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ABSTRACT
Background: Meal skipping has become an increasing trend of the
modern lifestyle that may lead to obesity and type 2 diabetes.
Objective: We investigated whether the timing of meal skipping
impacts these risks by affecting circadian regulation of energy bal-
ance, glucose metabolism, and postprandial inßammatory responses.
Design: In a randomized controlled crossover trial, 17 participants
[body mass index (in kg/m2): 23.76 4.6] underwent 3 isocaloric
24-h interventions (55%, 30%, and 15% carbohydrate, fat, and pro-
tein, respectively): a breakfast skipping day (BSD) and a dinner
skipping day (DSD) separated by a conventional 3-meal-structure
day (control). Energy and macronutrient balance was measured in a
respiration chamber. Postprandial glucose, insulin, and inßamma-
tory responses in leukocytes as well as 24-h glycemia and insulin
secretion were analyzed.
Results: When compared with the 3-meal control, 24-h energy
expenditure was higher on both skipping days (BSD: +41 kcal/d;
DSD: +91 kcal/d; bothP , 0.01), whereas fat oxidation increased
on the BSD only (+16 g/d;P , 0.001). Spontaneous physical ac-
tivity, 24-h glycemia, and 24-h insulin secretion did not differ be-
tween intervention days. The postprandial homeostasis model
assessment index (+54%) and glucose concentrations after lunch
(+46%) were, however, higher on the BSD than on the DSD (both
P , 0.05). Concomitantly, a longer fasting period with breakfast
skipping also increased the inßammatory potential of peripheral
blood cells after lunch.
Conclusions: Compared with 3 meals/d, meal skipping increased
energy expenditure. In contrast, higher postprandial insulin con-
centrations and increased fat oxidation with breakfast skipping
suggest the development of metabolic inßexibility in response to
prolonged fasting that may in the long term lead to low-grade
inßammation and impaired glucose homeostasis. This trial was
registered at clinicaltrials.gov as NCT02635139. Am J
Clin Nutr 2017;105:1351Ð61.
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INTRODUCTION

Eating in misalignment with the biological clock (e.g., skipping
breakfast and consuming bigger meals in the evening or eating late

at night) is associated with an increased risk of obesity and type
2 diabetes (1, 2). On the other hand, popular trends such as
breakfast or dinner skipping are advertised for weight management;
however, conclusive scientiÞc evidence to support these supposi-
tions is lacking (3).

Previous tightly controlled room calorimetry studies that in-
vestigated the impact of meal frequency on the regulation of energy
balance under isocaloric conditions did not Þnd a difference in
energy expenditure between large (1Ð2 meals/d), normal (3 meals/d),
or small, frequent (.5 meals/d) patterns (4Ð8). Although no effect
of consumption frequency on mean 24-h energy expenditure and
respiratory quotient (RQ)7 was observed in these studies, a lower
frequency of 2 or 3 compared with 6Ð14 meals increased sleeping or
resting metabolic rate (5, 6) and diet-induced thermogenesis (DIT)
(4) and changed the diurnal pattern of nutrient partitioning to in-
creased fat oxidation until noon (4, 8). The timing of meal con-
sumption has also been shown to affect DIT, with higher levels in
the morning than in the afternoon and night (9). A 44% lower DIT
in the evening than in the morning (10) argues against a beneÞcial
effect of breakfast skipping on energy balance and suggests a fa-
vorable impact of dinner skipping. We therefore hypothesized that
breakfast skipping compared with dinner skipping leads to lower
total energy expenditure.
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Diurnal differences in energy expenditure and nutrient parti-
tioning can be mediated by sympathetic nervous system (SNS)
activity and endocrine factors. With lower meal frequency, higher
peaks and subsequently lower troughs of insulin might lead to
increased fat oxidation (6). In addition to meal frequency, cir-
cadian rhythms in insulin sensitivity are known to affect blood
glucose concentrations and insulin secretion in response to meal
timing. Thus, the same meal consumed in the evening not only
leads to a lower metabolic rate but also increases glycemic and
insulinemic responses, which suggests circadian variations in
energy expenditure as well as the metabolic pattern in healthy
individuals (11). A nocturnal lifestyle with breakfast skipping
and a delayed eating pattern thus can lead to increased 24-h
glycemia (8) and impairment of insulin response to glucose (1)
and could therefore contribute to an increased risk of type 2
diabetes. We therefore hypothesized that breakfast skipping
compared with dinner skipping leads to impaired glucose me-
tabolism. As a possible underlying mechanism, increased low-
grade inßammation induced by a sudden shift to postprandial
conditions after prolonged fasting was investigated.

The primary aim of the present study was to compare the
effects of breakfast skipping with dinner skipping on 24-h energy
expenditure and substrate partitioning as well as (secondary
aims) on 24-h SNS activity, the inßammatory response of blood
cells, and insulin, glucose, and appetite proÞles by using a 3-meal
control day as a reference and applying well-controlled energy
balance conditions in a metabolic chamber.

METHODS

Study population

Seventeen healthy adults (9 women, 8 men) were recruited
by notice board postings at the universities of Hohenheim and
Stuttgart between October 2015 and April 2016. Exclusion criteria
were food allergies or intolerances, alternative nutrition habits,
smoking, chronic diseases, or regular use of medications. The
CONSORT (Consolidated Standards of Reporting Trials) ßow-
chart shows the passage of participants through the different stages
of the present trial, including enrollment, allocation to the
interventions, and analysis (Supplemental Figure 1). Thirteen
participants were regular breakfast eaters and 4 were occasional
breakfast skippers. The terms Òbreakfast eatersÓ and ÒskippersÓ
were not further deÞned to participants or by investigators. The
study protocol was approved by the ethics committee of the
Medical Council of Baden-Wu¬rttemberg, Germany. The trial was

registered at clinicaltrials.gov as NCT02635139. All of the par-
ticipants provided written informed consent before participation.

Study protocol

A randomized crossover nutrition intervention was conducted
at the Institute of Nutritional Medicine at the University of
Hohenheim. An outline of the study protocol is given inFigure 1.
A 3-d run-in period with a controlled diet preceded the in-
tervention phase to adapt macronutrient oxidation to macronu-
trient intake (12). On the intervention days, participants consumed
isocaloric diets (55% carbohydrate, 30% fat, 15% protein) with
three 24-h conditions:1) a conventional 3-meal-structure day
(control), 2) a breakfast skipping day (BSD), and3) a dinner
skipping day (DSD). The BSD and DSD were randomly assigned,
and the Þrst skipping day was followed by a washout day to again
obtain a constant fasting period of 18 h before the next in-
tervention day. Thus, the sequence of the intervention days was
either BSD-washout-control-DSD or DSD-washout-control-BSD.
Participants were randomly assigned by using block randomiza-
tion to begin with the BSD or DSD intervention in a 1:1 allocation
ratio that was based on a computer-generated list of random
numbers by an independent scientist. The study team enrolled and
assigned the participants to the interventions. During the entire
caloric chamber period, participants followed a constant daily
routine: wake up at 0600; meals at 0700, 1300, and 1900; and
bedtime at 2200. On the day before the Þrst intervention day,
participants were admitted to the institute at 1830 to install a
continuous glucose-monitoring sensor. Participants spent the
night before each intervention day in the caloric chamber and left
the morning after the intervention day. On the washout day,
participants were allowed to go home for 12 h.

During the intervention days, blood samples were collected
frequently from 0700 to 2100 to measure free fatty acid (FFA),
ghrelin, and cortisol concentrations (ghrelin and cortisol were
determined in a subsample of 8 participants and ghrelin was
measured on the skipping days only). The Þrst blood sample at
0700 was taken in a fasting state. After lunch on the skipping
days, blood was sampled every 30 min for 2 h for the de-
termination of glucose and insulin concentrations as well as for
the assessment of immune cell activity.

Control of energy intake and physical activity

During the whole study period participants all foods were
provided from the Institute of Nutritional MedicineÕs metabolic

FIGURE 1 Schematic overview of the study protocol. *Randomly assigned. BSD, breakfast skipping day; DSD, dinner skipping day.
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kitchen. Participants were instructed to only consume the pro-
vided food, water, and unsweetened tea and to refrain from
vigorous physical activity. During the Þrst 2 d of the 3-d run-in
period, participants ate ad libitum and leftovers were back-
weighed to calculate dietary intake. On the other study days,
all of the provided food was consumed and participants were
required to remain sedentary. Macronutrient composition was
kept constant throughout the entire study period and for each
meal. On intervention days, participants received the same food
items on each day. Individual diet composition was calculated
by using Prodi6 software (Wissenschaftliche Verlagsgesell-
schaft). Energy intake was based on individual energy re-
quirements to obtain energy balance. Skipped meals were
therefore compensated for by an equally increased energy con-
tent of the other 2 meals on this day (equal energy content of
both remaining meals). On the control day, each of the 3 meals
had the same energy content. Individual energy requirement was
calculated on the basis of resting metabolic rate measured by
open-circuit indirect calorimetry on the morning after an over-
night fast (ventilated hood system, Quark RMR; COSMED)
before the study period and multiplied by a physical activity
level of 1.35 as estimated for the days in the respiratory chamber.
Physical activity was continuously measured by using a triaxial
activity monitor (ActivPAL; Paltechnologies Ltd.).The time spent
sitting or lying, standing, and stepping and the step numbers were
analyzed. The ActivPAL was worn at the midline of the thigh,
one-third of the way between the hip and knee and Þxed with
a waterproof tape according to the recommendation of the
manufacturer.

Body-composition analysis

Examinations took place before the 3-d run-in period after an
overnight fast. Height was measured with a stadiometer (Seca
274; Seca GmbH & Co. KG). Body weight was measured on a
calibrated impedance scale (Seca mBCA 515; Seca GmbH &
Co. KG). Fat mass was assessed by using air-displacement
plethysmography via the BodPod Body Composition System
(COSMED). Fat mass index (FMI) was calculated as fat mass
divided by the square of height (kg/m2).

Twenty-four-hour energy expenditure and substrate
oxidation

The 2 respiratory chambers at the Institute of Nutritional
Medicine at the University of Hohenheim measure 9 m2 and
have a total volume of 21,000 L (D&S Consulting Services,
Inc.). They are furnished with a day bed, chair and desk, com-
puter with Internet access, telephone, toilet, and sink. Air locks
are used for the exchange of food and equipment. Macronutrient
oxidation was determined by measuring oxygen consumption
(VO2) and carbon dioxide production (_VCO2) continuously by
the Promethion (model GA-3m2/FG-250) integrated whole-
room indirect calorimeter system (Sable Systems Interna-
tional). This was accomplished by ßowing a Þxed 80 L fresh
air/min through the metabolic chamber and obtaining a sample
on the exhaust side of the system for measurement of oxygen
and carbon dioxide concentrations (%). The rates of oxygen
consumption and carbon dioxide production were then cal-
culated by using equations derived by Brown et al. (13). The

research-grade instrumentation is accurate to 0.001% for mass
airßow (liters) and oxygen and carbon dioxide concentrations.
Moreover, water vapor pressure (kilopascals) of the sample gas
stream was measured directly to 0.001 kpa and used to contin-
uously correct _VO2 and _VCO2, along with mass airßow (liters).
This eliminates the need for any type of desiccant to dry the
sample gas stream during metabolic measurements. The lack of
desiccants eliminates any potential errors due to incomplete
removal of moisture before analysis of sample gases and mass
airßow (14). Data acquisition and processing were performed
after completion of each metabolic test by using Sable Systems
ExpeData software (Sable Systems International).

Mean values were obtained from minute-to-minute intervals.
To correct the measured RQ for protein oxidation, nonprotein RQ
(npRQ) was calculated by using nitrogen excretion in 24-h urine.
Macronutrient oxidation was computed according to J«equier and
Felber (15). During the stay in the respiratory chamber, 24-h
urine samples were collected in polyethylene containers.
Nitrogen excretion in 24-h urine was calculated from photo-
metrically measured urea concentration, and obligate nitrogen
losses by feces and skin were assumed to be +2.5 g N/d (16).

Energy expenditure for 24 h was calculated from_VO2 and
_VCO2 and nitrogen excretion to correct for protein metabolism

by using the Weir equation (3.9413 _VO2 + 1.1063 _VCO2 2
2.17 3 g urinary nitrogen) (17). Twenty-four-hour npRQ and
24-h macronutrient oxidation were assessed from 0600 to 0600
on the following day. Macronutrient and energy balance was
determined by subtracting macronutrient oxidation and energy
expenditure from the respective intake. On 2 days, technical
problems with the power supply occurred. The respiratory
chamber data for these 2 participants were excluded for all days
because of the crossover study design with intraindividual
comparisons. FFAs were measured photometrically, and total
AUC (tAUC) was calculated for 14 h (0700Ð2100).

Assessment of glucose metabolism and hormonal
measurements

Interstitial glucose concentrations were measured continuously
by using the Dexcom G4 glucose-monitoring device (Dexcom G4
Platinum; Nintamed GmbH & Co. KG) during the entire room-
calorimeter phase. The sensor was applied to the back of the
upper arm to measure interstitial glucose concentrations in the
subcutaneous tissue. Sensor readings were reported every 5 min.
The device was calibrated twice a day by using capillary blood
samples. AUC was calculated as tAUC for the entire intervention
days (0600Ð0600) by using trapezoidal rule (18). Glucose vari-
ability was assessed by the Mean Amplitude of Glycemic Ex-
cursions (MAGE) (19) by using a published macro (20).

Glucose was measured with the use of a hexokinase method, and
serum insulin was determined by electrochemiluminescence. In-
cremental AUC (iAUC) was calculated by using trapezoidal rule
(18) for 2 h postprandially after lunch on BSD and DSD. HOMA-IR
(21) and the postprandial homeostasis model assessment index
(HOMApp) after lunch (22) on BSD and DSD was determined.

Postprandial iAUCs and HOMApp after lunch were only
assessed on BSD and DSD because of the smaller energy content
of lunch on the control day. Twenty-four-hour insulin secretion
was obtained by 24-h urinary C-peptide excretion by using the
luminescence immunoassay method.
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Cortisol secretion was determined by luminescence immu-
noassay, and tAUC was calculated for 22 h (0700Ð0500). Ghrelin
was examined by radioimmunoassay, and tAUC was calculated
for 14 h (0700Ð2100).

SNS activity and autonomic function

Heart rate variability (HRV) was assessed in a continuous
electrocardiographic (ECG) recording by using an autonomic
nervous system recorder (ANS-Recorder Flex BT; Neurocor Ltd. &
Co. KG). Measurements were conducted in a sitting position for
5 min every 2 h throughout the intervention days and every 30 min
after the scheduled meal time for 2 h, even when the meal was
skipped. ECG recordings were made under a nonstressful situation
that we deÞned as quietly resting in an armchair in the respiratory
chamber with dimmed lighting. The ECG signal was inspected for
artifacts and analyzed by using corresponding NeurocorV R soft-
ware (ANS-Explorer V3.5.11; Neurocor Ltd. & Co. KG). Time-
domain variables included the SD of normal-to-normal intervals
(SDRR; a global measure of overall HRV) and the root-mean-square
difference in successive normal-to-normal intervals (RMSSD; a
measure of parasympathetic activation). As a marker of sym-
pathovagal balance, the ratio of low frequency (LF; 0.04Ð0.15 Hz)
to high frequency (HF; 0.15Ð0.4 Hz; LF:HF) was analyzed.
Adrenaline and norepinephrine excretions in 24-h urine were
measured by using liquid chromatographyÐmass spectrometry.

Postprandial inflammatory responses in blood cells

To investigate if breakfast skipping changed the re-
sponsiveness of peripheral leukocytes, we used standardized full-
blood assays. These overcome limitations associated with the
classical analysis of cell subpopulations and are highly reliable
and reproducible and less prone to contamination and variability
than the analysis of isolated blood cells (23).

Heparin blood samples were collected before and 30 min, 1 h,
1.5 h, 2 h, and 4 h after lunch on BSD and DSD. Blood was
diluted in culture medium (Roswell Park Memorial Institute
1640; Gibco) and stimulated for 16 h with the T cell mitogen
phytohemagglutinin (Sigma-Aldrich) and the NOD-like receptor
protein 3 (NLRP3) inßammasome activators LPS and nigericin
(both from Invivogen). Cytokine release into the supernatant was
measured by ELISA (IL-6 Duo Set; R&D Systems, Bio-Techne)
and AlphaLISA [IL-1b, interferon g (IFN-g); PerkinElmer],
according to the manufacturersÕ protocols. Measurements were
conducted on an Enspire Multimode reader (PerkinElmer).

To analyze the effect of insulin on blood cells, blood of 1 donor
was either incubated for 1 or 2 h with 100 or 200mU insulin/mL
before cells were stimulated with 10mg phytohemagglutinin/mL
or mock-treated for 16 h. Subsequently, IL-6 release into the
medium was measured by ELISA (IL-6 Duo Set; R&D Systems,
Bio-Techne).

T cell composition of the peripheral blood was analyzed by
ßuorescence-activated cell sorting staining with CD45-Peridinin-
Chlorophyll-protein, CD3Ðßuorescein isothiocyanate, CD4-
Phycoerythrin, and CD8-Allophycocyanin (all from Miltenyi
Biotec) by using a FACSCanto (BD) device. Brießy, erythrocytes
were lysed (BD FACS Lysing Solution), leukocytes were washed
with ßuorescence-activated cell sorting buffer (phosphate-buffered
saline with 2% fetal calf serum, 2 mmol EDTA/L, and 0.01%
sodium azide) and stained with the antibodies.

Statistical analyses

Together with total energy expenditure, fat oxidation was the
primary outcome variable of the study. It was therefore used for
power analysis. According to the main hypothesis, fat oxidation
was compared between BSD or DSD and the control day. Power
analysis was conducted by using G-Power 3.1.9.2 software
(written by Faul F., University of Kiel, Germany) and a 2-sidedt
test for difference between 2 dependent means and ana level of
0.05. Means6 SDs for fat oxidation (61.96 4.6 g/d) were
based on the data of Munsters and Saris (6). To show a 6%
difference in fat oxidation with a power of 80%, a total sample
size ofn = 13 was required. Data are reported as means6 SDs
unless otherwise speciÞed. Normal distribution was checked by
Kolmogorov-Smirnov test. Repeated-measures ANOVA was
used to examine differences in the variables of energy and
macronutrient balance, glucose metabolism, HRV data, and
catecholamine and cortisol concentrations between the 3 in-
tervention days. SigniÞcant effects were followed with pairwise
comparisons and Bonferroni post hoc tests. Differences between
the skipping days in insulin, glucose, and ghrelin concentrations
were analyzed by pairedt test, and WilcoxonÕs test was used if
data were not distributed normally. Sex differences in baseline
characteristics were analyzed by using independent-samples
t test. Differences between regular breakfast eaters and occa-
sional breakfast skippers as well as between participants with a
low and high FMI were tested by Mann-WhitneyU test. Cor-
relations between npRQ and C-peptide, FFA tAUC, RMSSD,
adrenaline, or norepinephrine as well as correlations between
24-h energy expenditure and adrenaline or norepinephrine were
tested by SpearmanÕsr and included the data for all intervention
days. Cytokine data were tested by using ANOVA with TukeyÕs
post hoc test and were analyzed and visualized by using GraphPad
Prism 7.0 (GraphPad Software). All other analyses were conducted
by using SPSS statistical software (version 23; SPSS, Inc.). Sig-
niÞcance was set atP , 0.05.

RESULTS

Baseline characteristics of the study population are shown in
Table 1. Eight women and 9 men aged 20Ð31 y participated in
this study. BMI (in kg/m2) and percentage of body fat mass
ranged between 18.3 and 35.0 and 7.4% and 33.9%, respectively.
According to WHO criteria, 3 participants were overweight, 2
were obese, and 1 was underweight.

Dividing men and women into 2 groups according to their
mean FMI showed that there were no differences in meal
skippingÐinduced changes between the 2 groups in postprandial
glucose iAUC, insulin iAUC, and HOMApp after lunch; 24-h
glycemia; C-peptide excretion; 24-h energy expenditure; or fat
oxidation. However, our study was not powered to detect dif-
ferences between participants with lower and higher FMI.
Therefore, these analyses should be interpreted with caution.

Energy and macronutrient balances

Energy intake (kilocalories) was similar by design for the 3
intervention days (Table 2). Twenty-four-hour energy expendi-
ture (kilocalories) was higher on both skipping days than on the
control day. Energy balance (kilocalories per day) on the control
day was therefore slightly positive and differed from that on the

1354 NAS ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/ajcn/article-abstract/105/6/1351/4668664 by guest on 15 June 2019



skipping days. However, physical activity did not differ between
the skipping days and the control day (number of stepsÑBSD:
6556 247; DSD: 7106 238; and control: 6446 207 steps/d;
time spent sitting or lyingÑBSD: 22.36 0.7; DSD: 22.16 1.1;
and control: 22.36 0.8 h/d; time spent standingÑBSD: 1.56
0.7; DSD: 1.76 1.0; and control: 1.66 0.8 h/d; time spent
steppingÑBSD: 0.26 0.1; DSD: 0.26 0.1; and control: 0.26
0.1 h/d; alln = 15; P . 0.05).

No difference in fasting npRQ was observed between the 3
intervention days (BSD: 0.826 0.04; DSD: 0.816 0.05; con-
trol: 0.83 6 0.05; P . 0.05). Components of macronutrient
balance are presented in Table 2. Macronutrient intake was
similar between the 3 intervention days. When compared with
the control day, 24-h fat oxidation was higher and 24-h

carbohydrate oxidation was lower on BSD, whereas both vari-
ables did not differ from the control on DSD. FFA tAUC was
higher on BSD and DSD than on the control day. No association
was observed between FFA tAUC and 24-h npRQ.Figure 2
shows the proÞles of 24-h fat and carbohydrate oxidation. Even
after lunch, postprandial fat oxidation on the BSD (12.056
4.37 g/2 h or 0.1 g/min) was higher than on the control day
(9.646 4.14 g/2 h or 0.08 g/min;P. 0.001) or on the DSD (9.926
4.67 g/2 h or 0.08 g/min;P . 0.01).

Fat balance was more negative and carbohydrate balance more
positive on the BSD than on the control day (Table 2). On the
DSD, fat and carbohydrate balances did not signiÞcantly differ
from that on the control day. Protein oxidation and balance were
both similar between all intervention days.

Impact of meal skipping on autonomic nervous system
activity

Although 24-h adrenaline and norepinephrine excretion did not
differ between the intervention days, signiÞcant differences in
diurnal autonomic nervous system activity were shown by heart rate
monitoring, with a higher RMSSD in the morning with breakfast
skipping than with dinner skipping (data not shown). Overall HRV
was higher on the BSD than on the DSD (SDRR;P, 0.05) but not
compared with the control day (Table 2). Mean parasympathetic
tone (RMSSD) and mean sympathovagal balance (LF:HF) did not
differ between the intervention days (bothP . 0.05).

TABLE 1

Baseline characteristics of the study population1

Women
(n = 9)

Men
(n = 8)

Total
(n = 17) P2

Age, y 23.76 2.5 25.66 3.9 24.66 3.3 NS
Height, m 1.646 0.06 1.836 0.08 1.736 0.11 ,0.001
Body weight, kg 57.76 7.9 88.06 17.3 71.96 20.1 ,0.001
BMI, kg/m2 21.26 1.9 26.66 5.2 23.76 4.6 0.022
FMI, kg/m2 5.76 1.6 6.26 3.6 6.06 2.6 NS

1 Values are means6 SDs. FMI, fat mass index.
2 P values for sex differences testedby using independent-samplest test.

TABLE 2

Comparison of the components of energy and macronutrient balance and SNS activity between BSD, DSD, and the 3-
meal control1

Control BSD DSD

Energy balance,2 kcal/d
Energy intake 22836 487 22486 486 22496 486
24-h Energy expenditure 21546 441 21956 461** 22456 463***
Energy balance 1306 158 536 143*** 5 6 130***

Macronutrient intake,2 g/d
Fat 756 17 746 16 746 16
Carbohydrate 3076 67 3036 66 3036 66
Protein 846 18 836 18 836 18

Macronutrient oxidation
24-h npRQ2 0.856 0.05 0.836 0.05** 0.846 0.05
24-h Protein oxidation,2 g/d 816 18 866 17 846 20
24-h Carbohydrate oxidation,2 g/d 2376 60 2056 53* 2336 56
24-h Fat oxidation,2 g/d 976 45 1106 46*** 106 6 48
tAUC FFAs, mg/dL3 14 h 796 21 1636 32*** 136 6 36***

Macronutrient balance,2 g/d
Fat balance 222 6 33 236 6 33*** 232 6 35
Carbohydrate balance 706 70 976 78* 69 6 76
Protein balance 36 22 23 6 14 21 6 21

SNS activity
Adrenaline,mg/d 116 3 106 3 106 3
Norepinephrine,mg/d 376 13 446 12 446 14
SDRR, ms 556 15 596 18 536 14y

RMSSD, ms 386 16 416 19 366 14
LF:HF,2 ms 2.86 3.1 2.76 2.5 2.46 2.1

1 Values are means6 SDs;n = 17 unless otherwise indicated. Repeated-measures ANOVA with Bonferroni adjust-
ments was used. *,** ,***BSD or DSD compared with control: *P , 0.05, **P , 0.01, ***P , 0.001.yDSD compared
with BSD, P , 0.05. BSD, breakfast skipping day; DSD, dinner skipping day; FFA, free fatty acid; HF, high-frequency
domain; LF, low-frequency domain; npRQ, nonprotein respiratory quotient; RMSSD, root-mean-square successive differ-
ence; SDRR, SD of all normal-to-normal intervals; SNS, sympathetic nervous system; tAUC, total AUC.

2 n = 15.

TIMING OF MEAL SKIPPING AND ENERGY BALANCE 1355

D
ow

nloaded from
 https://academ

ic.oup.com
/ajcn/article-abstract/105/6/1351/4668664 by guest on 15 June 2019



Twenty-four-hour npRQ showed a positive correlation with
parasympathetic tone (r = 0.52,P , 0.001) and an inverse as-
sociation with norepinephrine excretion (r = 20.46,P = 0.002;
Supplemental Figure 2A). A higher norepinephrine excretion
also correlated with a higher 24-h energy expenditure (r = 0.41,
P = 0.005; Supplemental Figure 2B).

Impact of meal skipping on appetite regulation

Ghrelin concentrations were higher in the morning on the BSD
and in the evening on the DSD, equalizing one another to a
similar ghrelin tAUC between the BSD and DSD (Figure 3).

Impact of meal skipping on 24-h and postprandial glucose
metabolism and cortisol concentrations

Variables of fasting and 24-h and postprandial glucose me-
tabolism are shown inTable 3. Fasting insulin sensitivity
(HOMA-IR), 24-h glycemia (tAUC by continuous glucose

monitoring data), and glucose variability (MAGE) as well as
24-h insulin secretion (24-h C-peptide excretion) were all similar
between the intervention days. However, when compared with
dinner skipping, breakfast skipping resulted in higher postprandial
iAUCs of glucose and insulin as well as a higher HOMApp after
lunch. No correlation was observed between C-peptide and 24-h
npRQ. Cortisol tAUC and 24-h cortisol proÞle did not differ
between intervention days (control: 1746 57; BSD: 1816 45;
DSD: 1566 40 mg/dl 3 22h; P . 0.05).

Impact of meal skipping on postprandial inflammatory
response in blood cells

Mitogenic stimulation of full-blood cultures for 16 h with
phytohemagglutinin signiÞcantly induced the secretion of the
proinßammatory cytokine IL-6 in fasting blood. When com-
paring the kinetics of the response toward the fasting condition, a
reduction in IL-6 release in blood drawn within 1 h after the lunch

FIGURE 2 Twenty-four-hour fat oxidation (A), carbohydrate oxidation (B), and energy expenditure (C) for control, BSD, and DSD groups (n = 15).
Mean values of 15 min were plotted, and SEs are shown only at every 30 min for clarity. Differences in the corresponding 24-h cumulative oxidations and 24-h
energy expenditure are reported in Table 2. BSD, breakfast skipping day; CHO, carbohydrate; DSD, dinner skipping day.
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was observed, which was signiÞcant for 30 min (BSD:P, 0.0001;
DSD: P = 0.0038). By contrast, at later time points, and signiÞ-
cantly at 4 h postprandially (BSD:P, 0.0001; DSD:P = 0.0013),
the cells were more responsivetoward phytohemagglutinin
(Figure 4A). When comparing BSD with DSD, IL-6 responses
were signiÞcantly higher at 4 hafter lunch when the partici-
pants did not receive a breakfast (P = 0.0042). An overall similar
postprandial response was obtained for the T cell cytokine IFN-g,
albeit no signiÞcant differences between BSD and DSD were
shown (Figure 4A).

Because food intake was shown to induce a higher release
of IL-1b on NLRP3 stimulation in human peripheral blood
mononuclear cells and monocytes 3 h postprandially (24), we
decided to include the NLRP3 inßammasome activator nigericin
(+LPS) in our study for a subsample of the study group. Sig-
niÞcantly higher IL-1b responses (P = 0.0246) were observed
4 h postprandially with breakfast skipping, whereas this differ-
ence was not signiÞcant with dinner skipping (Figure 4B). Notably,
for all responses, we observed a trend toward lower cytokine re-
lease from blood cells drawn at earlier time points (30 min to 1 h),
which was signiÞcant in some cases.

Next, we addressed whether differences in the abundance of
lymphocyte populations explained our observations because
these were reported to occur after food intake (25Ð27). We
therefore measured T cell composition of the peripheral blood
used for the stimulation assays from 2 representative donors. No
signiÞcant change in the proportion of CD3+ cells from total

lymphocytes was observed (data not shown), which strongly
suggests that the changes in the cytokine concentrations on
phytohemagglutinin stimulation were due to changes in the cell-
intrinsic signaling pathways.

We also tested if insulin might be directly responsible for this
effect by treating blood from a fasting donor at different times for
#4 h with human insulin before stimulating the cells with
phytohemagglutinin. This did not result in any signiÞcant
change in IL-6 secretion (Supplemental Figure 3). Moreover,
the kinetics of insulin concentrations did not correlate with the
responsiveness of the leukocytes, suggesting that insulin alone is
not the responsible stimulus for the change in the postprandial
immune response.

DISCUSSION

Contrary to our primary hypothesis, breakfast and dinner
skipping led to a small but signiÞcant increased 24-h energy
expenditure (+41 and +91 kcal/d) compared with a conventional
3-meal pattern and thus improved energy balance under condi-
tions of Þxed energy intake. Our results are in contrast to previous
controlled studies that used metabolic chambers, which found no
effect of breakfast skipping on energy expenditure compared
with a conventional 3-meal pattern (8) or a high consumption
frequency of 6 (5) or 7 (4) meals. The discrepant results may be
due to methodologic differences between the studies. Taylor and
Garrow (5) examined overweight and obese subjects under

FIGURE 3 ProÞle of ghrelin concentrations (A) and comparison of tAUCs (B) between BSD and DSD (n = 8). Values are means6 SDs. **P , 0.01
(pairedt test). BSD, breakfast skipping day; DSD, dinner skipping day; tAUC, total AUC.

TABLE 3

Comparison of the fasting, 24-h, and postprandial glucose metabolism variables between the skipping days and the 3-meal
control1

Control BSD DSD

HOMA-IR2 1.966 0.82 2.076 0.91 1.966 1.05
24-h GlycemiatAUC,2 mg/dL 3 24 h 23606 111 24256 131 23746 165
MAGE2 3.906 1.32 3.656 1.52 3.286 1.75
C-peptide,2 mg/d 746 38 866 40 756 42
Postprandial variables after lunch

iAUC insulin, mU/mL 3 2 h Ñ 211 6 74 1446 74**
iAUC glucose, mg/dL3 2 h Ñ 114 6 41 626 40***
HOMApp Ñ 59 6 44 276 23**

1 Values are means6 SDs; n = 17. **P , 0.01 (WilcoxonÕs test); ***P , 0.001 (pairedt test). BSD, breakfast
skipping day; DSD, dinner skipping day; HOMApp, postprandial homeostasis model assessment; iAUC, incremental AUC;
MAGE, mean amplitude of glycemic excursions; tAUC, total AUC.

2 Repeated-measures ANOVA with Bonferroni adjustments was used.
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negative energy balance, and Kobayashi et al. (8) investigated a
small number of participants who had higher 24-h glycemia
with breakfast skipping; in the study by Verboeket-van de
Venne and Westerterp (4), RQ and energy expenditure were
calculated over 3-h intervals only. However, in both of the latter
studies breakfast skipping was found to increase fat oxidation
during the prolonged fasting period until the Þrst meal at 1200.

In the present study, the timing of meal skipping was important
for inducing a change in macronutrient partitioning, because
the increase in 24-h fat oxidation and the corresponding
negative fat balance was signiÞcant only for breakfast skipping
but not for dinner skipping.

Both breakfast and dinner skipping led to a longer duration of
the overnight fasting period. Prolonged fasting can be considered

FIGURE 4 Cytokine responses in the fasted and postprandial state. (A) IL-6 (n = 16; upper panels) and IFN-g (n = 10; lower panels) cytokine release
from human blood cells after stimulation with 10mg phytohemagglutinin/mL for 16 h. Blood was sampled in the fasted state (preprandial) and at indicated
time points after lunch (postprandial). The cytokine response for each time point is shown as a percentage compared with the fasted state and was measured
after a normal breakfast on DSD (left panels) or BSD (middle panels). The comparison between the kinetics of the cytokine response after BSD and a normal
breakfast is shown in the right-hand panels. Values for the dot plots are means6 SEMs; the box-and-whisker plots show medians with upper and lower
quartiles, with the maximum and minimum values represented by the whiskers. (B) IL-1b cytokine release from human blood cells after stimulation with 1 ng
LPS/mL for 16 h followed by stimulation with 5mmol nigericin/L for 1.5 h (NLRP3 inßammasome activation). Blood was sampled in the fasted state
(preprandial) and at indicated time points after lunch (postprandial). The cytokine response for each time point is shown as a percentage compared with the
fasted state and was measured after a normal breakfast on DSD (n = 10; left panels) or BSD (n = 12; middle panels). The comparison between the kinetics of
the cytokine response after BSD and a normal breakfast is shown in the right-hand panels. Values for the dot plots are means6 SEMs; the box-and-whisker
plots show the medians with upper and lower quartiles, with the maximum and minimum value represented by the whiskers. Statistical testing for differences
between indicated groups was performed by using ANOVA with TukeyÕs post hoc testing. *P , 0.05, **P , 0.01, **** P , 0.0001. BSD, breakfast skipping
day; DSD, dinner skipping day; hIFN-g, human IFN-g; hIL-6, human IL-6; hIL-1b, human IL-1b; NLRP3, NOD-like receptor protein 3; PHA,
phytohemagglutinin.
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to be a state of stress that leads to increased adrenergic activity
and thus to higher lipolysis and increased energy expenditure
(28). In line with this Þnding, concentrations of FFAs (Table 2)
and 24-h energy expenditure were higher on both skipping days.
Twenty-four-hour excretions of adrenaline and norepinephrine
were, however, similar between both intervention days and the 3-
meal control day. Nevertheless, we found that norepinephrine
excretion inversely correlated with npRQ and positively with 24-h
energy expenditure when data from all intervention days were
combined. The individual propensity of meal skipping to increase
norepinephrine concentrations could therefore explain the in-
terindividual variance in fat oxidation and energy expenditure.

In addition to the duration of fasting, the timing of energy
intake could also impact autonomic function and thus affect
diurnal changes in substrate partitioning and energy expenditure.
In line with this assumption, later timing of breakfast and dinner
has been found to cause a phase delay in the diurnal 24-h rhythm
of cardiac autonomic nervous system activity assessed by HRV
(29). Although autonomic regulation assessed by heart rate
monitoring differed between breakfast and dinner skipping
(Table 2) a higher SDRR with breakfast skipping argues
against a higher sympathetic tone and rather suggests improved
autonomic regulation with breakfast skipping.

Lower 24-h insulin secretion due to a prolonged fasting period
with meal skipping could contribute to increased lipolysis-
induced fat oxidation. However, although concentrations of
FFAs and 24-h energy expenditure were higher with both of the
meal skipping days than with the 3-meal control day, 24-h insulin
secretion did not differ between any of the intervention days
(Table 3). Of note, insulin excursions rather than cumulative 24-h
insulin secretion are more important for the regulation of nutrient
partitioning. Although a high frequency of 6, compared with 3,
meals was associated with lower 24-h insulin AUC, at the same
time it caused a marked suppression in 24-h FFA concentrations
between meals. This was due to the fact that frequent eating
prevents a decrease in insulin, which facilitates lipolysis (7). In
addition, a low meal frequency resulted in elevated energy ex-
penditure during the postprandial hours, indicating a greater
contribution of DIT to 24-h energy expenditure (4).

A limitation to our study protocol is that we cannot examine
the effects of meal skipping on voluntary energy intake. Although
ghrelin concentrations were higher in the morning with breakfast
skipping and in the evening with dinner skipping, we found no
differences in the AUC of 24-h ghrelin concentrations between
meal skipping days and the 3-meal control day (see Results).
However, a compensation of a higher energy expenditure and fat
oxidation by a higher spontaneous energy or fat intake under ad
libitum conditions cannot be ruled out. Interestingly, a higher
meal frequency of 14 or 6 meals compared with 3 meals led to
increased ghrelin concentrations (6) and ratings of hunger and
Òdesire to eatÓ (6, 7). On the other hand, extending morning
fasting until lunch caused incomplete energy compensation with
an ad libitum lunch (30, 31). Increased hunger and decreased
satiety in response to breakfast skipping were found primarily in
habitual breakfast eaters (32). This may suggest that the effect of
meal skipping on appetite regulatory systems is enhanced in
habitual breakfast eaters. In the present study, no differences
were observed between regular breakfast eaters and occasional
breakfast skippers on meal skippingÐinduced changes in ghrelin
concentrations, glucose regulation, and 24-h energy expenditure

or fat oxidation (data not shown). An additional limitation of the
present study is the fact that only responses to the Þrst day of
breakfast skipping or dinner skipping were measured and there-
fore the metabolic consequences of habitual breakfast or dinner
skipping remain unclear.

In patients with type 2 diabetes, habitual breakfast skipping
was associated with a later chronotype (a preference for later bed
and wake times) that contributed to poorer glycemic control (33).
A disrupted circadian clock provides a mechanistic explanation
for the relation between a disturbed diurnal eating pattern and
alterations in glucose metabolism (34). Glucose metabolism is
highly circadian (35) and depends largely on the timing and
composition of nutrient ingestion. Because the body uses nutrient
input to set circadian rhythms (36), it is possible that both timing
and nutrient composition of the diet might be important for the
prevention of metabolic disturbances.

In line with impaired metabolic function with breakfast
skipping, randomized controlled trials support higher glucose
variability in lean subjects and impaired insulin sensitivity in
obese participants who skip breakfast when compared with those
who eat breakfast but found no effect on body weight or fat mass
over a 6-wk period (31, 37). In support of impaired glucose
homeostasis with breakfast skipping, HOMApp and glucose
concentrations after lunch were higher with breakfast skipping
than with dinner skipping (Table 3). Compared with dinner
skipping, higher postprandial fat oxidation at lunchtime after
breakfast skipping occurred despite increased insulin concen-
trations and suggests metabolic inßexibility after prolonged
fasting. The mitochondrial capacity to switch freely between
oxidative fuels in the transition from fasting to feeding is
therefore lost (38). In a healthy, metabolically ßexible state, the
consumption of a high-carbohydrate meal results in an increase in
blood insulin concentrations and respiratory quotient, indicative
of a robust shift from fatty acid to glucose oxidation. Increased
fat oxidation, despite higher postprandial insulin concentrations
with breakfast skipping, suggests the development of metabolic
inßexibility in response to prolonged fasting that may increase
metabolic risk over time.

We also found that a longer fasting period with breakfast
skipping increased inßammasome activity and inßammatory
responses of peripheral leukocytes after lunch at later time points
(Figure 4). Our data thereby showed reduced inßammatory ac-
tivity at earlier times after food intake and higher responses at
later time points. Higher postprandial NLRP3-dependent IL-1b
secretion has also been reported recently by others (24). Because
chronic low-grade inßammation is known to impair insulin
sensitivity, enhanced postprandial inßammation could contribute
to metabolic impairment with breakfast skipping. It is known
that peripheral monocytes are activated after food intake and
secrete more inßammatory cytokines than with fasting condi-
tions (for review see reference 39), which might be even more
pronounced in diabetic patients (40). The underlying stimuli for
this activation, however, remain largely elusive. The generation
of reactive oxygen species by leukocytes (41) and higher gut
microbiotaÐderived LPS in the serum after feeding (42) have
been discussed as possible mechanisms. Most available experi-
mental data, however, support that FFAs from macronutrient
uptake might be responsible for postprandial inßammation.
Although some concepts are emerging, SFAs can activate Toll-
like receptor (TLR) 4 (43) and FFAs synergize with high glucose
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concentrations to amplify reactive oxygen species generation
and inßammatory responses mediated by TLR2/6 and myeloid
differentiation factor 2 (MD2)/TLR4 in vitro (44). Moreover, G
proteinÐcoupled FFA receptors, such as GPR43, can induce in-
ßammatory responses in leukocytes (45). Increased lipolysis and
FFA concentrations with extended fasting with breakfast skip-
ping may therefore be causal for the observed effects.

Altogether, the present results support the association between
breakfast skipping and disturbed glucose homeostasis, which is
not explained by a positive energy balance. On the contrary, both
breakfast skipping and dinner skipping increased total energy
expenditure. In conclusion, a causal role of breakfast skipping for
the development of obesity is not supported by the present data.

The authorsÕ responsibilities were as followsÑAB-W: designed the re-
search study; AN, NM, FH, J Kahlho¬fer, J Keller, and AB-W: performed the
research; RR: provided technical support for the metabolic chamber; AN,
FH, and NM: analyzed the data; AN, A-BW, NM, TAK, and RR: wrote the
manuscript; AN and AB-W: had primary responsibility for the Þnal content;
and all authors: read and approved the Þnal manuscript. None of the authors
reported a conßict of interest related to the study.

REFERENCES
1. Qin L-Q, Li J, Wang Y, Wang J, Xu J-Y, Kaneko T. The effects of

nocturnal life on endocrine circadian patterns in healthy adults. Life
Sci 2003;73:2467Ð75.

2. Farshchi HR, Taylor MA, Macdonald IA. Deleterious effects of
omitting breakfast on insulin sensitivity and fasting lipid proÞles in
healthy lean women. Am J Clin Nutr 2005;81:388Ð96.

3. Casazza K, Brown A, Astrup A, Bertz F, Baum C, Brown MB,
Dawson J, Durant N, Dutton G, Fields DA, et al. Weighing the evi-
dence of common beliefs in obesity research. Crit Rev Food Sci Nutr
2015;55:2014Ð53.

4. Verboeket-van de Venne WP, Westerterp KR. Inßuence of the feeding
frequency on nutrient utilization in man: consequences for energy
metabolism. Eur J Clin Nutr 1991;45:161Ð9.

5. Taylor MA, Garrow JS. Compared with nibbling, neither gorging nor a
morning fast affect short-term energy balance in obese patients in a
chamber calorimeter. Int J Obes Relat Metab Disord 2001;25:519Ð28.

6. Munsters MJM, Saris WHM. Effects of meal frequency on metabolic
proÞles and substrate partitioning in lean healthy males. PLoS One
2012;7:e38632.

7. Ohkawara K, Cornier MA, Kohrt WM, Melanson EL. Effects of in-
creased meal frequency on fat oxidation and perceived hunger. Obesity
(Silver Spring) 2013;21:336Ð343.

8. 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:e201Ð98.

9. Romon M, Edme J, Boulenguez C, Lescroart J-L, Frimat P. Circadian
of diet-induced thermogenesis. Am J Clin Nutr 1993;57:476Ð80.

10. Morris CJ, Garcia JI, Myers S, Yang JN, Trienekens N, Scheer FAJL.
The human circadian system has a dominating role in causing the
morning/evening difference in diet-induced thermogenesis. Obesity
(Silver Spring) 2015;23:2053Ð8.

11. Bo S, Fadda M, Castiglione A, Ciccone G, De Francesco A, Fedele D,
Guggino A, Parasiliti Caprino M, Ferrara S, Vezio Boggio M, et al. Is
the timing of caloric intake associated with variation in diet-induced
thermogenesis and in the metabolic pattern? A randomized cross-over
study. Int J Obes (Lond) 2015;39(12):1689Ð95.

12. Hill JO, Peters JC, Reed GW, Schlundt DG, Sharp T, Greene HL.
Nutrient balance in humans: effects of diet composition. Am J Clin
Nutr 1991;54:10Ð7.

13. Brown D, Cole TJ, Dauncey MJ, Marrs RW, Murgatroyd PR. Analysis
of gaseous exchange in open-circuit indirect calorimetry. Med Biol Eng
Comput 1984;22:333Ð8.

14. Melanson EL, Ingebrigtsen JP, Bergouignan A, Ohkawara K,
Kohrt WM, Lighton JRB. A new approach for ßow-through respi-
rometry measurements in humans. Am J Physiol Regul Integr Comp
Physiol 2010;298:R1571Ð9.

15. J«equier E, Felber JP. Indirect calorimetry. Baillieres Clin Endocrinol
Metab 1987;1:911Ð35.

16. Mueller MJ, Westenho¬fer J, Lo¬ser Chr, Weimann A, Przyrembel H.
Eiwei§- aminos¬aure- und stickstoffstoffwechsel. [Protein, amino-
acids, and nitrogen metabolism.] 2nd.ed. In: Mueller MJ, editor.
Ern¬ahrungsmedizinische praxis; diagnostik, pr¬avention, behand-
lung. [Nutrition medical practice;diagnostics, prevention, treat-
ment). Heidelberg (Germany): Springer Medizin Verlag; 2007. p.
126Ð35 ( in German).

17. Weir JB. New methods for calculating metabolic rate with special
reference to protein metabolism. J Physiol 1949;109:1Ð9.

18. Matthews JN, Altman DG, Campbell MJ, Royston P. Analysis of serial
measurements in medical research. BMJ 1990;300:230Ð5.

19. Marling CR, Shubrook JH, Vernier SJ, Wiley MT, Schwartz FL.
Characterizing blood glucose variability using new metrics with con-
tinuous glucose monitoring data. J Diabetes Sci Technol 2011;5:871Ð8.

20. Hill NR, Oliver NS, Choudhary P, Levy JC, Hindmarsh P,
Matthews DR. Normal reference range for mean tissue glucose and
glycemic variability derived from continuous glucose monitoring for
subjects without diabetes in different ethnic groups. Diabetes Technol
Ther 2011;13:921Ð8.

21. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF,
Turner RC. Homeostasis model assessment: insulin resistance and
beta-cell function from fasting plasma glucose and insulin concentra-
tions in man. Diabetologia 1985;28:412Ð9.

22. Brynes AE, Mark Edwards C, Ghatei MA, Dornhorst A, Morgan LM,
Bloom SR, Frost GS. A randomised four-intervention crossover study
investigating the effect of carbohydrates on daytime proÞles of insulin,
glucose, non-esteriÞed fatty acids and triacylglycerols in middle-aged
men. Br J Nutr 2003;89:207Ð18.

23. Duffy D, Rouilly V, Libri V, Hasan M, Beitz B, David M, Urrutia A,
Bisiaux A, Labrie ST, Dubois A, et al. Functional analysis via standard-
ized whole-blood stimulation systems deÞnes the boundaries of a healthy
immune response to complex stimuli. Immunity 2014;40:436Ð50.

24. Traba J, Kwarteng-Siaw M, Okoli TC, Li J, Huffstutler RD, Bray A,
Waclawiw MA, Han K, Pelletier M, Sauve AA, et al. Fasting and re-
feeding differentially regulate NLRP3 inßammasome activation in
human subjects. J Clin Invest 2015;125:4592Ð600.

25. van Oostrom AJ, Rabelink TJ, Verseyden C, Sijmonsma TP, Plokker HW,
De Jaegere PP, Cabezas MC. Activation of leukocytes by postprandial
lipemia in healthy volunteers. Atherosclerosis 2004;177:175Ð82.

26. van Oostrom AJ, Sijmonsma TP, Rabelink TJ, Van Asbeck BS, Castro
Cabezas M. Postprandial leukocyte increase in healthy subjects. Me-
tabolism 2003;52:199Ð202.

27. van Oostrom AJ, Sijmonsma TP, Verseyden C, Jansen EH, de
Koning EJ, Rabelink TJ, Castro Cabezas M. Postprandial recruitment
of neutrophils may contribute to endothelial dysfunction. J Lipid Res
2003;44:576Ð83.

28. Jensen MD, Haymond MW, Gerich JE, Cryer PE, Miles JM. Lipolysis
during fasting: decreased suppression by insulin and increased stimu-
lation by epinephrine. J Clin Invest 1987;79:207Ð13.

29. Yoshizaki T, Tada Y, Hida A, Sunami A, Yokoyama Y, Togo F,
Kawano Y. Inßuence of dietary behavior on the circadian rhythm of the
autonomic nervous system as assessed by heart rate variability. Physiol
Behav 2013;118:122Ð8.

30. Chowdhury EA, Richardson JD, Tsintzas K, Thompson D, Betts JA.
Carbohydrate-rich breakfast attenuates glycaemic, insulinaemic and
ghrelin response to ad libitum lunch relative to morning fasting in lean
adults. Br J Nutr 2015;114:98Ð107.

31. Chowdhury EA, Richardson JD, Holman GD, Tsintzas K,
Thompson D, Betts JA. The causal role of breakfast in energy balance
and health: a randomized controlled trial in obese adults. Am J Clin
Nutr 2016;103:747Ð56.

32. Thomas EA, Higgins J, Bessesen DH, McNair B, Cornier MA. Usual
breakfast eating habits affect response to breakfast skipping in over-
weight women. Obesity (Silver Spring) 2015;23:750Ð9.

33. Reutrakul S, Hood MM, Crowley SJ, Morgan MK, Teodori M,
Knutson KL. The relationship between breakfast skipping, chronotype,
and glycemic control in type 2 diabetes. Chronobiol Int 2014;31:64Ð71.

34. Versteeg RI, Serlie MJ, Kalsbeek A, la Fleur SE. Serotonin, a possible
intermediate between disturbed circadian rhythms and metabolic dis-
ease. Neuroscience 2015;301:155Ð67.

35. Kalsbeek A, la Fleur S, Fliers E. Circadian control of glucose metab-
olism. Mol Metab 2014;3:372Ð83.

1360 NAS ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/ajcn/article-abstract/105/6/1351/4668664 by guest on 15 June 2019



36. Ribas-Latre A, Eckel-Mahan K. Interdependence of nutrient metabo-
lism and the circadian clock system: importance for metabolic health.
Mol Metab 2016;5:133Ð52.

37. Betts JA, Richardson JD, Chowdhury EA, Holman GD, Tsintzas K,
Thompson D. The causal role of breakfast in energy balance and
health: a randomized controlled trial in lean adults. Am J Clin Nutr
2014;100:539Ð47.

38. Muoio DM. Metabolic inßexibility: when mitochondrial indecision
leads to metabolic gridlock. Cell 2014;159:1253Ð62.

39. Burdge GC, Calder PC. Plasma cytokine response during the post-
prandial period: a potential causal process in vascular disease? Br J
Nutr 2005;93:3Ð9.

40. Nappo F, Esposito K, CiofÞ M, Giugliano G, Molinari AM, Paolisso G,
Marfella R, Giugliano D. Postprandial endothelial activation in healthy
subjects and in type 2 diabetic patients: role of fat and carbohydrate
meals. J Am Coll Cardiol 2002;39:1145Ð50.

41. Dandona P, Ghanim H, Chaudhuri A, Dhindsa S, Kim SS. Macronu-
trient intake induces oxidative and inßammatory stress: potential rel-
evance to atherosclerosis and insulin resistance. Exp Mol Med 2010;
42:245Ð53.

42. Erridge C, Attina T, Spickett CM, Webb DJ. A high-fat meal induces
low-grade endotoxemia: evidence of a novel mechanism of post-
prandial inßammation. Am J Clin Nutr 2007;86:1286Ð92.

43. Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, Flier JS. TLR4 links
innate immunity and fatty acid-induced insulin resistance. J Clin Invest
2006;116:3015Ð25.

44. Dasu MR, Jialal I. Free fatty acids in the presence of high glucose
amplify monocyte inßammation via Toll-like receptors. Am J Physiol
Endocrinol Metab 2011;300:E145Ð54.

45. Talukdar S, Olefsky JM, Osborn O. Targeting GPR120 and other fatty
acid-sensing GPCRs ameliorates insulin resistance and inßammatory
diseases. Trends Pharmacol Sci 2011;32:543Ð50.

TIMING OF MEAL SKIPPING AND ENERGY BALANCE 1361

D
ow

nloaded from
 https://academ

ic.oup.com
/ajcn/article-abstract/105/6/1351/4668664 by guest on 15 June 2019


