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ORIGINAL ARTICLE

Meal timing affects glucose tolerance, substrate oxidation and
circadian-related variables: A randomized, crossover trial
C Bandín1, FAJL Scheer2, AJ Luque3, V Ávila-Gandía3, S Zamora1, JA Madrid1, P Gómez-Abellán1 and M Garaulet1
BACKGROUND/OBJECTIVES: Timing of food intake associates with body weight regulation, insulin sensitivity and glucose
tolerance. However, the mechanism is unknown. The aim of this study was to investigate the effects of changes in meal timing on
energy-expenditure, glucose-tolerance and circadian-related variables.
SUBJECTS/METHODS: Thirty-two women (aged 24 ± 4 years and body mass index 22.9 ± 2.6 kg m − 2) completed two randomized,
crossover protocols: one protocol (P1) including assessment of resting-energy expenditure (indirect-calorimetry) and glucose
tolerance (mixed-meal test) (n = 10), the other (P2) including circadian-related measurements based on proﬁles in salivary cortisol
and wrist temperature (Twrist) (n = 22). In each protocol, participants were provided with standardized meals (breakfast, lunch and
dinner) during the two meal intervention weeks and were studied under two lunch-eating conditions: Early Eating (EE; lunch at
13:00) and Late Eating (LE; lunch 16:30).
RESULTS: LE, as compared with EE, resulted in decreased pre-meal resting-energy expenditure (P = 0.048), a lower pre-meal
protein-corrected respiratory quotient (CRQ) and a changed post-meal proﬁle of CRQ (P = 0.019). These changes reﬂected a
signiﬁcantly lower pre-meal utilization of carbohydrates in LE versus EE (P = 0.006). LE also increased glucose area under curve
above baseline by 46%, demonstrating decreased glucose tolerance (P = 0.002). Changes in the daily proﬁle of cortisol and Twrist
were also found with LE blunting the cortisol proﬁle, with lower morning and afternoon values, and suppressing the postprandial
Twrist peak (P o 0.05).
CONCLUSIONS: Eating late is associated with decreased resting-energy expenditure, decreased fasting carbohydrate oxidation,
decreased glucose tolerance, blunted daily proﬁle in free cortisol concentrations and decreased thermal effect of food on Twrist.
These results may be implicated in the differential effects of meal timing on metabolic health.
International Journal of Obesity (2015) 39, 828–833; doi:10.1038/ijo.2014.182

INTRODUCTION
The timing of food intake has recently been shown to associate
with body weight regulation, insulin sensitivity and glucose
tolerance.1–4 However, the mechanism is unknown. Indeed, these
observations appear to be independent of 24-h caloric intake and
self-reported activity levels.5 Meal timing has also been shown to
be able to affect the daily pattern in glucocorticoids and circadian
clocks in metabolic tissues such as adipose tissue, liver and
pancreas in animal studies.6,7 Differences in the response of wrist
temperature to meals have been observed between obese versus
normal-weight individuals8 and between low versus high weightloss responders.9 Thus, in the current investigation, we aimed to
study the inﬂuence of meal timing on resting energy expenditure,
diet-induced thermogenesis, substrate oxidation, glucose tolerance and measures related to the circadian system, including the
morning-evening cortisol difference and the daily proﬁle of wrist
temperature (Twrist), as possible mechanisms underlying the
differential effects of meal timing on metabolism.
Previous data have demonstrated that when experimental
animals eat food at the ‘wrong time’ they become obese, although
they apparently have the same energy intake.1,3,4 In humans,
experimental data under controlled in-laboratory conditions have
shown that a 12-h inversion of the fasting/fasting and sleep/wake
cycle (that is, including eating during the biological night and

fasting during the biological day) resulted in decreased glucose
tolerance.2 Also, more subtle changes in meal timing, that is, the
distribution of caloric intake across the normal wake episode,
appear to inﬂuence the success of weight-loss therapy.10
Moreover, in a longitudinal study performed in a Mediterranean
sample from Spain, we recently showed that the timing of the
main meal (that is, lunch in this particular population) was
predictive of weight-loss success during a 20-week dietary
intervention conducted in 420 obese and overweight individuals,
and that this effect was independent from total 24-h caloric
intake.5 Another relevant result from the same study was that
insulin sensitivity as estimated by HOMA-IR was lower in late
eaters as compared with early eaters.5
In animal experiments, it has been demonstrated that
behavioral activity and physiological changes anticipate daily
rhythmic food access. Some examples are anticipatory increases in
physical activity, changes in glucocorticoids and variations in body
temperature.7,11,12
Indeed, dramatic changes in food timing, such as daytime
restricted food access in nocturnal rodents, have been shown to
not only lead to accelerated weight gain and impaired glucose
tolerance, but also to internal desynchrony between the central
and the peripheral clocks.6 In fact, peripheral oscillators located in
metabolic tissues such as the liver and pancreas are synchronized
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by restricted food access, whereas the central circadian pacemaker, located in the suprachiasmatic nucleus, remains phaselocked to the light/dark cycle.6 This internal desynchrony has been
hypothesized to underlie the adverse effects of abnormal feeding
schedules. Also, in animals, the adrenal cortex has been shown to
contain peripheral oscillators that are critical for the daily rhythm
in glucocorticoid production.13 This raises the question whether
conﬂicting signals derived from the suprachiasmatic nucleus—
through both regulation of ACTH and the sympathetic innervations of the adrenal cortex—versus those from the peripheral
oscillators themselves, blunt the daily pattern in cortisol in
humans. Thus, the aim of this study was to investigate, in a
randomized, crossover study, the effects of changes in lunch
timing on: (i) metabolic measurements such as energy expenditure and glucose tolerance and (ii) circadian-related measures
such as the daily patterns of cortisol and skin temperature.
METHODS
Subjects
Thirty-two women aged 24 ± 4 years, with body mass index of 22.9 ±
2.6 kg m − 2, from a Mediterranean area in Spain (Murcia) were included in
the study in two separate protocols (Table 1). Ten women were involved in
protocol 1: age, 26 ± 4 years; body mass index, 22.54 ± 2.05 kg m − 2; body
fat percentage, 27.07 ± 6.10. In protocol 2, 22 women participated: age,
24 ± 4 years; body mass index, 23.19 ± 2.99 kg m − 2; body fat percentage,
25.61 ± 6.25. No signiﬁcant differences in age, body mass index and body
fat were found among women from both protocols (P40.05 in all cases).
Moreover, no signiﬁcant differences were found in the sleep characteristics
between Late Eating (LE) and Early Eating (EE) conditions in the
total population studied, that is, sleep onset (LE: 01:23 ± 0:58 h; EE:
01:21 ± 0:51 h; P = 0.790) and sleep duration (LE: 7:22 ± 1:01 h; EE:
7:31 ± 1:10 h; P = 0.580).
Participants fulﬁlled criteria previously established such as healthy
women with no endocrine, renal, hepatic or psychiatric disorders and who
were not using prescribed drugs or other pharmacologic treatment other
than oral contraceptives. All research methods and procedures were
performed in accordance with the Helsinki Declaration of Human Studies
and were approved by the Ethical Committee of the University of Murcia.
All participants signed an informed consent document.

Experimental design
The study was conducted in two randomized and crossover design
protocols (P1 and P2). Randomization was performed by the UMU staff
with block size 2 in a balanced design by a computer-executed software
(http://www.randomization.com). Subjects were instructed to follow their
habitual sleep patterns that were required to be the same across the
14 days for both meal timing intervention weeks within each of the
Protocols P1 and P2 (two weeks per protocol). In addition, they were
provided with standardized meals (breakfast, lunch and dinner) during
these same weeks. In both Protocol P1 and P2, participants were studied
under EE conditions (13:00 h) and LE conditions (16:30 h), in a randomized

Table 1.

Characteristics of the population
Total
population

Protocol 1

Protocol 2

Characteristics

n = 32
Mean

s.d.

n = 10
Mean

s.d.

n = 22
Mean

s.d.

P
(Protocol
1 vs 2)

Age (years)
Weight (kg)
Height (m)
BMI (kg m − 2)
Body fat (%)
Waist circumference (cm)
Hip circumference (cm)

24
61.22
1.63
22.93
26.17
76.16
100.53

4
8.11
0.06
2.64
6.11
6.65
6.62

26
61.17
1.64
22.54
27.07
73.75
99.70

4
8.37
0.05
2.05
6.10
5.65
7.36

24
61.26
1.63
23.19
25.61
77.68
101.05

4
8.23
0.07
2.99
6.25
6.95
6.31

0.159
0.978
0.661
0.554
0.565
0.146
0.623

Abbreviations: BMI, body mass index; s.d., standard deviation.

© 2015 Macmillan Publishers Limited

order, with a 1-week washout period between visits during which women
consumed lunch at their habitual time which was at 14:45 ± 0:33 h for P1
and 14:25 ± 0:09 h for P2 (mean ± s.d.).

General measurements in Protocol 1 and 2
Anthropometry. In both protocols (1 and 2), body weight was determined
in barefooted subjects wearing light clothes using a digital scale accurate
to the nearest 0.1 kg. Height was measured using a Harpenden digital
stadiometer (rank, 0.7–2.05). The subject was positioned upright, relaxed
and with the head in the Frankfurt plane. Height and weight measurements were obtained at the same time of day in the morning.
Total body fat was measured by bioelectrical impedance, using TANITA
TBF-300 equipment (Tanita Corporation of America, Arlington Heights, IL,
USA). Body fat distribution was assessed by the measurement of several
circumferences and skin folds in the upright position: waist circumference
at the level of the umbilicus and hip circumference at the widest
circumference over the greater trochanters.
Food intake. All subjects were given a controlled diet for two 7-day
periods to provide sufﬁcient energy for body weight maintenance, based
on the mean estimated energy expenditure from Harris Benedict with an
activity factor of 1.375 (1–3 days of physical activity per week). The total
daily energy intake was 1868 ± 234 Kcal per day; 50% of energy was
supplied by carbohydrate, 35% by fat and 15% by protein. The distribution
of energy during the day was: 25.8% for breakfast, 47.0% for lunch and
27.2% for dinner. Total energy intake and macronutrient composition were
determined using Grunumur (version 2.0, University of Murcia, Murcia,
Spain),14 a nutritional evaluation program, in conjunction with Spanish
food composition tables.
Sleep duration. Subjects were instructed to keep a sleep diary designed
by the Murcia University Chronobiology Laboratory.15 The following data
were obtained for every subject on a daily basis: time to bed, time of lights
off, nocturnal awakenings lasting more than 10 min, sleep offset, time the
subject got up. Sleep duration was calculated as the difference between
lights off and sleep offset.

Speciﬁc measurements
Protocol 1: Metabolic study. Protocol 1 included indirect calorimetry
measures and standardized mixed meal tests (Figure 1). All participants
initially selected completed Protocol 1 (n = 10) (Table 1). In both EE and LE
conditions, an identical test meal was provided during the indirect
calorimetry/mixed meal test experiment. The test meal was the same for all
subjects and consisted of typical Mediterranean food, including chickpeas
Madrid-style (440 g) (Nestlé Spain SA, Esplugues de Llobregat, Barcelona,
Spain) and a banana (180 g) with a total energy content of 777 kcal, 50% of
energy was supplied by carbohydrate, 35% by fat and 15% by protein.
Participants were required to ﬁnish the test meal within 30 min. Water was
freely available during the whole experiment.
Indirect calorimetry: Subjects arrived in the indirect calorimetry room
at the Catholic University of San Antonio at 11:30 h and stayed there until
20:00 h in a sedentary position, except for scheduled bathroom breaks,
under the following controlled conditions: temperature 23 °C and relative
humidity 52 ± 2%. Indirect calorimetry (Oxicon Pro/Delta, VIASYS Healthcare, Germany) was performed in subjects in a calm state, in a reclining
chair and after 30 min of initial rest. A facemask Triple V—highly precise
(Oxycon Pro/Delta) was used to capture gas exchange. They were
encouraged to keep silent and breathe normally during each measurement (20 min), and a total of four measurements were performed during
the 4 h and 20 min of experiment (Figure 1). Oxygen (O2) consumption
(ml min − 1) and carbon dioxide (CO2) production (ml min − 1) were
measured. From these determinations, the Respiratory Quotient (RQ) was
calculated and the derived Corrected Respiratory Quotient (CRQ) was
obtained after correction for the metabolism of proteins (see below, Urine
samples). Energy expenditure (kcal min − 1) values were obtained according
to the Weir equation.16,17 Carbohydrate (CHO; g min − 1) and fat oxidation
(F; g min − 1) were calculated from CRQ.
Urine samples: Urine was collected to measure urinary nitrogen by the
Kjeldahl method as an estimate of protein oxidation at two different
times on both calorimetry days. All urine was collected between 12:00 and
16:00 h, after having voided at 12:00 (container 1) and between 16:00 and
20:00 h (container 2). The containers of urine were kept on ice. Samples
were stored at 4 °C until a Buchi solution was added (BÜCHI Labortechnik
International Journal of Obesity (2015) 828 – 833
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Figure 1.

Protocol 1 (Metabolic study) for EE and LE conditions.

AG, Flawil, Switzerland). Protein oxidation was calculated by multiplying
the urinary nitrogen excretion (g per 4 h) of urine container 1 (in the EE
condition) or of urine container 2 (in the LE condition) by 6.25. No
signiﬁcant differences were found in urinary nitrogen excretion between
the two containers (P40.05). To obtain g min − 1, the protein concentration
was divided by 240 min (4 h).
Glucose tolerance (mixed meal test): Whole-blood glucose concentration was determined during the calorimetry experiment (see Figure 1).
Glucose was assessed a few minutes before the test meal (LS) and every
30 min after the meal test: T30, T60, T90, T120, T150 (Figure 1). Blood
glucose test strips were analyzed using Radiometer ABL 90 series
(Radiometer Medical ApS, Copenhagen, Denmark). Area under the curve
above baseline (AUC) for glucose for the ﬁrst 150 min after the mixed meal
was calculated with the trapezoid method.18
Protocol 2: Circadian-related study. Protocol 2 included assessments of the
daily patterns of cortisol and Twrist. All the participants initially selected
completed Protocol 2 (n = 22) (Table 1).
Wrist temperature: The daily rhythm in Twrist was assessed continuously for 7 days using a temperature sensor (Thermochron iButton
DS1921H, Dallas, Maxim, WI, USA) with a sensitivity of 0.1 °C and a sample
rate of 10 min. It was attached to a double-layered cotton sport wristband,
and the sensor surface was placed over the inside of the wrist on the radial
artery of the non-dominant hand, as previously described by Sarabia
et al.15 The information stored in the iButton was transferred through an
adapter (DS1402D-DR8; IDC, Madrid, Spain) to a personal computer using
iButton Viewer v.3.22 (Dallas Semiconductor MAXIM software provided by
the manufacturer (Whitewater, WI, USA)). Data were recorded during the
month of March, with outdoor temperatures averaging 21.3 °C (data
obtained from the Meteorology National Agency, AEMET).
From the Twrist measures, the second-harmonic power (the power of the
12-h rhythm) was calculated using an integrated package for time-series
analysis, ‘Circadianware’.19
Salivary cortisol: Saliva for cortisol measurements was collected on the
sixth day of both the EE and LE conditions, using the Salivette system
(Sarstedt, Barcelona, Spain).20 Samples were obtained in the morning
(09:00 h), before either the early or late lunch time (13:00 h), and before
bedtime (23:00 h). Cortisol was measured by radioimmunoassay (IZASA,
Barcelona, Spain) with a detection limit of 0.2 nmol l − 1. The intra- and
interassay coefﬁcient of variances was 4.0% for levels above and 10.0% for
levels below 0.4 nmol l − 1. All samples were maintained refrigerated at 4 °C
until assaying.
Statistical methods in protocols 1 and 2
Analyses of data: Those variables that displayed a non-normal
distribution were log-transformed. Student’s t-test was used to analyze
possible differences in the general characteristics of the population
between P1 and P2 (Table 1). Moreover, to study statistical differences
between EE and LE for sleep variables (onset, offset and duration), a paired
t-test was performed. To assess statistical differences between EE and LE in
International Journal of Obesity (2015) 828 – 833

glucose control and indirect calorimetry patterns and in daily patterns of
cortisol and Twrist, repeated measures of analysis of variance was
performed. When statistical differences were found, a paired t-test was
applied to identify differences between EE and LE conditions for each time
point of measures. The fasting values for glucose, glucose AUC and fasting
measures from indirect calorimetry were compared between the EE and LE
conditions by paired t-tests. In energy expenditure, CRQ and substrate
oxidation, each timing point represents the mean value of each 20-min
continuous assessment.

RESULTS
Our results of indirect calorimetry showed that resting energy
expenditure prior to the meal was affected by meal timing, with
lower values in the LE than in the EE condition (LE: 1.07 ± 0.13
kcal min − 1; EE: 1.12 ± 0.14 kcal min − 1; P = 0.048). However, no
signiﬁcant differences were found in postprandial energy expenditure (Figure 2a).
Interestingly, LE resulted in a signiﬁcantly lower pre-meal
baseline CRQ (C0; LE: (Mean ± s.d.) 0.75 ± 0.50; EE: 0.82 ± 0.08;
P = 0.0002; Figure 2b). Related, LE resulted in a different proﬁle of
CRQ following the meal (analysis of variance; P = 0.019), with a
signiﬁcant difference at the 90-min measurement (C2; LE: 0.82 ±
0.36; EE: 0.85 ± 0.07; P = 0.030). These changes reﬂect a signiﬁcantly lower utilization of carbohydrates at pre-meal baseline
in LE versus EE (0.038 ± 0.38 g min − 1 versus 0.089 ± 0.49 g min − 1
P = 0.006; Figure 2c).
Postprandial glucose AUC was signiﬁcantly increased in the LE
condition compared with the EE condition (LE: 102.6 ± 30.8
mmol l − 1 × h; EE: 70.0 ± 32.9 mmol l − 1 × h; P = 0.002). In fact, LE
increased AUC by 46% as compared with EE. Signiﬁcant
differences between LE and EE were also obtained in glucose
concentrations at T90 and T120 (P = 0.035 and P = 0.031,
respectively; Figure 3).
The daily patterns of cortisol were also affected by meal timing
(P = 0.041; Figure 4), with a blunted daily cortisol proﬁle in the LE
condition compared with the EE condition because of signiﬁcantly
lower morning (LE: 22.11 ± 10.50 nmol l − 1; EE: 33.39 ± 17.42 nmol l − 1;
P = 0.001), and afternoon values (LE: 13.32 ± 5.39 nmol l − 1;
EE: 17.97 ± 6.92 nmol l − 1; P = 0.012), whereas values were similar
at night (LE: 8.42 ± 5.63 nmol l − 1; EE: 8.87 ± 9.68 nmol l − 1; P = 0.85).
Figure 5 represents the average daily pattern of wrist temperature
derived from 7 days of continuous recordings. Data indicated that LE
resulted in changes in the Twrist pattern with a signiﬁcant lower
second-harmonic power (LE: 1.17 ± 0.72 °C; EE: 1.78 ± 1.23 °C;
P = 0.041). Further detailed analysis conﬁrmed these results, with
© 2015 Macmillan Publishers Limited
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Figure 3. Effect of meal timing on glucose control. Glucose was
assessed a few minutes before the test meal (BG0) and every half
hour after the meal test (see Figure 1). Area under the curve above
baseline (AUCs) for glucose for the ﬁrst 150 min after the mixed
meal was calculated with the trapezoid method.18 Decimal
logarithms were used for AUC and paired t-test was used to
evaluate AUC. *, signiﬁcant differences between EE and LE (Po 0.05).

Figure 4. Effect of meal timing on cortisol proﬁles. Salivary free
cortisol values during the day (at 9:00, 13:00 and 23:00 h) in the two
conditions: EE and LE; signiﬁcant differences between EE (grey line)
and LE (black line) were calculated by two-way ANOVA with repeated
measurements (ANOVArm).When statistical differences were found by
repeated measurements analysis, a paired t-test was applied at each
timing point (*Po0.05). B, breakfast; L, lunch; D, dinner.

signiﬁcant differences between both meal timing conditions in the
postprandial timing period towards an attenuation of the postprandial increase of Twrist in LE as compared with EE (Figure 5 and
Supplementary Figure 1).

oxidation, decreased glucose tolerance, blunted daily proﬁle of
free cortisol concentrations and decreased thermal effect of food
on Twrist.
Previous results of our group demonstrated that eating late was
predictive of decreased weight-loss success during a 20-week
intervention, although no signiﬁcant differences were found in
energy intake and estimated energy expenditure between the late
and early eaters. Two potential limitations could be implicated in
these results; one that this was an observational study and second
that we estimated energy expenditure using the Harris–Benedict
formula and self-reported physical activity (MET scores). We could

DISCUSSION
The results of this interventional study show that delaying the
timing of an identical meal for a week resulted in decreased
resting energy expenditure prior to the meal, unchanged
postprandial energy expenditure, decreased fasting carbohydrate
© 2015 Macmillan Publishers Limited
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not exclude the possibility that the groups had differences in
resting energy expenditure not predicted by their weight, height,
gender and age or in postprandial energy expenditure.
To address these aspects, we performed the current interventional study and we measured resting and postprandial energy
expenditure by indirect calorimetry in two meal-timing conditions,
LE and EE, with identical meals within the same subjects in a
crossover design. Our results show that a delay of three and a half
hours in lunch timing (from 13:00 to 16:30 h) resulted in decreased
resting energy expenditure prior to the meal. However, no
signiﬁcant differences were found in postprandial energy expenditure. These slight changes in pre-meal energy expenditure do
not seem sufﬁcient to explain the previously described differences
in weight loss between early eaters and late eaters. Further studies
are required to measure the effect of early and late eating on
energy expenditure across 24 h to assess whether meal timing
affects energy expenditure at other times of day.
Nevertheless, fasting protein-corrected RQ and fasting carbohydrate oxidation were decreased in the LE as compared with the
EE conditions. Previous studies have found that lower RQ values
are signiﬁcantly correlated with higher age, percent body fat,
plasma glucose, free fatty acids and waist-hip ratio.21
In the current study, postprandial glucose tolerance was affected
by meal timing. After the test meal, glucose levels were
signiﬁcantly higher in the LE than in the EE condition. In fact, LE
increased AUC by 46% as compared with EE. These data point to a
decreased glucose tolerance in LE. These results could be related
to: (i) the Staub-Traugott effect, which states that plasma glucose
concentrations after ingestion of an oral glucose load are higher if
administered in the fasting state compared with the postprandial
state.22 Indeed, one of the characteristics of the LE condition is the
signiﬁcantly longer fasting state which was 3.5 h longer than in EE;
and (ii) the inﬂuence of the circadian system on glucose
regulation, independent of the sleep/wake and fasting/feeding
cycle.23 These combined effects may help explain why consuming
the main meal later in the day results in decreased glucose
tolerance.
From animal experimental studies, it is known that abnormal
meal timing can disturb the phase relationship between the
central circadian pacemaker and peripheral oscillators located in
virtually all cells of the body, including metabolic tissues such as
liver and pancreas, and lead to adverse metabolic effects such as
glucose intolerance. In humans, misalignment between the central
circadian pacemaker and the fasting/feeding and sleep/wake
cycle has been shown to result in decreased glucose tolerance.2
International Journal of Obesity (2015) 828 – 833

Interestingly, our results are similar to those obtained by
Gonnissen et al.,25 who studied the effect of circadian misalignment, by either advancing or delaying the fasting/feeding and
sleep/wake cycle, on energy expenditure and glucose metabolism.
The authors found a disturbance of the glucose metabolism and
substrate oxidation, whereas energy balance was less affected by
circadian misalignment, results that concur with our current study
on meal timing.
The daily proﬁle in free cortisol concentrations was also affected
by meal timing in the current study. LE caused a blunted proﬁle
with lower morning and afternoon values as compared with EE,
whereas night values were similar in both food timing conditions.
A high daily variability of cortisol is a sign of the typical normal
diurnal rhythm, with a peak in the morning, shortly after
awakening, and low values in the evening close to bedtime.
Lower variability or ﬂattened cortisol rhythmicity has been related
to chronic emotional or physical stress;26,27 moreover, it has been
related to obesity.28 Indeed, a similar blunting of the daily cortisol
rhythm as that observed during our LE conditions has also been
described in subjects suffering from metabolic syndrome as
compared with healthy subjects.29 This blunted daily variability in
cortisol may result in a reduction of the circadian signaling to
peripheral clocks as has been previously proposed with a
mathematical semimechanistic model: the authors suggested that
as cortisol's amplitude decreases, cells gradually fall out of
synchrony.30 The model also predicted a dynamic regime of
entrainment when cortisol has a slightly decreased amplitude
rhythm, where individual clock genes remain relatively synchronized among themselves but are phase shifted in relation to the
entrainer.30 Previous work performed in twin studies shows that,
although the nighttime nadir in cortisol values has a high genetic
inﬂuence, the morning acrophase is mainly associated with
environmental factors.31 Our results, based on within-subject
comparisons, are consistent with this observation, with lunch
timing inﬂuencing morning cortisol without an effect on evening
cortisol. Further studies are required to determine the underlying
mechanisms, and to resolve whether the endogenous circadian
rhythm of cortisol is inﬂuenced by meal timing. Of note, the
change in morning and afternoon cortisol cannot be explained by
acute effects of the test meals, because times at which cortisol was
assessed (09:00 and 13:00 h) occurred before the test meals in
both conditions (13:00 and 16:30 h, for early and late, respectively). This suggests that there is a long-term effect of meal
timing on the daily control of cortisol.
The current data show that delayed timing of an identical meal
resulted in changes in the daily pattern of wrist temperature caused
primarily by a decreased thermal effect of food (postprandial
peak) in LE condition as compared with EE. We have previously
shown that decreases of the second-harmonic power, reﬂecting
in part a blunting of the postprandial peak, could be a marker of
metabolic alterations32 and has been related to obesity and
impaired weight loss.8,9 In fact, in individuals undergoing a
weight-loss program, low responders displayed a less marked
postprandial peak in Twrist than high responders.9 Differences in this
postprandial peak in Twrist are also the most notable ﬁndings in the
currently observed daily patterns of temperature between EE and
LE conditions. These differences in Twrist with meal timing may
underlie the already demonstrated difﬁculties in losing weight of LE
subjects.5
In summary, late timing of the main meal of the day (lunch in
Spain) affects resting energy expenditure, glucose tolerance and
oxidation, the daily variability of free cortisol concentrations, and
the thermal effect of food on Twrist. Even though these effects
seem to be of a small magnitude, this may be due to the fact that
the meal timing intervention comprised only 1 week. Chronically
eating at a later time of day may create metabolic disturbances of
a larger magnitude and may be implicated in the metabolic
alterations that characterize late eaters.
© 2015 Macmillan Publishers Limited
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