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ABSTRACT at night) is associated with an increased risk of obesity and typg

Background: Meal skipping has become an increasing trend of th@ diabetes (1, 2). On the other hand, popular trends such as
modern lifestyle that may lead to obesity and type 2 diabetes. breakfast or dinner skipping are advertised for weight managemer%
Objective: We investigated whether the timing of meal skippinghowever, conclusive scientibc evidence to support these supposl-
impacts these risks by affecting circadian regulation of energy bations is lacking (3). 8
ance, glucose metabolism, and postprandial inBammatory responsesPrevious tightly controlled room calorimetry studies that in- 5
Design: In a randomized controlled crossover trial, 17 participantsjestigated the impact of meal frequency on the regulation of energ?-
[body mass index (in kg/f): 23.7 = 4.6] underwent 3 isocaloric halance under isocaloric conditions did not bnd a difference ire
24-h interventions (55%, 30%, and 15% carbohydrate, fat, and premergy expenditure between large (192 meals/d), normal (3 meals/d),
tein, respectively): a breakfast skipping day (BSD) and a dinnegr small, frequent¥5 meals/d) patterns (4D8). Although no effect S
skipping day (DSD) separated by a conventional 3-meal-structurgs consumption frequency on mean 24-h energy expenditure ar@
day (control). Energy and macronutrient balance was measured ir}@spiratory quotient (R@)was observed in these studies, a lowerz.
respiration chamber. Postprandial glucose, insulin, a_nd ing?‘mmﬂ’equency of 2 or 3 compared with 6914 meals increased sleeping gr
tory responses in leukocytes as well as 24-h glycemia and insuligsting metabolic rate (5, 6) and diet-induced thermogenesis (DIT)
secretion were analyzed. (4) and changed the diurnal pattern of nutrient partitioning to in-3
Results: When compared with the 3-meal control, 24-h energyraaseq fat oxidation until noon (4, 8). The timing of meal con-5
expenditure was higher on both skipping days (BSD: +41 keal/dy  niion has also been shown to affect DIT, with higher levels it
DSD: +91 kcal/d; botHP < 0.01), whereas fat oxidation mc_reased the morning than in the afternoon and night (9). A 44% lower DIT 3
on the BSD only (.+ 16 g/dp < 9'001.)' Spont_aneo_us phys_|cal aCin the evening than in the morning (10) argues against a benebcial
B e e e aag[e. o reakies hippingcn encry blane and sogess 2
ys. posip v%rable impact of dinner skipping. We therefore hypothesized thaf

assessment index (+54%) and glucose concentrations after lun I akfast skipping compared with dinner skipping leads to loweg
(+46%) were, however, higher on the BSD than on the DSD (botg pping comp pping
otal energy expenditure.

P < 0.05). Concomitantly, a longer fasting period with breakfast
skipping also increased the infammatory potential of peripheral

blood C?"S after lunch. . L 1 Supported by budgetary resources of the University of Hohenheim.
Conclusions: Compared with 3 meals/d, meal skipping increased 2g,pplemental Figures 193 are available from the OOnline Supporti
energy expenditure. In contrastigher postprandial insulin con- Material® link in the online posting of the article and from the same link in
centrations and increased fakidation with breakfast skipping the online table of contents at http://ajcn.nutrition.org.
suggest the elvelopment of metabolic inRexibility in resnse to ®These authors contributed equally to this work and share brst authorshif
prolonged fasting that may in ¢hlong term lead to low-grade *To whom correspondence should be addressed. E-mail: anja.bos;{l—’)
inBammation and impaired gluceshomeostasis. This trial was Westphal@uni-hohenheim.de. o o =
registered at clinicaltrials.gov as NCT02635139. Am J Abbr‘?vat;;’gSD US_Edi BSE, b_real;fast Elg%pmgl; d?y; DIJ. dIEt-If?'dU(I::?Atr:‘er-o

; . . mogenesis; , dinner skipping day; , electrocardiographic; , free
Clin Nutr 2017;105:1351961. fatty acid; FMI, fat mass index; HF, high frequency; HOMApp, postprandial
) ) o ~homeostasis model assessment; HRV, heart rate variability; iIAUC, incremental
Keywords: energy balance, insulin sensitivity, macronutrientauc: LF, low frequency; MAGE, mean amplitude of glycemic excursions:
oxidation, meal skipping, meal frequency NLRP3, NOD-like receptor protein 3; npRQ, nonprotein respiratory quotient;
RMSSD, root-mean-square difference in successive normal-to-normal in-
tervals; RQ, respiratory quotient; SDRR, SD of normal-to-normal intervals;
INTRODUCTION SNS, sympathe_tic ﬁewous sy_stem; tAUC, total AUC; TI__R, Toll-like receptor;

VCO,, carbon dioxide productionfO,, oxygen consumption.

Eating in misalignment with the biological clock (e.g., Skipping  Received December 16, 2016. Accepted for publication April 4, 2017.

breakfast and consuming bigger meals in the evening or eating laterirst published online May 10, 2017; doi: 10.3945/ajcn.116.151332.
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Diurnal differences in energy expenditure and nutrient partiregistered at clinicaltrials.gov as NCT02635139. All of the par-
tioning can be mediated by sympathetic nervous system (SN8gipants provided written informed consent before participation.
activity and endocrine factors. With lower meal frequency, higher
peaks and subsequently lower troughs of insulin might lead tgtudy protocol
increased fat oxidation (6). In addition to meal frequency, cir-
cadian rhythms in insulin sensitivity are known to affect blood A randomized crossover nutrition intervention was conducted
glucose concentrations and insulin secretion in response to me#l the Institute of Nutritional Medicine at the University of
timing. Thus, the same meal consumed in the evening not onlfohenheim. An outline of the study protocol is giverFigure 1.
leads to a lower metabolic rate but also increases glycemic affl 3-d run-in period with a controlled diet preceded the in-
insulinemic responses, which suggests circadian variations arvention phase to adapt macronutrient oxidation to macronu-
energy expenditure as well as the metabolic pattern in healttijient intake (12). On the intervention days, participants consumed
individuals (11). A nocturnal lifestyle with breakfast skipping isocaloric diets (55% carbohydrate, 30% fat, 15% protein) with
and a delayed eating pattern thus can lead to increased 24ttiee 24-h conditions1) a conventional 3-meal-structure day o
glycemia (8) and impairment of insulin response to glucose (1fcontrol), 2) a breakfast skipping day (BSD), ar8) a dinner £
and could therefore contribute to an increased risk of type gkipping day (DSD). The BSD and DSD were randomly assigneds
diabetes. We therefore hypothesized that breakfast skippirid the brst skipping day was followed by a washout day to agaif}
compared with dinner skipping leads to impaired glucose meebtain a constant fasting period of 18 h before the next in-;
tabolism. As a possible underlying mechanism, increased lowervention day. Thus, the sequence of the intervention days w.
grade inRammation induced by a sudden shift to postprandigither BSD-washout-control-DSD or DSD-washout-control-BSD.z
conditions after prolonged fasting was investigated. Participants were randomly assigned by using block randomlza

The primary aim of the present study was to compare th#on to begin with the BSD or DSD intervention in a 1:1 allocation & 2
effects of breakfast skipping with dinner skipping on 24-h energyatio that was based on a computer-generated list of random
expenditure and substrate partitioning as well as (secondafgmbers by an independent scientist. The study team enrolled arid
aims) on 24-h SNS activity, the inRammatory response of bloo@ssigned the participants to the interventions. During the entirg
cells, and insulin, glucose, and appetite probles by using a 3-mezloric chamber period, participants followed a constant da")%
control day as a reference and applying well-controlled energiputine: wake up at 0600; meals at 0700, 1300, and 1900; and
balance conditions in a metabolic chamber. bedtime at 2200. On the day before the brst intervention da

participants were admitted to the institute at 1830 to install &

continuous glucose-monitoring sensor. Participants spent th§
METHODS night before each intervention day in the caloric chamber and lefg:
the morning after the intervention day. On the washout dayg
participants were allowed to go home for 12 h.

Seventeen healthy adults (9 women, 8 men) were recruited During the intervention days, blood samples were collected:
by notice board postings at the universities of Hohenheim anglequently from 0700 to 2100 to measure free fatty acid (FFA),5
Stuttgart between October 2015 and April 2016. Exclusion criterighrelin, and cortisol concentrations (ghrelin and cortisol were
were food allergies or intolerances, alternative nutrition habitsjetermined in a subsample of 8 participants and ghrelin Wagg
smoking, chronic diseases, or regular use of medications. Thgeasured on the skipping days only). The brst blood sample &t
CONSORT (Consolidated Standards of Reporting Trials) Bow700 was taken in a fasting state. After lunch on the skippings
chart shows the passage of participants through the different stageg/s, blood was sampled every 30 min for 2 h for the de-m

of the present trial, includip enrollment, allocation to the termination of glucose and insulin concentrations as well as for
interventions, and analysiS{pplemental Figure 1). Thirteen the assessment of immune cell activity.

participants were regular breakfast eaters and 4 were occasional

breakfast skippers. The terms Obreakfast eatersO and OskippersO

were not further debned to participants or by investigators. THgCntrol of energy intake and physical activity
study protocol was approved by the ethics committee of the During the whole study period participants all foods wereo
Medical Council of Baden-\titemberg, Germany. The trial was provided from the Institute of Nutritional MedicineOs metabollcC

Study population
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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 prgesearch-grade instrumentation is accurate to 0.001% for mass
vided food, water, and unsweetened tea and to refrain fromirlBow (liters) and oxygen and carbon dioxide concentrations.
vigorous physical activity. During the brst 2 d of the 3-d run-inMoreover, water vapor pressure (kilopascals) of the sample gas
period, participants ate ad libitum and leftovers were backstream was measured directly to 0.001 kpa and used to contin-
weighed to calculate dietary intake. On the other study daysiously correcVO, andVCQO,, along with mass airBow (liters).
all of the provided food was consumed and participants wer€his eliminates the need for any type of desiccant to dry the
required to remain sedentary. Macronutrient composition wasample gas stream during metabolic measurements. The lack of
kept constant throughout the entire study period and for eadatesiccants eliminates any potential errors due to incomplete
meal. On intervention days, participants received the same foadmoval of moisture before analysis of sample gases and mass
items on each day. Individual diet composition was calculatedir3ow (14). Data acquisition and processing were performed
by using Prodi6 software (Wissenschaftliche Verlagsgeselafter completion of each metabolic test by using Sable Systems
schaft). Energy intake was based on individual energy reExpeData software (Sable Systems International).
quirements to obtain energy balance. Skipped meals were Mean values were obtained from minute-to-minute intervalso
therefore compensated for by an equally increased energy cofe correct the measured RQ for protein oxidation, nonprotein R
tent of the other 2 meals on this day (equal energy content ghpRQ) was calculated by using nitrogen excretion in 24-h urineg
both remaining meals). On the control day, each of the 3 mealdacronutrient oxidation was computed accordingequier and 2
had the same energy content. Individual energy requirement w&elber (15). During the stay in the respiratory chamber, 24-i
calculated on the basis of resting metabolic rate measured lyine samples were collected in polyethylene containersS
open-circuit indirect calorimetry on the morning after an overNitrogen excretion in 24-h urine was calculated from photo-=
night fast (ventilated hood system, Quark RMR; COSMED)metrically measured urea concentration, and obligate nitrogeﬁ
before the study period and multiplied by a physical activitylosses by feces and skin were assumed to be +2.5 g N/d (lﬁ)su
level of 1.35 as estimated for the days in the respiratory chamber. Energy expenditure for 24 h was calculated fraf, and
Physical activity was continuously measured by using a triaxia? CO, and nitrogen excretion to correct for protein metabolism
activity monitor (ActivPAL; Paltechnologies Ltd.).The time spentby using the Weir equation (3.94% VO, + 1.106 X VCO, —
sitting or lying, standing, and stepping and the step numbers wePel7 X g urinary nitrogen) (17). Twenty-four-hour npRQ and
analyzed. The ActivPAL was worn at the midline of the thigh,24-h macronutrient oxidation were assessed from 0600 to 0608
one-third of the way between the hip and knee and bxed withn the following day. Macronutrient and energy balance wasy
a waterproof tape according to the recommendation of thdetermined by subtracting macronutrient oxidation and energg
manufacturer. expenditure from the respective intake. On 2 days, technicak
problems with the power supply occurred. The respiratoryz
chamber data for these 2 participants were excluded for all days
because of the crossover study design with intraindividual
Examinations took place before the 3-d run-in period after anomparisons. FFAs were measured photometrically, and total
overnight fast. Height was measured with a stadiometer (Seé¢dJC (tAUC) was calculated for 14 h (0700D2100).
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-displaceméhisessment of glucose metabolism and hormonal
plethysmography via the BodPod Body Composition Syster{peasurements
(COSMED). Fat mass index (FMI) was calculated as fat mass Interstitial glucose concentrations were measured contlnuouslg
divided by the square of height (kgfn by using the Dexcom G4 glucose-monitoring device (Dexcom Gdg
Platinum; Nintamed GmbH & Co. KG) during the entire room- 5
calorimeter phase. The sensor was applied to the back of tH%a
upper arm to measure interstitial glucose concentrations in thg
subcutaneous tissue. Sensor readings were reported every 5 nfin.
The 2 respiratory chambers at the Institute of NutritionalThe device was calibrated twice a day by using capillary blood”!
Medicine at the University of Hohenheim measure 8 and samples. AUC was calculated as tAUC for the entire interventior§
have a total volume of 21,000 L (D&S Consulting Servicesdays (0600D0600) by using trapezoidal rule (18). Glucose varjs
Inc.). They are furnished with a day bed, chair and desk, conability was assessed by the Mean Amplitude of Glycemic Ex-5
puter with Internet access, telephone, toilet, and sink. Air locksursions (MAGE) (19) by using a published macro (20).
are used for the exchange of food and equipment. Macronutrient Glucose was measured with the use of a hexokinase method, and
oxidation was determined by measuring oxygen consumptioserum insulin was determined by electrochemiluminescence. In-
(VO,) and carbon dioxide productio’/CO,) continuously by cremental AUC (IAUC) was calculated by using trapezoidal rule
the Promethion (model GA-3mR(-250) integrated whole- (18)for 2 h postprandially after lunch on BSD and DSD. HOMA-IR
room indirect calorimeter syem (Sable Systems Interna- (21) and the postprandial homeostasis model assessment index
tional). This was accomplished by Rowing a bxed 80 L fresfHOMApp) after lunch (22) on BSD and DSD was determined.
air/min through the metabolic chamber and obtaining a sample Postprandial iIAUCs and HOMApp after lunch were only
on the exhaust side of the system for measurement of oxygessessed on BSD and DSD because of the smaller energy content
and carbon dioxide concentrations (%). The rates of oxygeaf lunch on the control day. Twenty-four-hour insulin secretion
consumption and carbon dioxide production were then calwas obtained by 24-h urinary C-peptide excretion by using the
culated by using equations derived by Brown et al. (13). Théuminescence immunoassay method.
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Body-composition analysis
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Twenty-four-hour energy expenditure and substrate
oxidation
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Cortisol secretion was determined by luminescence immuStatistical analyses
noassay, and tAUC was calculated for 22 h (070090500). GhrellnTogether with total energy expenditure, fat oxidation was the

was examined by radioimmunoassay, and tAUC was calculatgglimary outcome variable of the study. It was therefore used for

for 14 h (070092100). power analysis. According to the main hypothesis, fat oxidation
was compared between BSD or DSD and the control day. Power

SNS activity and autonomic function analysis was conducted by using G-Power 3.1.9.2 software

Heart rate variability (HRV) was assessed in a continuouVitten by Faul F.,, University of Kiel, Germany) and a 2-sided
electrocardiographic (ECG) recording by using an autonomiteSt for difference between 2 dependent means andlauel of
nervous system recorder (ANS-Recorder Flex BT; Neurocor Ltd. .05. Means* SDs for fat oxidation (61'_9i 4.6_gld) were
Co. KG). Measurements wer@mducted in a sitting position for 2aS€d on the data of Munsters and Saris (6). To show a 6%
5 min every 2 h throughout the intervention days and every 30 mififférence in fat oxidation with a power of 80%, a total sample
after the scheduled meal time for 2 h, even when the meal wa¥?® ofn =13 was requ_lred. Data are _rep_orte_d as mearSDs
skipped. ECG recordings were made under a nonstressful situatijfless otherwise specibed. Normal distribution was checked by
that we debned as quietly resting in an armchair in the respiratofy?! M0gorov-Smirnov test. Repeated-measures ANOVA was
chamber with dimmed lighting. The ECG signal was inspected fo sed to examine differences in the varla_bles of energy and
artifacts and analyzed by using corresponding NeurocorV R Soﬁnacronutrlgnt balance,_ glucose meta_bollsm, HRV data, a_n@
ware (ANS-Explorer V3.5.11; Neurocor Ltd. & Co. KG). Time- catecholamine and cortisol concentrations between the 3 ing
domain variables included the SD of normal-to-normal intervald€rvention days. Signibcant effects were followed with pairwise2
(SDRR; a global measure of overall HRV) and the root-mean-squaFerpf_ar'S_onS and I_30_nferr_0n| post hoc tests. D|f_ferences bet\(ve%"l
difference in successive normal-to-normal intervals (RMSSD; € SkiPping days in insulin, glucose, and ghrelin concentrations:
measure of parasympathetic activation). As a marker of synjVere analyzed by pairedtest, and WilcoxonOs test was used ifg
pathovagal balance, the ratio of low frequency (LF; 0.04D0.15 H ata were n_ot distributed normally. Se_x d|fferences in baseling
to high frequency (HF: 0.15D0.4 Hz: LF:HF) was analyzed(.: aracte_rlstlcs were analyzed by using mdependent-sampl?is
Adrenaline and norepinephrine excretions in 24-h urine werk t€st: Differences between regular breakfast eaters and occg-

measured by using liquid chromatographyBmass spectrometry.s'onal bregkfast skippers as well as betweeq participants with?
low and high FMI were tested by Mann-Whitnéy test. Cor- 3

relations between npRQ and C-peptide, FFA tAUC, RMSSD%
. . ) L adrenaline, or norepinephrine as well as correlations betwee§

To investigate if breakfast skipping changed the réy; p energy expenditure and adrenaline or norepinephrine were
sponsiveness of peripheral leukocytes, we used standardized fyllso 4 1y Spearmang@and included the data for all intervention @
blood assays. These overcome limitations associated with t ys. Cytokine data were tested by using ANOVA with Tukey6§
classical analysis of cell subpopulations and are highly reliablﬁost hoc test and were analyzed and visualized by using GraphPad
and reproducible and less prone to contamination and variability i1, 7.0 (GraphPad Software). All other analyses were conduct@

than the analysis of isolated blood cells (23). by using SPSS statistical software (version 23; SPSS, Inc.). Sig?
Heparin blood samples were collected before and 30 min, 1 Bincance was set & < 0.05.

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 mitogenRESULTS
phytohemagglutinin (Sigma-Aldrich) and the NOD-like receptor Baseline characteristics of the study population are shown i
protein 3 (NLRP3) inBammasome activators LPS and nigericirfable 1. Eight women and 9 men aged 20D31 y participated in
(both from Invivogen). Cytokine release into the supernatant wagis study. BMI (in kg/nf) and percentage of body fat mass o
measured by ELISA (IL-6 Duo Set; R&D Systems, Bio-Techne}anged between 18.3 and 35.0 and 7.4% and 33.9%, respectively.
and AlphaLISA [IL-18, interferon y (IFN-y); PerkinElmer],  According to WHO criteria, 3 participants were overweight, 2 o
according to the manufacturersO protocols. Measurements Wgige obese, and 1 was underweight. 2
conducted on an Enspire Multimode reader (PerkinElmer). Dividing men and women into 2 groups according to [heirg
To analyze the effect of insulin on blood cells, blood of 1 donoimean FMI showed that there were no differences in meaf
was either incubated for 1 or 2 h with 100 or 200 insulin/mL  skippingbinduced changes between the 2 groups in postprandial
before cells were stimulated with 30y phytohemagglutinin/mL  glucose iAUC, insulin iAUC, and HOMApp after lunch; 24-h ©
or mock-treated for 16 h. Subsequently, IL-6 release into thg|ycemia; C-peptide excretion; 24-h energy expenditure; or fat
medium was measured by ELISA (IL-6 Duo Set; R&D Systemsgxidation. However, our study was not powered to detect dif-
Bio-Techne). ferences between participants with lower and higher FMI.

T cell composition of the peripheral blood was analyzed byrherefore, these analyses should be interpreted with caution.
Buorescence-activated cell sorting staining with CD45-Peridinin-

Chlorophyll-protein, CD3bRuorescein isothiocyanate, CD4- .

Phycoerythrin, and CD8-Allophycocyanin (all from Miltenyi EN€rdy and macronutrient balances

Biotec) by using a FACSCanto (BD) device. BrieRy, erythrocytes Energy intake (kilocalories) was similar by design for the 3
were lysed (BD FACS Lysing Solution), leukocytes were washethtervention daysTable 2). Twenty-four-hour energy expendi-
with Buorescence-activated cell sorting buffer (phosphate-buffergdre (kilocalories) was higher on both skipping days than on the
saline with 2% fetal calf serum, 2 mmol EDTA/L, and 0.01%control day. Energy balance (kilocalories per day) on the control
sodium azide) and stained with the antibodies. day was therefore slightly positive and differed from that on the

Postprandial inflammatory responses in blood cells
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TABLE 1 o _ carbohydrate oxidation was lower on BSD, whereas both vari-
Baseline characteristics of the study population ables did not differ from the control on DSD. FFA tAUC was

Women Men Total higher on BSD and DSD than on the control day. No association
(n=19) (n=18) (n=17) p? was observed between FFA tAUC and 24-h npH@gure 2
Age, y 237+ 25 256+ 39 246+ 33 NS shows the probles of 2.4-h fat arjd garbohydrate oxidation. Even
Height, m 164+ 0.06 183+ 008 173+ 011 <0.001 after lunch, postprand.|al fat ox[datlon on the BSD (1285
Body weight, kg 57.7- 7.9  88.0+ 17.3 71.9+20.1 <0001 4-37 9/2hor 0.1 g/min) was higher than on the control day
BMI, kg/m? 212+ 19 26.6+ 52 23.7+ 4.6 0.022 (9.64* 4.14 g/2 h or 0.08 g/mir? > 0.001) or on the DSD (9.92
FMI, kg/m? 57+ 1.6 6.2+ 3.6 6.0+ 2.6 NS 4.67 g/2 h or 0.08 g/minP > 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 signibcantly differ

from that on the control day. Protein oxidation and balance werey
skipping days. However, physical activity did not differ between, i, similar between all intervention days.
the skipping days and the control day (number of stepsNBSD:

655 + 247; DSD: 710+ 238; and control: 644~ 207 steps/d; L .
time spent sitting or lyingRBSD: 22.3- 0.7; DSD: 22.1+ 1.1;  mpact of meal skipping on autonomic nervous system
and control: 22.3+ 0.8 h/d; time spent standingNBSD: 1.5  activity
0.7; DSD: 1.7+ 1.0; and control: 1.6+ 0.8 h/d; time spent Although 24-h adrenaline and norepinephrine excretion did no_?,
steppingNBSD: 0.2+ 0.1; DSD: 0.2+ 0.1; and control: 0.2  differ between the intervention days, signibcant differences ilﬁ
0.1 h/d; alln = 15; P > 0.05). diurnal autonomic nervous system activity were shown by heart ratg:
No difference in fasting npRQ was observed between the @onitoring, with a higher RMSSD in the morning with breakfastm
intervention days (BSD: 0.82 0.04; DSD: 0.81+ 0.05; con-  skipping than with dinner skipping (data not shown). Overall HRVg
trol: 0.83 £ 0.05; P > 0.05). Components of macronutrient was higher on the BSD than on the DSD (SDRRs. 0.05) butnot &
balance are presented in Table 2. Macronutrient intake wa®mpared with the control day (Table 2). Mean parasympatheu@
similar between the 3 intervention days. When compared wittone (RMSSD) and mean sympathovagal balance (LF:HF) did nog

1Values are means SDs. FMI, fat mass index.
2P values for sex differences testbyl using independent-samplegest.

01} PBPEOJUMO

the control day, 24-h fat oxidation was higher and 24-Hdiffer between the intervention days (bdth> 0.05). 937
S
TABLE 2 %.
Comparison of the components of energy and macronutrient balance and SNS activity between BSD, DSD, and the 3- %
meal controt S
(2]
Control BSD DSD §
Energy balancé kcal/d §
Energy intake 2283 487 2248+ 486 2249+ 486 g
24-h Energy expenditure 2154 441 2195+ 461** 2245 + 463*+* 5
Energy balance 136 158 53+ 143*** 5 & 130*** a
Macronutrient intaké, g/d N
Fat 75+ 17 74+ 16 74+ 16 3
Carbohydrate 307 67 303+ 66 303+ 66 3
Protein 84+ 18 83+ 18 83+ 18 4;
Macronutrient oxidation -
24-h npR(j 0.85* 0.05 0.83* 0.05** 0.84 = 0.05 S
24-h Protein oxidatioR,g/d 81+ 18 86+ 17 84+ 20 @
24-h Carbohydrate oxidatighg/d 237=* 60 205+ 53* 233+ 56 S
24-h Fat oxidatiorf, g/d 97+ 45 110+ 46*** 106 + 48 5
tAUC FFAs, mg/dLX 14 h 79+ 21 163 £ 32*** 136 *+ 36*** =
Macronutrient balancég/d 3
Fat balance —22 *+ 33 —36 = 33%** —-32=* 35 B
Carbohydrate balance 70 70 97 + 78* 69 + 76 o
Protein balance Fx 22 -3x14 -1+x21
SNS activity
Adrenaline,ug/d 11+ 3 10+ 3 10+ 3
Norepinephrineug/d 37+ 13 44+ 12 44+ 14
SDRR, ms 55+ 15 59+ 18 53+ 14t
RMSSD, ms 38+ 16 41+ 19 36+ 14
LF:HF2 ms 2.8+ 3.1 27+ 25 24+ 21

1Values are means 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.'DSD 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.

2n=15.
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FIGURE 2 Twenty-four-hour fat oxidation (A), carbohydrate oxidation (B), and energy expenditure (C) for control, BSD, and DSD greups)( &
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 oxidatitns ar;ﬂi 2
energy expenditure are reported in Table 2. BSD, breakfast skipping day; CHO, carbohydrate; DSD, dinner skipping day. o>
<
«Q
c
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Twenty-four-hour npRQ showed a positive correlation withmonitoring data), and glucose variability (MAGE) as well as 2
parasympathetic tone € 0.52,P < 0.001) and an inverse as- 24-h insulin secretion (24-h C-peptide excretion) were all similars
sociation with norepinephrine excretion£ —0.46,P = 0.002; between the intervention days. However, when compared witfn
Supplemental Figure 2A). A higher norepinephrine excretion dinner skipping, breakfast skipping resulted in higher postprandie@:
also correlated with a higher 24-h energy expenditure Q.41, iAUCs of glucose and insulin as well as a higher HOMApp after?,
P = 0.005; Supplemental Figure 2B). lunch. No correlation was observed between C-peptide and 24@
npRQ. Cortisol tAUC and 24-h cortisol proble did not differ
between intervention days (control: 174 57; BSD: 181+ 45;

. : . , , DSD: 156+ 40 pg/dl X 22h; P > 0.05).
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 DSBigure 3).

Impact of meal skipping on appetite regulation

Impact of meal skipping on postprandial inflammatory
response in blood cells
Impact of meal skipping on 24-h and postprandial glucose

; . . Mitogenic stimulation of full-blood cultures for 16 h with
metabolism and cortisol concentrations

phytohemagglutinin signibcantly induced the secretion of the
Variables of fasting and 24-h and postprandial glucose meproinBammatory cytokine IL-6 in fasting blood. When com-

tabolism are shown inTable 3. Fasting insulin sensitivity paring the kinetics of the response toward the fasting condition, a

(HOMA-IR), 24-h glycemia (tAUC by continuous glucose reduction in IL-6 release in blood drawn within 1 h after the lunch
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FIGURE 3 Proble of ghrelin concentrations (A) and comparison of tAUCs (B) between BSD and ©SB) Values are means SDs. **P < 0.01
(pairedt test). BSD, breakfast skipping day; DSD, dinner skipping day; tAUC, total AUC.

peojumoq

was observed, which was signiPcant for 30 min (BBB: 0.0001; lymphocytes was observed (data not shown), which strongl®
DSD: P = 0.0038). By contrast, at later time points, and signiPsuggests that the changes in the cytokine concentrations gh
cantly at 4 h postprandially (BSI® < 0.0001; DSDP =0.0013), phytohemagglutinin stimulation were due to changes in the cell3
the cells were more responsiteward phytohemagglutinin intrinsic signaling pathways.
(Figure 4A). When comparing BSD with DSD, IL-6 responses We also tested if insulin might be directly responsible for thls\
were signibcantly higher at 4 &fter lunch when the partici- effect by treating blood from a fasting donor at different times ford
pants did not receive a breakfaft£ 0.0042). An overall similar =4 h with human insulin before stimulating the cells with &
postprandial response was obtained for the T cell cytokine4FN- phytohemagglutinin. This did not result in any signibcant%
albeit no signibcant differences between BSD and DSD werehange in IL-6 secretionS(pplemental Figure 3). Moreover, @
shown (Figure 4A). the kinetics of insulin concentrations did not correlate with theZ
Because food intake was shown to induce a higher releasesponsiveness of the leukocytes, suggesting that insulin alone $s
of IL-18 on NLRP3 stimulation in human peripheral blood not the responsible stimulus for the change in the postprandi@
mononuclear cells and monocytes 3 h postprandially (24), wienmune response.
decided to include the NLRP3 inffammasome activator nigericin
(+LPS) in our study for a subsample of the study group. Sig-
nibcantly higher IL-B responsesR = 0.0246) were observed DISCUSSION
4 h postprandially with breakfast skipping, whereas this differ- Contrary to our primary hypothesis, breakfast and dinner
ence was not signibcant with dinner skipping (Figure 4B). Notablyskipping led to a small but signibcant increased 24-h energy
for all responses, we observed a trend toward lower cytokine rexpenditure (+41 and +91 kcal/d) compared with a conventionaf
lease from blood cells drawn at earlier time points (30 min to 1 h3-meal pattern and thus improved energy balance under condi
which was signibcant in some cases. tions of Pxed energy intake. Our results are in contrast to previoqg‘ﬁ3
Next, we addressed whether differences in the abundance afntrolled studies that used metabolic chambers, which found n§
lymphocyte populations explained our observations becausg#fect of breakfast skipping on energy expenditure compare
these were reported to occur after food intake (25D27). With a conventional 3-meal pattern (8) or a high consumption%
therefore measured T cell composition of the peripheral blooftequency of 6 (5) or 7 (4) meals. The discrepant results may bg
used for the stimulation assays from 2 representative donors. Nioe to methodologic differences between the studies. Taylor and
signiPcant change in the proportion of CD8&ells from total Garrow (5) examined overweight and obese subjects unde

e

1OBNISOe-9[o1R/ud

o
5
=
(6]
TABLE 3 o
Comparison of the fasting, 24-h, and postprandial glucose metabolism variables between the skipping days and the 3-meal a
controft N
2
Control BSD DSD ©
HOMA-IR? 1.96 + 0.82 2.07+= 0.91 1.96+ 1.05
24-h Glycemi.’gwc,2 mg/dL X 24 h 2360+ 111 2425+ 131 2374+ 165
MAGE? 3.90+ 1.32 3.65+ 1.52 3.28+ 1.75
C-peptide’ pug/d 74+ 38 86 = 40 75+ 42
Postprandial variables after lunch
IAUC insulin, pU/mL X 2 h N 211 = 74 144+ 74**
iAUC glucose, mg/dLXx 2 h N 114 + 41 62 = 40%*
HOMApp i 59 * 44 27 = 23

1Values are means: SDs;n = 17. **P < 0.01 (WilcoxonOs test); *® < 0.001 (pairect test). BSD, breakfast

skipping day; DSD, dinner skipping day; HOMApp, postprandial homeostasis model assessment; iIAUC, incremental AUC;
MAGE, mean amplitude of glycemic excursions; tAUC, total AUC.

2Repeated-measures ANOVA with Bonferroni adjustments was used.
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FIGURE 4 Cytokine responses in the fasted and postprandial state. (A) iL=616; upper panels) and IFM<(n = 10; lower panels) cytokine release
from human blood cells after stimulation with 1Ay phytohemagglutinin/mL for 16 h. Blood was sampled in the fasted state (preprandial) and at indicafgd
time points after lunch (postprandial). The cytokine response for each time point is shown as a percentage compared with the fasted state anddvas riieasu
after a normal breakfast on DSD (left panels) or BSD (middle panels). The comparison between the kinetics of the cytokine response after BSD hnd aShorm:
breakfast is shown in the right-hand panels. Values for the dot plots are me&tMs; the box-and-whisker plots show medians with upper and IoweH
quartiles, with the maximum and minimum values represented by the whiskers. (B ¢ytakine release from human blood cells after stimulation with 1 ng <_.
LPS/mL for 16 h followed by stimulation with &mol nigericin/L for 1.5 h (NLRP3 inBammasome activation). Blood was sampled in the fasted staie
(preprandial) and at indicated time points after lunch (postprandial). The cytokine response for each time point is shown as a percentage tbrtigared @i
fasted state and was measured after a normal breakfast on DS left panels) or BSDn(= 12; middle panels). The comparison between the kinetics of2
the cytokine response after BSD and a normal breakfast is shown in the right-hand panels. Values for the dot plots areSh&ésghe box-and-whisker ©
plots show the medians with upper and lower quartiles, with the maximum and minimum value represented by the whiskers. Statistical testimpéesdiffer
between indicated groups was performed by using ANOVA with TukeyOs post hoc teBtind.B5, **P < 0.01, **** P < 0.0001. BSD, breakfast skipping
day; DSD, dinner skipping day; hIFWN; human IFNy; hIL-6, human IL-6; hIL-13, human IL-13; NLRP3, NOD-like receptor protein 3; PHA,
phytohemagglutinin.

negative energy balance, and Kobayashi et al. (8) investigatedrathe present study, the timing of meal skipping was important

small number of participants who had higher 24-h glycemidor inducing a change in macronutrient partitioning, because

with breakfast skipping; in the study by Verboeket-van dehe increase in 24-h fat oxidation and the corresponding

Venne and Westerterp (4), RQ and energy expenditure weregative fat balance was signibcant only for breakfast skipping
calculated over 3-h intervals only. However, in both of the lattebut not for dinner skipping.

studies breakfast skipping was found to increase fat oxidation Both breakfast and dinner skipping led to a longer duration of

during the prolonged fasting period until the bPrst meal at 120Ghe overnight fasting period. Prolonged fasting can be considered
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to be a state of stress that leads to increased adrenergic activityfat oxidation (data not shown). An additional limitation of the
and thus to higher lipolysis and increased energy expenditupresent study is the fact that only responses to the brst day of
(28). In line with this bnding, concentrations of FFAs (Table 2)oreakfast skipping or dinner skipping were measured and there-
and 24-h energy expenditure were higher on both skipping day&re the metabolic consequences of habitual breakfast or dinner
Twenty-four-hour excretions of adrenaline and norepinephrinekipping remain unclear.
were, however, similar between both intervention days and the 3- In patients with type 2 diabetes, habitual breakfast skipping
meal control day. Nevertheless, we found that norepinephringas associated with a later chronotype (a preference for later bed
excretion inversely correlated with npRQ and positively with 24-hand wake times) that contributed to poorer glycemic control (33).
energy expenditure when data from all intervention days werA disrupted circadian clock provides a mechanistic explanation
combined. The individual propensity of meal skipping to increaséor the relation between a disturbed diurnal eating pattern and
norepinephrine concentrations could therefore explain the iralterations in glucose metabolism (34). Glucose metabolism is
terindividual variance in fat oxidation and energy expenditurehighly circadian (35) and depends largely on the timing and
In addition to the duration of fasting, the timing of energycomposition of nutrient ingestion. Because the body uses nutrier@
intake could also impact autonomic function and thus affecinput to set circadian rhythms (36), it is possible that both t|m|ng§
diurnal changes in substrate partitioning and energy expenditurand nutrient composition of the diet might be important for thes
In line with this assumption, later timing of breakfast and dinneprevention of metabolic disturbances.
has been found to cause a phase delay in the diurnal 24-h rhythmin line with impaired metabolic function with breakfast -
of cardiac autonomic nervous system activity assessed by HRSkipping, randomized controlled trials support higher glucoses
(29). Although autonomic regulation assessed by heart ratariability in lean subjects and impaired insulin sensitivity in =
monitoring differed between breakfast and dinner skippingbese participants who skip breakfast when compared with thosg
(Table 2) a higher SDRR with breakfast skipping arguesvho eat breakfast but found no effect on body weight or fat mas§
against a higher sympathetic tone and rather suggests improveder a 6-wk period (31, 37). In support of impaired glucoses
autonomic regulation with breakfast skipping. homeostasis with breakfast skipping, HOMApp and glucosé_D_
Lower 24-h insulin secretion due to a prolonged fasting periodoncentrations after lunch were higher with breakfast skippind;
with meal skipping could contribute to increased lipolysis-than with dinner skipping (Table 3). Compared with dinners
induced fat oxidation. However, although concentrations o$kipping, higher postprandial fat oxidation at lunchtime after8
FFAs and 24-h energy expenditure were higher with both of thbreakfast skipping occurred despite increased insulin conce
meal skipping days than with the 3-meal control day, 24-h insulitrations and suggests metabolic in3exibility after prolonged%
secretion did not differ between any of the intervention day$asting. The mitochondrial capacity to switch freely between:_
(Table 3). Of note, insulin excursions rather than cumulative 24-bxidative fuels in the transition from fasting to feeding is &
insulin secretion are more important for the regulation of nutrientherefore lost (38). In a healthy, metabolically Rexible state, the
partitioning. Although a high frequency of 6, compared with 3,consumption of a high-carbohydrate meal results in an increase %1
meals was associated with lower 24-h insulin AUC, at the samiglood insulin concentrations and respiratory quotient, indicative2
time it caused a marked suppression in 24-h FFA concentration$ a robust shift from fatty acid to glucose oxidation. Increaseof§1
between meals. This was due to the fact that frequent eatirfgt oxidation, despite higher postprandial insulin concentrationss
prevents a decrease in insulin, which facilitates lipolysis (7). Iwith breakfast skipping, suggests the development of metabol@
addition, a low meal frequency resulted in elevated energy exnfRexibility in response to prolonged fasting that may |ncreasct
penditure during the postprandial hours, indicating a greatenetabolic risk over time.
contribution of DIT to 24-h energy expenditure (4). We also found that a longer fasting period with breakfastm
A limitation to our study protocol is that we cannot examineskipping increased inBammasome activity and |nr3ammator)§
the effects of meal skipping on voluntary energy intake. Althoughiesponses of peripheral leukocytes after lunch at later time poin{s
ghrelin concentrations were higher in the morning with breakfagtFigure 4). Our data thereby showed reduced inRBammatory a@:
skipping and in the evening with dinner skipping, we found ndivity at earlier times after food intake and higher responses af
differences in the AUC of 24-h ghrelin concentrations betweetater time points. Higher postprandial NLRP3-dependent 8.-1 =,
meal skipping days and the 3-meal control day (see Resultsjecretion has also been reported recently by others (24). Becaude
However, a compensation of a higher energy expenditure and fettironic low-grade inBammation is known to impair insulin %
oxidation by a higher spontaneous energy or fat intake under agnsitivity, enhanced postprandial inBammation could contribute
libitum conditions cannot be ruled out. Interestingly, a higheto metabolic impairment with breakfast skipping. It is known 5
meal frequency of 14 or 6 meals compared with 3 meals led tthat peripheral monocytes are activated after food intake and
increased ghrelin concentrations (6) and ratings of hunger arsgcrete more inBammatory cytokines than with fasting condi-
Odesire to eatO (6, 7). On the other hand, extending morniians (for review see reference 39), which might be even more
fasting until lunch caused incomplete energy compensation withronounced in diabetic patients (40). The underlying stimuli for
an ad libitum lunch (30, 31). Increased hunger and decreaséuis activation, however, remain largely elusive. The generation
satiety in response to breakfast skipping were found primarily inf reactive oxygen species by leukocytes (41) and higher gut
habitual breakfast eaters (32). This may suggest that the effectmicrobiotabderived LPS in the serum after feeding (42) have
meal skipping on appetite regulatory systems is enhanced been discussed as possible mechanisms. Most available experi-
habitual breakfast eaters. In the present study, no differencesental data, however, support that FFAs from macronutrient
were observed between regular breakfast eaters and occasiomptake might be responsible for postprandial infammation.
breakfast skippers on meal skippingbinduced changes in ghrelMthough some concepts are emerging, SFAs can activate Toll-
concentrations, glucose regulation, and 24-h energy expendituike receptor (TLR) 4 (43) and FFAs synergize with high glucose
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concentrations to amplify reactive oxygen species generatiori5.

and inBammatory responses mediated by TLR2/6 and myeloid
differentiation factor 2 (MD2)/TLR4 in vitro (44). Moreover, G
proteinbcoupled FFA receptors, such as GPR43, can induce in-
RBammatory 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 betweeyy

breakfast skipping and disturbed glucose homeostasis, which is

not explained by a positive energy balance. On the contrary, botA8.

breakfast skipping and dinner skipping increased total energ
expenditure. In conclusion, a causal role of breakfast skipping for
the development of obesity is not supported by the present data.
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