad libitum buffet-like meal in a controlled environment (42).
BED participants showed decreased fullness and a trend toward
increased hunger ratings during the evening when compared to
control participants in response to the liquid meal. Compared to
the control group, BED participants showed decreased fullness
after the buffet-like meal in the evening than in the morning and
reported an increased sense of loss of control and similarity to a
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BE behavior episode at both time-of-day conditions. Moreover,
altered hormonal patterns were identified in the BED group,
with decreased initial fasting ghrelin levels in the morning
and increased initial fasting levels in the evening prior to the
ingestion of the liquid meal. These findings are consistent with
a heightened evening susceptibility to overeating in BED.

Actigraphy studies in individuals with binge eating
behavior

Five studies employed wrist actigraphy to examine
locomotor activity in individuals with BE behavior (44-48).
Actigraphy records wrist acceleration and enables objective
estimates of behavioral activity, sleep, and the sleep/wake cycle.
The first of these studies compared 1-week actigraphy data
across three adult groups: individuals with obesity and DSM-IV
BED (n = 18), individuals with obesity and without BED
(n = 13), and normal weight individuals without BED (n = 16)
(44). The BED and non-BED obesity groups showed altered
actigraphic parameters compared with the normal weight
control group, including decreased sleep efliciency (percentage
of time asleep while in bed), total sleep time, minutes of zero
activity counts, longest episode of continuous sleep, as well
as increased total minutes of wake during sleep. There were
no differences between BED participants and the obesity
control group. Unfortunately, the sample was relatively small
and post hoc analyses were not clearly described. The second
36), found
that participants with BE behavior (n = 13) had a lower sleep

study, conducted in children with obesity (n =

efficiency percentage and more minutes of wake during sleep
compared with participants without BE behavior (n = 23) and a
group of normal weight children without BE behavior (45).

The third and fourth studies utilized 5 days of actigraphic
recordings to evaluate diurnal variations in adult women with
obesity and with or without BED (46, 48). In the third study,
BED subjects (n = 8) showed lower Midline Estimated Statistic
of Rhythm (MESOR; a rhythm-adjusted mean) and absolute
amplitude compared with controls (n = 8), but no difference
in acrophase (time at which the peak of a rhythm occurs)
was observed. The fourth actigraphy study (46) reported on
a sample expansion from the third study (48). It replicated
the MESOR and amplitude findings from the prior study.
However, inter-daily stability, a measure of diurnal rhythm
strength, was higher in BED (n = 14) compared to sex, age, and
BMI matched control subjects (n = 14). Activity counts on L5
(average activity for the least 5 active hours) and M10 (average
activity for the most active 10 h) were lower in BED compared
to controls. The results of these two studies are difficult to
interpret because BED participants were receiving an intensive
(8-h per day) combination of cognitive behavioral therapy and a
nutritional program during the 5 days of actigraphic recording
that individuals on the control group apparently did not receive.
Results may thus indicate a combination between the effects
of the intervention inducing better sleep parameters in BED
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compared with controls subjects and a blunted rest/activity
rhythm due to biological differences in patients with BED vs.
control, as shown by a decreased MESOR and amplitude.

The fifth study utilized a commercial accelerometer
(Fitbit) among other circadian-related assessments (including
chronotype and sleep diary and quality parameters) in 52
patients with threshold or sub-threshold DSM-IV BN (n = 22)
or BED (n = 30) diagnosed according to the Eating Disorder
Diagnostic Scale (EDDS) (47). Global eating psychopathology
was not related to sleep duration, sleep efficiency, or sleep onset
latency. Participants with BN showed greater ‘eveningness’ and
decreased self-reported sleep health compared to the control
group, but no difference was observed between the BED and
the other groups. Among participants with an eating disorder,
greater ‘eveningness was strongly associated with increased
global eating disorder psychopathology. The main limitation
of this study was the inclusion of threshold and sub-threshold
BN or BED symptoms in the analysis without providing
details about diagnostic criteria distribution. Other limitations
included participation of patients in a weight loss program and
use of a commercial accelerometer instead of research-designed
actigraphy devices.

Chronotype (diurnal preference) and binge eating
behavior

Three studies evaluated chronotype in individuals with
BE behavior (12, 49, 50). In the first study, self-reported
‘eveningness’ was associated with increased severity of BE
behavior when assessed with the BE scale among 100
participants seeking care at a nutrition clinic (49). The second
and third studies evaluated BE behavior and self-reported
diurnal preference in other psychiatric conditions, specifically
ADHD (50) and bipolar disorder (12). In the first of these
studies, 64% of adult ADHD patients (n = 202) had BE behavior,
which was comparable to 72% in a group of individuals with
obesity (72%, n = 114) and higher than a 34% in the control
group (n = 154) (50). ADHD patients showed a higher rate of
proxy markers of circadian phase delay, including self-reported
measures of delayed sleep phase syndrome (25.8% vs. 6.9%) and
extreme evening chronotype compared with obesity patients
(15.5% vs. 4.4%). Of note, ADHD subjects skipped breakfast
more often compared to the group of subjects with obesity.
Unfortunately, the association between BE behavior 