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Abstract: Breakfast is often described as “the most important meal of the day” and human studies
have revealed that post-prandial responses are dependent on meal timing, but little is known of
the effects of meal timing per se on human circadian rhythms. We evaluated the effects of skipping
breakfast for 6 days on core body temperature, dim light melatonin onset, heart rate variability,
and clock gene expression in 10 healthy young men, with a repeated-measures design. Subjects were
provided an isocaloric diet three times daily (3M) or two times daily (2M, i.e., breakfast skipping
condition) over 6 days. Compared with the 3M condition, the diurnal rhythm of the core body
temperature in the 2M condition was delayed by 42.0 ± 16.2 min (p = 0.038). On the other hand,
dim light melatonin onset, heart rate variability, and clock gene expression were not affected in the
2M condition. Skipping breakfast for 6 days caused a phase delay in the core body temperature
in healthy young men, even though the sleep–wake cycle remained unchanged. Chronic effects of
skipping breakfast on circadian rhythms remain to be studied.

Keywords: skipping breakfast; core body temperature; dim light melatonin onset (DLMO); heart rate
variability; clock gene

1. Introduction

Breakfast is often described as “the most important meal of the day” [1], and while it is believed
to contribute to good health and nutrition by providing essential nutrients early in the day [2];
adolescents frequently skip breakfast [3]. Many studies have reported the health benefits associated
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with breakfast [4–7]. A recent metabolomics study indicated that the total metabolic response tended
to be larger in the morning than in the evening [8].

Day-to-day physiologic activities, such as the sleep–wake cycle, feeding behavior, hormone release,
and body temperature, follow a daily cycle called a circadian rhythm [9,10]. The circadian components
of the body temperature rhythm and melatonin secretion are controlled by the suprachiasmatic nucleus
(SCN), with body temperature peaking in the late afternoon and declining to its nadir during the
sleep phase in humans [11]. In general, in human clinical research, the melatonin level is considered a
gold-standard proxy for the SCN phase [12]. Little is known about the effect of skipping breakfast,
however, on the amplitude and phase of the body temperature rhythm in humans, because there
are no reports of continuous measurement of body temperature [13,14]. In mammals, the central
‘master’ clock located in the SCN incorporates environmental information and synchronizes clock
phases in peripheral tissues, i.e., peripheral clocks [15,16]. The clock genes comprise primarily two
loops: a positive feedback loop and a negative feedback loop. The positive feedback loop consists
of the circadian locomotor output kaput (CLOCK) and brain and muscle ARNT-like protein 1 (BMAL1)
heterodimer, which mediates the transcription of tissue-specific genes. The negative feedback loop
consists of the period (PER) and cryptochrome (CRY) proteins, which inhibit CLOCK:BMAL1-mediated
transcription [17]. In mouse studies, skipping breakfast for 4 consecutive days decreases the amplitude
of the body temperature and leads to a phase delay in BMAL1 in the liver and fat tissue [18]. In rats,
skipping breakfast for 2 weeks caused a 4-h delay in the body temperature surge and phase delays in
BMAL1, CLOCK, PER2, and CRY1 in the hepatic tissue [19]. Previous human studies which adopted a
constant routine protocol reported that leukocytes, beard hair follicle cells, and whole blood possess
an endogenous circadian clock, suggesting that PER1–3 and BMAL1 expression are appropriate
biomarkers and that these tissues would be a useful source for evaluating biologic clock traits in
individuals [20,21]. To our knowledge, the effects of skipping breakfast have never been evaluated in
humans using this method.

The autonomic nervous system is also controlled by the SCN and acts as a bridge between the
master clock and the peripheral clocks [22]. Frequency analysis of heart rate variability can be used
to evaluate the cardiac autonomic nervous system based on electrocardiography recordings [23].
A previous study reported that the dynamic balance between the sympathetic nervous system
and the parasympathetic nervous system quickly responds to environmental cues, such as fasting,
to appropriately adapt energy metabolism [24]. A single incident of skipping breakfast, however,
does not induce changes in sympathetic and/or parasympathetic nervous system activity [25,26].

Daily meal frequency is influenced not only by biologic factors and habit, but also by social
factors such as lifestyle and/or occupation, and is thought to influence weight change and glucose
tolerance. Circadian clocks influence a broad range of biologic processes, including neuronal, endocrine,
metabolic, and behavioral functions [27,28]. The effects of meal timing on the human circadian system,
particularly the rhythms of body temperature and expression of clock genes, are poorly understood.
Therefore, in the present study, we conducted breakfast-skipping experiments for 6 days, assuming that
it would have a greater effect than a single incident of skipping breakfast. Although accumulated
energy expenditure and substrate oxidation over 24 h were not affected by 6 days of skipping breakfast,
their time courses over 24 h were significantly altered, and body weight unexpectedly increased [29].
The purpose of the present study was to evaluate the effects of skipping breakfast for 6 days on
indicators of circadian rhythms, such as the 24-h core body temperature, heart rate variability, dim light
melatonin onset (DLMO), and clock gene expression in leukocytes.

2. Materials and Methods

2.1. Subjects

Ten male Japanese subjects (20–30 years of age) participated in the present study. Exclusion criteria
were as follows: (1) presence of food allergies, (2) occasional or habitual breakfast skippers, (3) smoking
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habit, (4) history of chronic disease, (5) regular use of medications, and (6) evening type, judged from
a Japanese version of the morningness–eveningness questionnaire [30]. The sample size, based on
the results of a preliminary study, was set at 8 per group to achieve a significance level of 5% with a
detection power of 0.8. To allow for discontinuation or measurement errors during the meal intervention,
10 subjects were recruited. Power analysis was conducted using G-Power 3.1.7 software (written by
F. Faul, University of Kiel, Germany). The trial was conducted from July 2015 to October 2016. This study
was approved by the Local Ethics Committee of the University of Tsukuba, conducted in accordance
with the principles set forth in the Declaration of Helsinki, and complied with the study protocol.
All subjects provided written informed consent to participate in the study after receiving an explanation
of the experiments and associated risks. The trial was registered with the University Hospital Medical
Information Network (UMIN; http://www.umin.ac.jp/; Registration No. UMIN000032346).

The energy metabolism, blood glucose, and body composition measurement results from this
experiment were published in another paper [29].

2.2. Study Protocol

This study had a cross-over design with alternating assignment. The intervention involved
providing subjects with a 3-meal per day diet (3M) or a 2-meal per day diet (2M, i.e., breakfast-skipping
condition) over the course of 6 days, with the conditions switched after a minimum wash-out period
of 1 week. Figure 1 shows a schematic summarizing the study design. From 1 week before the meal
intervention, i.e., the baseline or wash-out period, subjects were asked to maintain a regular sleep
(23:00)/wake (06:00) schedule and meal schedule (07:00, 12:30, and 18:00), eating meals they each
prepared for themselves. During the intervention period (Day 1 to Day 6), the subjects were instructed
to eat only the meals provided by the study coordinator, which were individually adjusted according
to each subject’s estimated energy requirement [31]. In each meal intervention trial, the subjects ate
breakfast (33.3% of daily energy intake for the 3M condition) or no breakfast (0 kcal for the 2M condition),
lunch (33.3% or 50.0% of daily energy intake for the 3M and 2M conditions, respectively), and dinner
(33.3% or 50.0% of daily energy intake for the 3M and 2M conditions, respectively), such that the 24-h
energy intake was equal for both dietary conditions (2197 ± 405 kcal/d, 15% protein, 25% fat, and 60%
carbohydrates). The subjects were also instructed to refrain from consuming beverages containing
stimulants, caffeine, or alcohol, and from performing extreme exercise during the meal intervention.

At 22:00 on the fifth meal intervention day, an intravenous catheter was placed in a forearm
vein for blood sampling, and the subjects entered into a room-sized respiratory chamber where they
remained for 33 h (until 07:00 of the seventh day). In the chamber, the subjects slept for 7 h from 23:00
to 06:00 the next morning and were asked to remain seated as much as possible thereafter. On the
sixth-day meal intervention, the subjects were seated in dim light (<10 lux) starting 4 h before their
bedtime (from 19:00 to 23:00) to assess DLMO. Under the dim light conditions, they were allowed to
listen to music or read books.

Figure 1 provides a schematic overview of the study protocol (upper panel) and time schedule of
meal intervention following the baseline and/or wash-out period (lower panel). All subjects ate meals
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2.3. Measurements

2.3.1. Core Body Temperature

Each subject ingested a pill-sized CorTemp sensor (HQ, Inc., Palmetto, FL, USA) before entering
the chamber. The sensor measures the core body temperature every 30 s while passing through the
gastrointestinal tract by delivering a radio signal to an external recorder. The CorTemp sensors were
calibrated against a digital thermometer prior to being ingested. Median temperature over every 5 min
was calculated, and the data were averaged per 30 min for each subject.

2.3.2. Dim Light Melatonin Onset

Salivary samples were collected using a saliva collection aid (Salivette, Sarstedt AG & Co.,
Nümbrecht, Germany) every 30 min from 19:30 to 23:00 on the sixth day of the meal intervention.
Saliva was collected based on the standard procedures for DLMO measurements: (1) 15 min before every
saliva collection, the subjects rinsed their mouths with water, (2) the subjects tipped the cotton swab
from the Salivette into their mouths, and rolled the cotton swab in their mouths for 1 min until saturated,
and (3) toothpaste or mouthwash were not allowed during the phase assessments [32]. These samples
were immediately centrifuged to extract the saliva from the cotton swab and then frozen (−20 ◦C) until
analysis. Saliva samples from each individual were assayed in the same batch. Melatonin levels were
analyzed using a commercial enzyme-linked immunosorbent assay kit (Salimetrics LLC, State College,
PA, USA) and spectrophotometer (iMark Microplate Reader, Bio-Rad, Hercules, CA, USA).

The timing of the DLMO phase was determined by linear interpolation between the time-points
before and after the melatonin concentration increased and remained above the 4-pg/mL threshold [33].
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2.3.3. Heart Rate and Heart Rate Variability

Each subject wore a telemetric heart rate monitor (DS-2151, Fukuda Denshi Co., Ltd., Tokyo,
Japan) during the indirect calorimetry measurement. The R-R intervals of the electrocardiogram were
continuously monitored, and the power spectrum of heart rate variability was estimated using the
maximum entropy method. Heart rate variability reflects the balance between the activities of the
sympathetic and parasympathetic components of the autonomic nervous system [23]. The spectral
measures indicating contributions of variance were computed as areas under the power spectrum in
subranges and are presented in square milliseconds (ms2). Parasympathetic and sympathetic nervous
system activity were estimated as high frequency (HF; 0.15–0.4 Hz) and as the power ratio of low
frequency (LF; 0.04–0.15 Hz) to high frequency (LF/HF), respectively [34]. Because there were large
individual differences in HF, HF was normalized by taking the logarithm (log HF). The obtained data
(heart rate, LF/HF, and log HF) were averaged for each 30-min period for each subject.

2.3.4. Clock Genes

Blood samples (2.5 mL) were collected via the intravenous catheter at 06:00, 09:00, 12:00, 15:00,
18:00, 21:00, and 23:00 on the sixth day of the meal intervention, and in the following morning at 06:00
into PAXgene Blood RNA vacutainer tubes (PreAnalytiX, Hombrechtikon, Switzerland). After mixing
by inversion and incubating at room temperature for several hours, the samples were kept frozen
at −20 ◦C until RNA extraction using the PAXgene Blood RNA kit (QIAGEN, Hilden, Germany).
Extracted total RNA was analyzed spectrophotometrically (NanoVue plus, GE Healthcare Life Sciences,
UK) to check the quality and quantity. Equal amounts of RNA were reverse-transcribed using a
PrimeScript RT reagent Kit (Takara, Japan) and a Thermal Cycler (Takara PCR Thermal Cycler Dice
Gradient, Japan) according to the manufacturer’s instructions.

Real-Time PCR was performed on a CFX384 Touch Real-Time PCR Detecting System (Bio-Rad)
and the data obtained were analyzed using the software provided. The reaction mixture comprised
2 µL cDNA template, 5 µL SYBR Green PCR master mix (Roche Biochemicals, IN), and 0.2 µL of
10 µM forward and reverse primers in a 10-µL reaction volume. The PCR protocol comprised one
20-s denaturation cycle at 95 ◦C, followed by 40 cycles of denaturation at 95 ◦C for 3 s, and an
annealing/extension step at 60 ◦C for 30 s.

We assessed changes in the mRNA levels of CLOCK, BMAL1, PER 1–3, CRY 1–2, Rev-erb-α (Nr1d1),
Rev-erb-β (Nr1d2), and D site of albumin promoter binding protein (DBP) in leukocytes. The TATA-box
binding protein (TBP) was used as the endogenous control. The primer sequences are shown in
Supplementary Table S1. Clock gene expression levels were normalized to the TBP expression level at
each time point and evaluated using a calibration curve method.

2.4. Analysis

2.4.1. Analysis of Circadian Rhythm

The time courses of the core body temperature and clock gene expression were evaluated using
cosinor analysis; the cosinor technique was applied to each subject’s data using the least-squares
regression method to estimate the phase of the circadian variation: time of maximum in the fitted
cosine function, amplitude (half the difference between the minimum and maximum in the fitted
cosine function), and mesor (rhythm-adjusted mean).
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2.4.2. Statistical Analysis

All data are presented as means ± SEM. To detect a time shift in the circadian rhythms of the core
body temperature and heart rate variability, the circular correlation coefficients between the 2 dietary
conditions were evaluated. The circular correlation coefficient was calculated as the cross-correlation
coefficient between the 2 time series on the circular time axis (clock time coordinate). The 06:00, 12:00,
and 18:00 time-points were defined as the baseline for the post-meal gene expression, because clock
gene expression levels reflect food-related metabolic changes, even in the postprandial state [35].
One-way analysis of variance (ANOVA) was used to evaluate the effect of a meal on the clock gene
expression. As a post-hoc test, multiple comparisons using Dunnett’s test were conducted. Periodicity
in the peak times of the cosinor curves was assessed by the Rayleigh test, which is an angle statistic
and the most powerful invariant test for non-uniformity. Given the non-uniformity in the peak time
of the cosinor curves, differences between the 2 dietary conditions were analyzed using a paired
t-test. The differences in the amplitude and mesor were analyzed using a paired t-test. The level
of significance was set at 5%, and p values less than 0.05 were considered statistically significant.
The p-values from statistical tests were converted into false discovery rate q-values using the Q-value
method, to correct Type I errors due to repeated statistics, and a false discovery rate q-value < 0.1
was considered statistically significant. All statistical analyses were performed using R version 3.6.0
(R Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org/).

3. Results

Age, height, and body weight of the subjects were 25.1 ± 0.9 years, 173.4 ± 2.6 cm, 71.7 ± 4.2 kg,
respectively. According to World Health Organization criteria [36], two subjects were overweight.
Their chronotype was 58.1 ± 2.2, i.e., morning or intermediate type.

3.1. Core Body Temperature

Figure 2A shows double plots of the mean value of the core body temperature in the two dietary
conditions. The core body temperature variations followed a 24-h cycle with a decrease in the night-time
and an increase in the day-time. The amplitude of the cosinor analysis in the 3M and 2M conditions
was 0.39 ± 0.02 and 0.42 ± 0.02 ◦C, respectively (p = 0.356). The mesor of the cosinor analysis was
36.71 ± 0.08 and 36.68 ± 0.06 ◦C, respectively (p = 0.732). The peak time of the cosinor analysis was
15.99 ± 0.28 h and 17.12 ± 0.34 h; the peak time of the raw data was 17.70 ± 0.68 h and 19.38 ± 0.45 h in
the 3M and 2M conditions, respectively. The peak time differences between the cosinor analysis and
raw data were 2.54 ± 0.24 h and 2.24 ± 0.35 h, respectively (Supplemental Figure S1). Thus, the peak
time could not be estimated using cosinor analysis. Figure 3A shows the circular correlation of core
body temperature in the two dietary conditions and the statistical significance of a non-zero mean
(42.0 ± 16.2 min, p = 0.038).

http://www.R-project.org/
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3.2. Dim Light Melatonin Onset (DLMO)

The DLMO was 21:00–22:00 for the 3M condition and 20:00–22:30 for the 2M condition, although we
were unable to determine the DLMO in 4 of 20 cases, as the level of melatonin did not continue to rise.
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3.3. Heart Rate Variability

Figure 2B–D shows double plots of the mean value for heart rate, LF/HF, and log HF in the two
dietary conditions. Heart rate was higher during the day than at night in both dietary conditions,
particularly when subjects consumed a meal. LF/HF was higher during the day than at night in both
dietary conditions, while log HF increased during the night and decreased during the day. Figure 3B–D
shows the circular correlation coefficients of heart rate, LF/HF, and log HF in the two dietary conditions,
and no statistical significance of a non-zero mean.

3.4. Clock Genes

The expression level of PER2 was higher at 09:00 in the 3M condition (p = 0.041, q = 0.054),
and expression levels of CRY1 and CRY2 were higher at 12:00 in the 2M condition (p = 0.026, q = 0.041
and p = 0.016, q = 0.030, respectively; Figure 5A). The expression levels of PER1 and PER3 were lower
at 15:00 for both dietary conditions (3M: p = 0.005, q = 0.014 and p = 0.017, q = 0.031, respectively,
2M: p = 0.003, q = 0.011 and p = 0.007, q = 0.017, respectively) and the expression levels of PER1,
PER2, PER3, CRY1, CRY2, and NR1D2 were lower at 18:00 in the 2M condition (p < 0.001, q = 0.003,
p < 0.001, q = 0.004, p = 0.001, q = 0.003, p = 0.010, q = 0.019, p = 0.045, q = 0.059, and p = 0.004,
q = 0.012, respectively; Figure 5B). The expression level of NR1D1 was higher at 23:00 for both dietary
conditions (3M: p = 0.016, q = 0.030; 2M: p < 0.001, q < 0.001), and in the 2M condition, the expression
level of NR1D1 was higher at 21:00 (p = 0.010, q = 0.019) and the expression of NR1D2 and DBP were
higher at 23:00 (p < 0.001, q = 0.001 and p = 0.001, q = 0.005, respectively; Supplemental Figure S2).
The expression levels of the other clock genes did not differ significantly pre- and post-meal.

The time-course of the expression of each clock gene is shown as a z-score. Figure 6A–J shows the
mean expression level of the clock genes in the two dietary conditions. Figure 7A–J shows the peak
expression time of these clock genes and the results of the Rayleigh test in the two dietary conditions.
The results of the Rayleigh test indicated a significant difference in the peak time of expression of PER1
(3M: p = 0.003, 2M: p < 0.001), PER2 (3M: p = 0.008, 2M: p < 0.001), PER3 (3M: p = 0.011, 2M: p < 0.001),
and NR1D1 (3M: p = 0.003, 2M: p = 0.001) in the two dietary conditions, but the peak expression
times of the other genes (CLOCK, BMAL1, CRY1, CRY2, NR1D2, and DBP) did not differ significantly.
The peak expression time of PER1, PER2, PER3, and NR1D1 did not differ significantly between the
two dietary conditions (p = 0.151, p = 0.506, p = 0.987, and p = 0.178, respectively). The amplitude
and mesor of these clock genes (CLOCK, BMAL1, PER1, PER2, PER3, CRY1, CRY2, NR1D1, NR1D2,
and DBP) also did not differ significantly between the two dietary conditions (Table 1).
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Table 1. Comparison of clock genes by cosinor fitting 1.

Parameter
Peak Time (h) Amplitude Mesor

3M 2M p-Value 2 q-Value 3 3M 2M p-Value 2 q-Value 3 3M 2M p-Value 2 q-Value 3

CLOCK 18.51 ± 1.70 19.73 ± 1.62 − 0.11 ± 0.02 0.11 ± 0.02 0.820 0.417 0.90 ± 0.10 0.98 ± 0.03 0.400 0.259
BMAL1 16.60 ± 1.59 17.44 ± 1.83 − 0.11 ± 0.02 0.10 ± 0.02 0.360 0.248 0.99 ± 0.09 0.98 ± 0.08 0.975 0.467
PER1 6.68 ± 0.90 8.10 ± 0.62 0.151 0.144 0.31 ± 0.11 0.23 ± 0.05 0.433 0.273 1.01 ± 0.25 0.81 ± 0.15 0.187 0.169
PER2 10.44 ± 1.49 8.99 ± 0.48 0.506 0.297 0.19 ± 0.03 0.15 ± 0.02 0.238 0.193 1.10 ± 0.13 1.08 ± 0.10 0.418 0.268
PER3 9.40 ± 1.28 9.42 ± 0.60 0.987 0.456 0.15 ± 0.03 0.14 ± 0.02 0.737 0.386 1.17 ± 0.19 1.23 ± 0.19 0.456 0.284
CRY1 12.90 ± 2.04 13.05 ± 1.45 − 0.20 ± 0.03 0.13 ± 0.02 0.081 0.093 1.22 ± 0.14 1.25 ± 0.09 0.725 0.385
CRY2 12.61 ± 1.83 10.09 ± 1.43 − 0.13 ± 0.03 0.11 ± 0.01 0.617 0.353 1.12 ± 0.10 1.19 ± 0.10 0.350 0.245

NR1D1 7.29 ± 2.70 5.65 ± 2.09 0.178 0.163 0.21 ± 0.03 0.18 ± 0.03 0.518 0.308 0.14 ± 0.07 0.08 ± 0.04 0.857 0.430
NR1D2 9.81 ± 2.50 8.34 ± 1.63 − 0.16 ± 0.02 0.15 ± 0.01 0.713 0.383 1.13 ± 0.07 1.20 ± 0.09 0.515 0.308

DBP 6.79 ± 1.56 8.98 ± 1.48 − 0.23 ± 0.03 0.21 ± 0.03 0.647 0.364 1.21 ± 0.14 1.28 ± 0.15 0.548 0.322
1 Values are means ± SEM; 2 P values for peak times, amplitude, and mesor were analyzed by paired t-test; 3 The q-values were analyzed using the Q-value method; 3M; with breakfast, 2M;
without breakfast.
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4. Discussion

In this study, the effects of skipping breakfast over the short-term (6 consecutive days) on the
phase of the core body temperature and clock gene expression in healthy young individuals were
evaluated. On the sixth consecutive day of skipping breakfast, the diurnal rhythm of the core body
temperature exhibited a phase delay. On the contrary, circadian rhythms of DLMO, heart rate variability,
and expression of the clock genes (CLOCK, BMAL1, PER1, PER2, PER3, CRY1, CRY2, NR1D1, NR1D2,
and DBP) were not affected by skipping breakfast. The first meal of the day was delayed by 5.5 h in the
breakfast-skipping condition, and the phase of a biologic clock marker, i.e., the core body temperature,
was delayed by 1 h.

Circadian clocks organize behavior and physiology to adapt to daily environmental cycles.
Many studies report that chronic misalignment between the endogenous circadian rhythm and
environmental/social rhythms is a significant risk factor for various disorders, including sleep disorders,
metabolic syndrome, cardiovascular diseases, and cancer [27,37,38]. In particular, breakfast consumption
may be favorably associated with dietary quality, body composition, and markers of chronic disease
risk [39,40]. Most of the previous human studies [41–44] were observational and little is known about
the effects of meal timing per se on human circadian rhythms; thus, there is currently no physiologic
evidence to explain these effects in humans. Mealtimes and number of meals consumed differ greatly
from culture to culture and through time. Indeed, the timing of food intake is a modifiable behavior that
may influence energy metabolism, i.e., even when the energy intake is the same each day, eating during
the phase of inactivity leads to weight gain, and is consequently a risk for obesity [45].

The effect of skipping breakfast on the human core body temperature has not been sufficiently
studied. Previous studies measured sublingual temperature, but it was not measured over a long
period of time to assess the amplitude and phase of the body temperature rhythm [13,14]. In the
present study, the circadian rhythm of the core body temperature exhibited a phase delay on the sixth
consecutive day of skipping breakfast despite the conditions of the sleep–wake cycle being equal in
both conditions. Although the mean value of the core body temperature was reduced in the morning
when breakfast was skipped, the amplitude and mesor of the cosinor analysis were not affected by
skipping breakfast. The present result showing a reduction in the core body temperature is consistent
with findings from previous animal studies. The core body temperature is reduced in the nocturnal
period by nocturnal fasting for 4 days [18] or 2 weeks [19,46]. Moreover, the degree of the core body
temperature reduction gradually increases and then stabilizes after 4 days of skipping breakfast [46].
Although light is a powerful external cue to synchronize the organism’s biologic rhythms to the earth’s
24-h light/dark cycle [17], meal timing is also an important factor. Significant differences were found
in the core body temperature rhythm despite the fact that the light–dark cycle was equal in both
conditions. Contrary to our expectations, the phase of the core body temperature was delayed by only
approximately 1 h, even though in the present study the first meal in the breakfast skipping condition
was 5.5 h later than that in the three-meal condition. A possible explanation for the smaller effect of
breakfast skipping on the circadian rhythm of the core body temperature is that the light/dark cycles
were common between both meal conditions. In addition, the rhythm of the core body temperature
might have been masked by the thermic effects of the meal; the lack of a thermic effect of breakfast, and a
higher thermic effect of lunch and dinner due to the larger meal size in the breakfast-skipping condition.
Further studies are needed to investigate the thermic effects of the meal on circadian rhythms.

In the present study, skipping breakfast did not affect saliva DLMO, which is consistent with
recent findings reported by Wehrens et al. [21]. They adopted a 5-h delay in mealtimes, but detected
no change in markers of the SCN clock (melatonin and cortisol). This finding suggests that mealtime,
i.e., skipping breakfast and shifting the timing of the three meals, would not alter the DLMO, a reliable
marker of the SCN clock [47,48].

Heart rate variability can be used as a measure of the activity of both components of the autonomic
nervous system. Yoshizaki et al. [49], recruited young male subjects with a habit of regularly skipping
breakfast (meals at 13:00, 18:00, and 23:00; control group) and participants were asked to eat earlier
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(meals at 08:00, 13:00, and 18:00) for 2 weeks; early mealtime group). They reported that meal
consumption earlier in the day resulted in a phase shift in heart rate variability in a 24-h period
rhythm, and significant phase advances in LF power (−3.2 ± 1.2 h) and the ratio of HF power to total
power (%HF, −1.2 ± 0.5 h, vagal nervous system activity) in the early mealtime group as compared
with the control group after 2 weeks, using a double cosinor analysis. In our heart rate variability
analysis, no cosinor techniques were used, because the multiple-peaked circadian patterns of the 24-h
heart rate variability were not well-approximated by cosinor-type curves. Therefore, to detect a time
shift in the heart-rate-variability circadian pattern, circular correlation coefficients between the two
dietary conditions were evaluated. Our results indicated that 6 consecutive days of skipping breakfast
had no effect on the phase of heart rate variability, differing from findings of Yoshizaki et al. [49].
Possible reasons for the apparent discrepancy between the present findings and the findings reported
by Yoshizaki et al. [49] are: (1) meal timing differed at only one time-point (with or without breakfast)
in the present study, whereas the timing of all meals was delayed in the previous study; (2) the double
cosinor analysis could not be fitted in the present study, because the circadian patterns of the 24-h
heart rate variability showed approximately three dominant peaks corresponding to the mealtimes,
whereas it could be fitted in the previous study; and (3) the meal intervention period was 6 days in the
present study and 2 weeks in the previous study.

In the present study, we evaluated diurnal changes in clock gene expression by sampling
leukocytes eight times in a 24-h period because repeated blood sampling is feasible, and the clock
genes in leukocytes exhibit rhythmic expression [50–52]. Moreover, gene expression in leukocytes may
provide an accessible window to the multiorgan transcriptome [53,54]. Jakubowicz et al. conducted a
human study to assess the effect of a single incident of skipping breakfast on clock gene expression in
white blood cells measured at 8:30, 12:00, and 15:30 [55]. Compared with the value before breakfast
(8:30), the expression level of PER1 and CRY1 was lower but that of CLOCK was higher after breakfast
(at 12:00). Even without breakfast, the expression level of BMAL1 and CRY1 was upregulated during
this time period. Although their study suggested that the expression of some, but not all, clock genes
was affected by breakfast, the clock gene expression between the two dietary groups was not compared.
In the present study, the expression level of the clock genes in both the positive feedback loop
(CLOCK and BMAL1) and the negative feedback loop (PER1–3 and CRY1–2) at 9:00 and/or 12:00 was
higher than that at 6:00 regardless of breakfast intake. Regarding the postprandial response, the results
may be different for the following reasons: (1) the reference time was different, i.e., it had been delayed
150 min (8:30) in the previous study; (2) the quantity and content of the meals differed, i.e., low energy
intake and content of protein was high (carbohydrate was low) in the previous study; and (3) the
sampling time was different, i.e., two points (0 and 210 min or 210 and 420 min) in the previous study.

Several reports suggest that meal timing exerts a pivotal influence on peripheral clocks and
clock output systems involved in the regulation of metabolic pathways. Previous studies reported
that skipping breakfast for 4 days leads to a phase delay in the expression of BMAL1 in mouse liver
and fat tissue [18], skipping breakfast for 2 weeks leads to phase delays in the expression of BMAL1,
CLOCK, PER2, and CRY1 in rat hepatic tissue [19], and skipping breakfast for 4 weeks leads to phase
delays in the expression of BMAL1, CRY1, NR1D1, and PER1~3 in rat hepatic tissue [56]. A previous
human study [21] reported that compared with a regular meal pattern (meals at 07:00, 12:00, and 17:00),
delayed meals (meals at 12:00, 17:00, and 22:00) induce a significant phase delay in PER2 mRNA
rhythms in white adipose tissue by 0.97 ± 0.29 h. An effect of skipping breakfast on the peak time of
clock gene expression was not observed in the present study, although Kajimoto et al. suggested that
feeding-induced insulin release resets peripheral circadian clocks in humans [57]. Possible explanations
for the lack of an effect of skipping breakfast on clock gene expression include: (1) the expression of
clock genes was evaluated in leukocytes, not hepatic tissue [18,19,56] or white adipose tissue [21];
(2) there were large intra-individual differences, i.e., the Rayleigh test suggested non-uniformity of
the acrophase in only 4 of 10 clock genes; and (3) it was a relatively short-term dietary intervention,
i.e., 6 days. Further studies are needed to investigate the chronic effects of skipping breakfast.
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The core body temperature is increased even without eating breakfast, but it was greatly increased
with breakfast. Young people who tend to be night type could prevent the delay of their core body
temperature by having breakfast without changing their bedtime. It may have been possible to partially
prove the importance of eating breakfast.

Limitations

This study has several limitations. First, some tissue-specific responses of peripheral tissue clocks
have been demonstrated [21]. To generalize findings concerning the effects of skipping breakfast on
the expression of clock genes in the present study, the effects of skipping breakfast on clock gene
expression in other peripheral tissues should be evaluated. Second, the sample size was small, and the
age of the subjects was limited. To generalize the present findings, experiments with young healthy
women, middle-aged, and elderly are warranted. Third, the beginning of exposure to dim light might
have been a bit late to assess DLMO, because we could not clearly show DLMO in 4 of 20 cases in the
present study. Forth, habitual breakfast eaters were recruited for the present study, but there was some
ambiguity in the inclusion criteria for breakfast eaters as subjects in the study. Lastly, we measured
core body temperature, DLMO, heart rate variability, and expression of clock genes only on the sixth
day of skipping breakfast, so we could not evaluate the time-course of the changes.

5. Conclusions

In conclusion, in healthy young humans, a 6-day breakfast-skipping intervention did not affect
the 24-h heart rate variability, clock gene expression, or DLMO, but did cause a phase delay in the core
body temperature in the 2M condition compared with the 3M condition, even though the sleep–wake
cycle remained unchanged. Chronic effects of breakfast skipping on circadian rhythms remain to
be studied.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/9/2797/s1,
Figure S1: Typical example of core body temperature and the results of the cosinor analysis, Figure S2: Gene
expression after dinner, Table S1: Primer sequences for quantitative real-time PCR.

Author Contributions: Conceptualization, H.O.; Data curation, H.O.; Formal analysis, H.O., M.K. (Miki Kaneko)
and K.K.; Funding acquisition, H.O. and K.T.; Investigation, M.K. (Momoko Kayaba), Y.T., A.A., I.P., S.Z. and K.Y.;
Methodology, H.O., M.H. and K.K.; Project administration, K.T.; Supervision, K.T.; Writing—original draft, H.O.;
Writing—review and editing, J.-i.S., N.O., M.S. and K.T. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was supported by the Japan Society for the Promotion of Science (Grant-in-Aid for Young
Scientists (B) 17K17911 and Scientific Research (B) 20H04120), and the Danone Institute of Japan Foundation for
the financial support of the 2016 DIJF Research Grant.

Acknowledgments: We appreciate technical support from Fuji Medical Science Co. (Chiba, Japan). The analysis
of concentration and quality of total RNA was carried out with NanoDrop 2000c at Faculty of Medicine Core
Facility and the Open Facility, Research Facility Center for Science and Technology, University of Tsukuba.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brown, A.W.; Bohan Brown, M.M.; Allison, D.B. Belief beyond the evidence: Using the proposed effect of
breakfast on obesity to show 2 practices that distort scientific evidence. Am. J. Clin. Nutr. 2013, 98, 1298–1308.
[CrossRef]

2. Rampersaud, G.C.; Pereira, M.A.; Girard, B.L.; Adams, J.; Metzl, J.D. Breakfast habits, nutritional status,
body weight, and academic performance in children and adolescents. J. Am. Diet. Assoc. 2005, 105, 743–760.
[CrossRef]

3. Adolphus, K.; Lawton, C.L.; Champ, C.L.; Dye, L. The effects of breakfast and breakfast composition on
cognition in children and adolescents: A systematic review. Adv. Nutr. 2016, 7, 590S–612S. [CrossRef]

4. Stockman, N.K.; Schenkel, T.C.; Brown, J.N.; Duncan, A.M. Comparison of energy and nutrient intakes
among meals and snacks of adolescent males. Prev. Med. 2005, 41, 203–210. [CrossRef]

http://www.mdpi.com/2072-6643/12/9/2797/s1
http://dx.doi.org/10.3945/ajcn.113.064410
http://dx.doi.org/10.1016/j.jada.2005.02.007
http://dx.doi.org/10.3945/an.115.010256
http://dx.doi.org/10.1016/j.ypmed.2004.11.001


Nutrients 2020, 12, 2797 16 of 18

5. Affenito, S.G. Breakfast: A missed opportunity. J. Am. Diet. Assoc. 2007, 107, 565–569. [CrossRef]
6. St-Onge, M.-P.; Ard, J.; Baskin, M.L.; Chiuve, S.E.; Johnson, H.M.; Kris-Etherton, P.; Varady, K.; American

Heart Association Obesity Committee of the Council on Lifestyle and Cardiometabolic Health; Council on
Cardiovascular Disease in the Young; Council on Clinical Cardiology; et al. Meal timing and frequency:
Implications for cardiovascular disease prevention: A scientific statement from the American heart association.
Circulation 2017, 135, e96–e121. [CrossRef]

7. Mattson, M.P.; Allison, D.B.; Fontana, L.; Harvie, M.; Longo, V.D.; Malaisse, W.J.; Mosley, M.; Notterpek, L.;
Ravussin, E.; Scheer, F.A.J.L.; et al. Meal frequency and timing in health and disease. Proc. Natl. Acad. Sci. USA
2014, 111, 16647–16653. [CrossRef]

8. Takahashi, M.; Ozaki, M.; Kang, M.I.; Sasaki, H.; Fukazawa, M.; Iwakami, T.; Lim, P.J.; Kim, H.K.; Aoyama, S.;
Shibata, S. Effects of meal timing on postprandial glucose metabolism and blood metabolites in healthy
adults. Nutrients 2018, 10, 1763. [CrossRef] [PubMed]

9. Pittendrigh, C.S. Temporal organization: Reflections of a Darwinian clock-watcher. Annu. Rev. Physiol. 1993,
55, 16–54. [CrossRef] [PubMed]

10. Lowrey, P.L.; Takahashi, J.S. Genetics of circadian rhythms in mammalian model organisms. Adv. Genet.
2011, 74, 175–230. [PubMed]

11. Baker, F.C.; Waner, J.I.; Vieira, E.F.; Taylor, S.R.; Driver, H.S.; Mitchell, D. Sleep and 24 hour body temperatures:
A comparison in young men, naturally cycling women and women taking hormonal contraceptives. J. Physiol.
2001, 530, 565–574. [CrossRef] [PubMed]

12. Arendt, J. Melatonin: Characteristics, Concerns, and Prospects. J. Biol. Rhythms 2005, 20, 291–303. [CrossRef]
[PubMed]

13. Higuchi, T.; Hamada, K.; Imazuya, S.; Irie, S. The effect of breakfast omission and breakfast type on body
temperature, mood and intellectual performance. J. Jpn. Soc. Clin. Nutr. 2007, 29, 35–43. (In Japanese)

14. Bougard, C.; Moussay, S.; Gauthier, A.; Espié, S.; Davenne, D. Effects of waking time and breakfast intake
prior to evaluation of psychomotor performance in the early morning. Chronobiol. Int. 2009, 26, 324–336.
[CrossRef] [PubMed]

15. Yamazaki, S.; Numano, R.; Abe, M.; Hida, A.; Takahashi, R.; Ueda, M.; Block, G.D.; Sakaki, Y.; Menaker, M.;
Tei, H. Resetting central and peripheral circadian oscillators in transgenic rats. Science 2000, 288, 682–685.
[CrossRef]

16. Yoo, S.H.; Yamazaki, S.; Lowrey, P.L.; Shimomura, K.; Ko, C.H.; Buhr, E.D.; Siepka, S.M.; Hong, H.K.; Oh, W.J.;
Yoo, O.J.; et al. PERIOD2::LUCIFERASE real-time reporting of circadian dynamics reveals persistent circadian
oscillations in mouse peripheral tissues. Proc. Natl. Acad. Sci. USA 2004, 101, 5339–5346. [CrossRef]

17. Reppert, S.M.; Weaver, D.R. Coordination of circadian timing in mammals. Nature 2002, 418, 935–941.
[CrossRef]

18. Yoshida, C.; Shikata, N.; Seki, S.; Koyama, N.; Noguchi, Y. Early nocturnal meal skipping alters the peripheral
clock and increases lipogenesis in mice. Nutr. Metab. 2012, 9, 78. [CrossRef]

19. Shimizu, H.; Hanzawa, F.; Kim, D.; Sun, S.; Laurent, T.; Umeki, M.; Ikeda, S.; Mochizuki, S.; Oda, H. Delayed
first active-phase meal, a breakfast-skipping model, led to increased body weight and shifted the circadian
oscillation of the hepatic clock and lipid metabolism-related genes in rats fed a high-fat diet. PLoS ONE 2018,
13, e0206669. [CrossRef]

20. Watanabe, M.; Hida, A.; Kitamura, S.; Enomoto, M.; Ohsawa, Y.; Katayose, Y.; Nozaki, K.; Moriguchi, Y.;
Aritake, S.; Higuchi, S.; et al. Rhythmic expression of circadian clock genes in human leukocytes and beard
hair follicle cells. Biochem. Biophys. Res. Commun. 2012, 425, 902–907. [CrossRef]

21. Wehrens, S.M.T.; Christou, S.; Isherwood, C.; Middleton, B.; Gibbs, M.A.; Archer, S.N.; Skene, D.J.;
Johnston, J.D. Meal timing regulates the human circadian system. Curr. Biol. 2017, 27, 1768–1775. [CrossRef]
[PubMed]

22. Arble, D.M.; Ramsey, K.M.; Bass, J.; Turek, F.W. Circadian disruption and metabolic disease: Findings from
animal models. Best Pract. Res. Clin. Endocrinol. Metab. 2010, 24, 785–800. [CrossRef] [PubMed]

23. Task Force of the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology. Heart rate variability: Standards of measurement, physiological interpretation and
clinical use. Circulation 1996, 93, 1043–1065. [CrossRef]

24. Wijngaarden, M.A.; Pijl, H.; van Dijk, K.W.; Klaassen, E.S.; Burggraaf, J. Obesity is associated with an altered
autonomic nervous system response to nutrient restriction. Clin. Endocrinol. 2013, 79, 648–651. [CrossRef]

http://dx.doi.org/10.1016/j.jada.2007.01.011
http://dx.doi.org/10.1161/CIR.0000000000000476
http://dx.doi.org/10.1073/pnas.1413965111
http://dx.doi.org/10.3390/nu10111763
http://www.ncbi.nlm.nih.gov/pubmed/30441841
http://dx.doi.org/10.1146/annurev.ph.55.030193.000313
http://www.ncbi.nlm.nih.gov/pubmed/8466172
http://www.ncbi.nlm.nih.gov/pubmed/21924978
http://dx.doi.org/10.1111/j.1469-7793.2001.0565k.x
http://www.ncbi.nlm.nih.gov/pubmed/11158285
http://dx.doi.org/10.1177/0748730405277492
http://www.ncbi.nlm.nih.gov/pubmed/16077149
http://dx.doi.org/10.1080/07420520902774540
http://www.ncbi.nlm.nih.gov/pubmed/19212844
http://dx.doi.org/10.1126/science.288.5466.682
http://dx.doi.org/10.1073/pnas.0308709101
http://dx.doi.org/10.1038/nature00965
http://dx.doi.org/10.1186/1743-7075-9-78
http://dx.doi.org/10.1371/journal.pone.0206669
http://dx.doi.org/10.1016/j.bbrc.2012.08.008
http://dx.doi.org/10.1016/j.cub.2017.04.059
http://www.ncbi.nlm.nih.gov/pubmed/28578930
http://dx.doi.org/10.1016/j.beem.2010.08.003
http://www.ncbi.nlm.nih.gov/pubmed/21112026
http://dx.doi.org/10.1161/01.CIR.93.5.1043
http://dx.doi.org/10.1111/cen.12100


Nutrients 2020, 12, 2797 17 of 18

25. Kobayashi, F.; Ogata, H.; Omi, N.; Nagasaka, S.; Yamaguchi, S.; Hibi, M.; Tokuyama, K. Effect of breakfast
skipping on diurnal variation of energy metabolism and blood glucose. Obes. Res. Clin. Pract. 2014, 8,
e249–e257. [CrossRef]

26. Nas, A.; Mirza, N.; Hägele, F.; Kahlhöfer, J.; Keller, J.; Rising, R.; Kufer, T.A.; Bosy-Westphal, A. Impact of
breakfast skipping compared with dinner skipping on regulation of energy balance and metabolic risk. Am. J.
Clin. Nutr. 2017, 105, 1351–1361. [CrossRef]

27. Johnston, J.D.; Ordovás, J.M.; Scheer, F.A.; Turek, F.W. Circadian rhythms, metabolism, and chrononutrition
in rodents and humans. Adv. Nutr. 2016, 7, 399–406. [CrossRef]

28. Bass, J. Circadian topology of metabolism. Nature 2012, 491, 348–356. [CrossRef]
29. Ogata, H.; Kayaba, M.; Tanaka, Y.; Yajima, K.; Iwayama, K.; Ando, A.; Park, I.; Kiyono, K.; Omi, N.; Satoh, M.;

et al. Effect of skipping breakfast for 6 d on energy metabolism and diurnal rhythm of blood glucose in
young healthy Japanese males. Am. J. Clin. Nutr. 2019, 110, 41–52. [CrossRef]

30. Ishihara, K.; Saitoh, T.; Inoue, Y.; Miyata, Y. Validity of the Japanese version of the Morningness-Eveningness
Questionnaire. Percept. Mot. Skills 1984, 59, 863–866. [CrossRef]

31. Ministry of Health, Labour and Welfare of Japan. The National Health and Nutrition Survey 2015.
Available online: http://www.mhlw.go.jp/file/04-Houdouhappyou-10904750-Kenkoukyoku-Gantaisakukenk
ouzoushinka/0000041955.pdf (accessed on 7 September 2017). (In Japanese)

32. Pandi-Perumal, S.R.; Smits, M.; Spence, W.; Srinivasan, V.; Cardinali, D.P.; Lowe, A.D.; Kayumov, L. Dim light
melatonin onset (DLMO): A tool for the analysis of circadian phase in human sleep and chronobiological
disorders. Prog. Neuropsychopharmacol. Biol. Psychiatry 2007, 31, 1–11. [CrossRef] [PubMed]

33. Crowley, S.J.; Suh, C.; Molina, T.A.; Fogg, L.F.; Sharkey, K.M.; Carskadon, M.A. Estimating dim light melatonin
onset (DLMO) phase in adolescents using summer or school-year sleep/wake schedules. Sleep 2006, 29,
1632–1641. [CrossRef] [PubMed]

34. Stein, P.K.; Kleiger, R.E. Insights from the study of heart rate variability. Annu. Rev. Med. 1999, 50, 249–261.
[CrossRef] [PubMed]

35. Kawakami, Y.; Yamanaka-Okumura, H.; Sakuma, M.; Mori, Y.; Adachi, C.; Matsumoto, Y.; Sato, T.;
Yamamoto, H.; Taketani, Y.; Katayama, T.; et al. Gene expression profiling in peripheral white blood cells
in response to the intake of food with different glycemic index using a DNA microarray. J. Nutrigenet.
Nutrigenomics 2013, 6, 154–168. [CrossRef]

36. World Health Organization. Obesity and Overweight. Available online: https://www.who.int/news-room/fa
ct-sheets/detail/obesity-and-overweight (accessed on 23 January 2020).

37. Almoosawi, S.; Vingeliene, S.; Karagounis, L.G.; Pot, G.K. Chrono-nutrition: A review of current evidence
from observational studies on global trends in time-of-day of energy intake and its association with obesity.
Proc. Nutr. Soc. 2016, 75, 487–500. [CrossRef]

38. Bedrosian, T.A.; Fonken, L.K.; Nelson, R.J. Endocrine effects of circadian disruption. Annu. Rev. Physiol.
2016, 78, 109–131. [CrossRef] [PubMed]

39. Burke, V. Obesity in childhood and cardiovascular risk. Clin. Exp. Pharmacol. Physiol. 2006, 33, 831–837.
[CrossRef]

40. Chiarelli, F.; Marcovecchio, M.L. Insulin resistance and obesity in childhood. Eur. J. Endocrinol. 2008, 159
(Suppl. 1), S67–S74. [CrossRef]

41. Kapantais, E.; Chala, E.; Kaklamanou, D.; Lanaras, L.; Kaklamanou, M.; Tzotzas, T. Breakfast skipping and
its relation to BMI and health-compromising behaviours among Greek adolescents. Public Health Nutr. 2011,
14, 101–108. [CrossRef]

42. Wennberg, M.; Gustafsson, P.E.; Wennberg, P.; Hammarström, A. Poor breakfast habits in adolescence predict
the metabolic syndrome in adulthood. Public Health Nutr. 2015, 18, 122–129. [CrossRef]

43. Bi, H.; Gan, Y.; Yang, C.; Chen, Y.; Tong, X.; Lu, Z. Breakfast skipping and the risk of type 2 diabetes:
A meta-analysis of observational studies. Public Health Nutr. 2015, 18, 3013–3019. [CrossRef] [PubMed]

44. Cahill, L.E.; Chiuve, S.E.; Mekary, R.A.; Jensen, M.K.; Flint, A.J.; Hu, F.B.; Rimm, E.B. Prospective study of
breakfast eating and incident coronary heart disease in a cohort of male US health professionals. Circulation
2013, 128, 337–343. [CrossRef] [PubMed]

45. Garaulet, M.; Gómez-Abellán, P. Timing of food intake and obesity: A novel association. Physiol. Behav. 2014,
134, 44–50. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.orcp.2013.01.001
http://dx.doi.org/10.3945/ajcn.116.151332
http://dx.doi.org/10.3945/an.115.010777
http://dx.doi.org/10.1038/nature11704
http://dx.doi.org/10.1093/ajcn/nqy346
http://dx.doi.org/10.2466/pms.1984.59.3.863
http://www.mhlw.go.jp/file/04-Houdouhappyou-10904750-Kenkoukyoku-Gantaisakukenkouzoushinka/0000041955.pdf
http://www.mhlw.go.jp/file/04-Houdouhappyou-10904750-Kenkoukyoku-Gantaisakukenkouzoushinka/0000041955.pdf
http://dx.doi.org/10.1016/j.pnpbp.2006.06.020
http://www.ncbi.nlm.nih.gov/pubmed/16884842
http://dx.doi.org/10.1093/sleep/29.12.1632
http://www.ncbi.nlm.nih.gov/pubmed/17252895
http://dx.doi.org/10.1146/annurev.med.50.1.249
http://www.ncbi.nlm.nih.gov/pubmed/10073276
http://dx.doi.org/10.1159/000354247
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
http://dx.doi.org/10.1017/S0029665116000306
http://dx.doi.org/10.1146/annurev-physiol-021115-105102
http://www.ncbi.nlm.nih.gov/pubmed/26208951
http://dx.doi.org/10.1111/j.1440-1681.2006.04449.x
http://dx.doi.org/10.1530/EJE-08-0245
http://dx.doi.org/10.1017/S1368980010000765
http://dx.doi.org/10.1017/S1368980013003509
http://dx.doi.org/10.1017/S1368980015000257
http://www.ncbi.nlm.nih.gov/pubmed/25686619
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.001474
http://www.ncbi.nlm.nih.gov/pubmed/23877060
http://dx.doi.org/10.1016/j.physbeh.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24467926


Nutrients 2020, 12, 2797 18 of 18

46. Okauchi, H.; Higo-Yamamoto, S.; Sowa, T.; Oike, H.; Yamamoto, S.; Wada, N.; Sakamoto, K.; Oishi, K.
Chronically skipping breakfast impairs hippocampal memory-related gene expression and memory function
accompanied by reduced wakefulness and body temperature in mice. Biochem. Biophys. Res. Commun. 2020,
524, 129–134. [CrossRef] [PubMed]

47. Lewy, A.J.; Cutler, N.L.; Sack, R.L. The endogenous melatonin profile as a marker of circadian phase position.
J. Biol. Rhythms 1999, 14, 227–236. [CrossRef] [PubMed]

48. Klerman, E.B.; Gershengorn, H.B.; Duffy, J.F.; Kronauer, R.E. Comparisons of the variability of three markers
of the human circadian pacemaker. J. Biol. Rhythms 2002, 17, 181–193. [CrossRef]

49. Yoshizaki, T.; Tada, Y.; Hida, A.; Sunami, A.; Yokoyama, Y.; Yasuda, J.; Nakai, A.; Togo, F.; Kawano, Y.
Effects of feeding schedule changes on the circadian phase of the cardiac autonomic nervous system and
serum lipid levels. Eur. J. Appl. Physiol. 2013, 113, 2603–2611. [CrossRef]

50. Archer, S.N.; Viola, A.U.; Kyriakopoulou, V.; von Schantz, M.; Dijk, D.J. Inter-individual differences in
habitual sleep timing and entrained phase of endogenous circadian rhythms of BMAL1, PER2 and PER3
mRNA in human leukocytes. Sleep 2008, 31, 608–617. [CrossRef]

51. Fukuya, H.; Emoto, N.; Nonaka, H.; Yagita, K.; Okamura, H.; Yokoyama, M. Circadian expression of clock
genes in human peripheral leukocytes. Biochem. Biophys. Res. Commun. 2007, 354, 924–928. [CrossRef]
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