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Abstract

Objective—Diet-induced thermogenesis (DIT) is lower in evening and at night than in the 

morning. This may help explain why meal-timing affects body weight regulation and why shift 

work is a risk factor for obesity. The separate effects of the endogenous circadian system—

independent of behavioral cycles—and of circadian misalignment on DIT are unknown.

Methods—Thirteen healthy adults undertook a randomized, crossover study with two 8-day 

laboratory visits: three baseline days followed either by repeated simulated night shifts including 

12-h inverted behavioral cycles (circadian misalignment) or by recurring simulated day shifts 

(circadian alignment). DIT was determined for up to 114 min (hereafter referred to as “early DIT”) 

following identical meals given at 8AM and 8PM in both protocols.

Results—During baseline days, early DIT was 44% lower in the evening than morning. This was 

primarily explained by a circadian influence rather than any behavioral cycle effect; early DIT was 

50% lower in the biological evening than biological morning, independent of behavioral cycle 

influences. Circadian misalignment had no overall effect on early DIT.

Conclusions—The circadian system plays a dominating role in the morning/evening difference 

in early DIT and may contribute to the effects of meal-timing on body weight regulation.
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Introduction

Diet-induced thermogenesis (DIT) is lower in the evening and at night than in the morning 

(1). This may help explain why meal timing is associated with body weight and why shift 

work is a risk factor for obesity (2-8). This 24-h rhythm in DIT could be caused by the 

behavioral cycle (including the sleep/wake and fasting/feeding cycles) and/or the 

endogenous circadian system. In mammals, the circadian system is composed of the central 

pacemaker in the suprachiasmatic nucleus of the hypothalamus along with circadian 

oscillators in virtually all tissues and organs and it is closely tied to metabolic regulation 

(9-11). Misalignment between the endogenous circadian system and 24-h environmental/

behavioral cycles (i.e., circadian misalignment) may decrease DIT and consequently 

contribute to the increased risk for obesity in shift workers. To examine the separate and 

relative impact of the aforementioned three influences on DIT, we assessed DIT for up to 

114 min following identical mixed meals (hereafter referred to as “early DIT”) given at 

8AM and 8PM when the behavioral cycle of participants was aligned or misaligned with 

their circadian system using a 12-h rapid shift of the behavioral cycle (Fig. 1).

Methods

Participants

Other aspects of this study—which was designed to test different hypotheses—have been 

published before (12). Indirect calorimetry data were obtained from 13 healthy, non-

smoking, drug and medication free (excepting oral contraceptives) adults (mean±SD [range] 

age, 29±10 y [20-49 y]; BMI, 25.0±3.0 kg/m2 [20.4-29.5 kg/m2]; 6 men). Females were 

admitted to the laboratory on either days 3 or 4 (n=2) or days 12-18 (n=5) of their menstrual 

cycle. For their second laboratory visit, females were admitted at a similar menstrual cycle 

phase to that of their first admission to the laboratory (mean±SD for the difference between 

visits, −1±1 menstrual cycle day). Participants had no shift work experience in the past three 

years and less than six months cumulative lifetime shift work exposure and had not crossed 

more than one time zone in the prior three months. Participants provided written informed 

consent and the Partners Human Research Committee approved this study.

Pre-inpatient study conditions

Participants selected and maintained a normal sleep/wake schedule, with an 8-h sleep 

opportunity, for ≥11 days (mean±SD 17±4 days) before each laboratory visit (mean±SD 

bedtime, 23:11±0:48 hh:mm; wake time, 7:12±0:47 hh:mm; data from 7 sleep periods 

preceding the final ambulatory sleep period before inpatient admissions). On the night 

immediately preceding each admission, participants had a sleep opportunity between 11PM 

and 7AM to aid the adaptation of their endogenous circadian system to the initial laboratory 

sleep/wake schedule.

Experimental design and inpatient study conditions

We employed two intricate laboratory protocols to test the separate impact of the behavioral 

cycle, circadian phase (biological morning [defined here as the endogenous circadian phase 

equivalent to approximately 8AM] vs. biological evening [~8PM]) and circadian 
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misalignment on DIT. Participants were studied twice, once when the timing of their 

behavioral cycle was normal such that they slept and fasted at night and were awake and 

eating in the day (circadian alignment protocol; Fig. 1, top panel) and once when their 

behavioral cycle was rapidly inverted by 12 h such that they slept and fasted during the day 

and were awake and eating at night (circadian misalignment protocol; Fig 1, bottom panel). 
Together, the two protocols allowed the separate assessment of behavioral and circadian 

influences by evenly scheduling behavioral factors (e.g., the sleep/wake and fasting/feeding 

cycle) relative to two circadian phases separated by approximately 12 h. In addition, the 

protocols allowed the separate assessment of the impact of circadian misalignment by 

having assessments occur when the behavioral cycle was aligned and misaligned with the 

circadian system. Also, by comparing the impact of the behavioral cycle, circadian phase 

and circadian misalignment following acute and repeated exposure to misalignment (test day 

1 [day 5 of the alignment protocol and day 5/6 of the misalignment protocol] vs. test day 3 

[day 7 of the alignment protocol and day 7/8 of the misalignment protocol]; Fig. 1), we 

could assess if the three aforementioned factors depended on circadian misalignment 

exposure duration. Participants remained in a personal laboratory room throughout each 

laboratory protocol, which were randomly ordered and the washout period between 

laboratory visits was two to eight weeks (mean±SD 4±2 wks; Fig. 1). Light levels—in the 

horizontal angle of gaze—during the protocols are shown in Fig. 1. Eleven participants 

completed the two 8-day laboratory visits. Two additional participants contributed to the 

data from baseline day 2 (they completed baseline day 2 and thereafter discontinued the 

study). Thus, we assessed the separate effect of the behavioral cycle, circadian phase and 

circadian misalignment on DIT in 11 participants and the morning/evening difference (under 

normal behavioral cycle conditions) in DIT in 13 participants.

Diet

The timing of all meals and snacks is shown in Fig. 1. On day 1 of both laboratory 

protocols, an ad libitum lunch was provided after which participants were maintained on an 

isocaloric diet to meet the participant’s “daily” calorie requirements calculated according to 

the Harris-Benedict equation (activity factor 1.4; 45-50% carbohydrate, 30-35% fat, 15-20% 

protein, 150 mEq Na+ [±20%], 100 mEq K+ [±20%], and ≥2.5 L water/24 h). Diet was 

identical within each participant between laboratory visits, except for the required and 

prorated additional food and water given during the 12-h behavioral cycle (day 4) in the 

circadian misalignment protocol (i.e., 50% of a 24-h day’s worth of energy and fluid were 

provided). We assessed each participant’s metabolic response to identical test meals (each 

33.3% of calculated daily calorie intake and consumed within 20 min) given both 1 h 

(“breakfast”) and 13 h (“dinner”) following scheduled wake time (day 2 of the circadian 

alignment and misalignment protocols [baseline days], day 5 and 7 in the alignment protocol 

and on day 5/6 and 7/8 in the misalignment protocol [experimental days]). Participants 

chose one of two test meals: (1) Glucola (0.45 g/kg), bagel with butter, cereal with milk and 

sugar, egg, and peanuts; (2) Glucola (0.45 g/kg), bagel with butter, cereal with milk and 

sugar, turkey sausage, and almonds. Glucola was consumed within the first minute and other 

food items were consumed subsequently, in the order listed above. The test meal given 1 h 

following scheduled wake was preceded by a dinner meal (30% of calculated daily calorie 

intake) consumed in the prior wake period (8PM when aligned and 8AM when misaligned). 
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The test meal given 13 h following scheduled wake was preceded by a lunch meal (33.3% of 

calculated daily calorie intake), consumed at 11:30AM when aligned and 11:30PM when 

misaligned. For the dinner meal that preceded the “breakfast” test meal, participants 

preselected one of two meals which was identical within each participant across both 

protocols. For the lunch meal that preceded the “dinner” test meal, participants again 

preselected one of two meals which was identical within each participant across both 

protocols. The abovementioned dinner and lunch meals had the same macronutrient ratios as 

the test meals. On baseline day 2 and experimental days, when no snack was given, the 

calorie content of the breakfast (test meal), lunch and dinner (test meal) meals was 33.3% of 

calculated daily energy intake, with all meals totaling 100% of calculated daily energy 

intake. On other 24-h study days, the calorie content of breakfast, lunch, snack and dinner 

was 30%, 30%, 10% and 30% of calculated daily energy intake, respectively. For the 12-h 

behavioral cycle (day 4 of the circadian misalignment protocol), subjects consumed 

breakfast and lunch. The breakfast contained 60% and the lunch contained 40% of 

calculated energy intake required for the 12-h behavioral cycle.

Indirect calorimetry

Energy expenditure (EE) was derived from indirect calorimetry data (Vmax Encore 29N, 

VIASYS Healthcare Inc., Yorba Linda, CA). Measurements lasted for 24 min. Fasted 

assessments began 30 min before the start of each test meal and postprandial measurements 

began 30 and 90 min following the start of each test meal—thus we only assessed “early” 

postprandial EE (i.e., up to 114 min after meal start). Oxygen uptake (V ̇O2) and carbon 

dioxide (V̇CO2) production data were recorded every min and data from the first 5 min of 

each recording were discarded. The remaining data were used to calculate energy 

expenditure (EE) using Weir’s formula (13):

(1)

Data analysis and statistics

Early DIT was calculated by subtracting resting EE from the average of the two postprandial 

EE assessments. For the baseline days, we employed linear mixed models with participant 

included as random factor to test the effect of meal time (morning vs. evening) on fasting 

and postprandial energy expenditure, and early DIT data (n=13). During experimental days, 

we used linear mixed models (again participant included as random factor), to test the 

independent effects of the behavioral cycle (subjective breakfast test meal [1 h after lights 

on] vs. subjective dinner test meal [13 h after lights on]), circadian phase (8AM test meal 

[biological morning] vs. 8PM test meal [biological evening]), and alignment condition 

(circadian alignment vs. circadian misalignment), and their interaction with test day (first vs. 

third) on fasting and early postprandial EE, and early DIT (n=11). To graphically represent 

these independent effects we: (1) averaged breakfast time and dinner time test meal values 

separately across both protocols for each test day (behavioral cycle effect); (2) averaged 

8AM and 8PM test meal values separately across both protocols for each test day (circadian 

phase effect); and (3) averaged breakfast time and dinner time test meal values within each 

protocol for each test day (circadian misalignment effect). Where necessary, Bonferroni-
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adjusted multiple comparisons were conducted. Statistical significance was accepted as 

P<0.05. Data are presented as mean±SEM, unless otherwise indicated.

Results

Baseline days: early DIT and early postprandial EE were lower in the evening than morning

Early DIT was 44% lower in the evening (0.13±0.01 kcal/min) than morning (0.24±0.02 

kcal/min; P<0.0001; Fig. 2). Early postprandial EE was 4% lower in the evening (1.18±0.03 

kcal/min) than morning (1.24±0.04 kcal/min; P=0.0001; Fig. 2). Resting EE (REE) was not 

significantly different between the morning (1.00±0.04 kcal/min) and evening (1.05±0.04 

kcal/min; P=0.084; Fig. 2).

Experimental days: early DIT, early postprandial EE, and REE were similar at breakfast 
time and dinner time, independent of circadian effects

Early DIT, early postprandial EE, and REE were not affected by the behavioral cycle, 

comparing responses to identical test meals given at breakfast time vs. dinner time whilst 

controlling for circadian phase effects (all P≥0.087; Fig. 3 to 5, left panels). These findings 

were not influenced by exposure duration to circadian misalignment (first test day vs. third 

test day; all P≥0.38; Fig. 3 to 5, left panels).

Experimental days: early DIT and early postprandial EE were lower in the biological 
evening than in the biological morning, a circadian phase effect, independent of 
behavioral cycle effects

Early DIT was 34% lower in the biological evening (0.13±0.01 kcal/min) than in the 

biological morning (0.19±0.02 kcal/min; P<0.0001; Fig. 3, middle panel). This circadian 

phase effect was dependent on exposure duration to circadian misalignment (first vs. third 

test day; P=0.018), with early DIT being 50% lower in the biological evening (0.12±0.02 

kcal/min) than in the biological morning (0.23±0.02 kcal/min) on the first test day 

(P<0.0001), while by the third test day there was no difference (P=0.20; Fig. 3, middle 
panel). This reflected both an increase in early DIT in the biological evening from the first 

to third test day (+16%) and a reduction in early DIT in the biological morning across test 

days (−30%). Early postprandial EE was 3% lower in the biological evening (1.14±0.02 

kcal/min) than in the biological morning (1.17±0.03 kcal/min; P=0.025), irrespective of 

exposure duration to circadian misalignment (P=0.19; Fig. 4, middle panel). REE was not 

significantly different between the biological morning (0.98±0.03 kcal/min) and biological 

evening (1.01±0.03 kcal/min), regardless of exposure duration to circadian misalignment 

(both P≥0.091; Fig. 5, middle panel).

Experimental days: no overall effect of circadian misalignment on early DIT

Overall early DIT was not significantly different between circadian alignment and 

misalignment conditions (P=0.37; Fig. 3, right panel). This effect depended on circadian 

misalignment exposure duration (P=0.022), with early DIT being 23% higher during 

circadian misalignment (0.20 ± 0.02 kcal/min) than circadian alignment (0.16 ± 0.01 kcal/

min) on test day 1 (P=0.027), whereas there was no difference on test day 3 (P=0.31; Fig. 3, 
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right panel). Early postprandial EE and REE were not affected by circadian misalignment, 

regardless of misalignment exposure duration (all P≥0.16; Fig. 4 and 5, right panels).

Discussion

We show that early DIT is lower in the evening than in the morning during a normal sleep/

wake cycle, consistent with previous observations (1). For the first time, our results reveal a 

strong endogenous circadian effect on early DIT, with early DIT twice as large during the 

biological morning as compared to the biological evening on test day 1 (when the central 

circadian clock was expected to be minimally blunted and/or shifted). Early DIT was not 

significantly influenced by the behavioral cycle, i.e., comparing breakfast time with dinner 

time, independent of endogenous circadian phase. These findings suggest that the morning/

evening difference in early DIT is caused primarily by the endogenous circadian system and 

not by the behavioral cycle.

We found that early DIT was 44% lower (mean difference, 0.11 kcal/min) in the evening 

than in the morning on baseline days. However, early postprandial EE was only 4% lower 

(mean difference, −0.06 kcal/min) in the evening than in the morning on baseline days. It is 

unclear if the morning/evening difference in postprandial EE would importantly influence 

total energy expenditure, and consequently energy balance. Future studies are needed to 

determine whether changes in meal timing influence energy balance and body weight 

regulation (3, 5), through this morning/evening difference in DIT. Repeated exposure to 

circadian misalignment removed the effect of the endogenous circadian system on early 

DIT. This likely reflects a blunting and/or phase shift of the central circadian pacemaker 

caused by repeated exposure to circadian misalignment (14-17).

DIT is a result of “obligatory” (energy cost of absorbing, processing and storing nutrients) 

and “facultative” (primarily sympathetic nervous system activity) mechanisms (18). 

Absorption rate has been shown to be lower in the evening than morning (19) and circadian 

clock genes are rhythmically expressed in the gastrointestinal system in rodents (20, 21). 

However, it is unknown whether the day/night rhythm in absorption rate is driven by the 

behavioral cycle and/or endogenous circadian system. If glucose gastrointestinal absorption 

rate is under endogenous circadian control and would have been slower in the biological 

evening than in the biological morning this could have resulted in reduced glycogen 

synthesis, a process which is a major determinant of glucose-induced thermogenesis, and 

thus could have been an mechanism underlying the endogenous circadian phase effect on 

early DIT (22, 23). Considering we only measured DIT until 114 min following the start of 

test meal consumption, a circadian phase effect on the temporal pattern of nutrient 

absorption from the gastrointestinal system could also help explain our DIT results. Future 

studies are required to verify the magnitude of the difference between the biological 

morning and evening in DIT when assessed over the full postprandial period, while 

addressing confounding effects of either sleep or sleep deprivation if the measurement 

duration would require measurements beyond habitual bedtime.

Impaired glucose uptake/tolerance decreases DIT, mainly by reducing the conversion of 

exogenous glucose to glycogen (24-26). In healthy humans, glucose tolerance is reduced in 
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the biological evening vs. the biological morning (27, 28) which may help explain the lower 

early DIT in the biological evening vs. the biological morning.

The sympathetic nervous system stimulates DIT (18). However, the endogenous circadian 

rhythm in circulating epinephrine and/or norepinephrine levels is unlikely to contribute to 

the lower early DIT in the biological evening than biological morning, because epinephrine 

and norepinephrine levels are higher in the biological evening than in the biological morning 

(29).

We found that circadian misalignment increased early DIT on test day 1, but there was no 

effect of alignment condition by test day 3, which did not support our original hypothesis of 

a decrease of DIT with circadian misalignment. When assessing the impact of circadian 

misalignment across both test days, we found no effect (i.e., no net impact of circadian 

misalignment on early DIT). Thus, short-term circadian misalignment is unlikely to increase 

body weight via changes in early DIT. DIT has been reported to be transiently lower during 

simulated night work (30). However, it is unknown if that resulted from food consumption 

at different circadian phases and/or circadian misalignment. In our study, by having 

assessments at two distinctive circadian phases in both the circadian alignment and 

misalignment protocols, we could separate the circadian phase affect (averaged 8AM and 

8PM test meal values separately across both protocols) from the circadian misalignment 

affect (averaged breakfast time and dinner time test meal values within each protocol).

Strengths of our study include conducting measurements under highly-controlled conditions. 

Study limitations include that we only assessed early DIT at two times in the wake episode 

and at two circadian phases. Thus, we may have missed any differences between conditions 

that occur a few hours after a meal and may not have captured the maximal effect of the 

behavioral cycle and/or the circadian system if the peak and/or trough of their effects were 

missed. Early DIT assessments occurred at 8AM and 8PM for several reasons: (a) these 

times are compatible with a typical meal schedule without interrupting sleep; (b) they are 

targeting the maximum and minimum DIT previously reported under regular sleep/wake 

cycles; (c) DIT can only be assessed after at least ~8 h of fasting, limiting the number of 

assessments to two per day; and (d) by scheduling them 12 h apart, they occurred at the 

same clock time in the aligned and 12-h misaligned conditions. A shorter fast occurred 

before dinner than breakfast. We purposely designed our study such that there was a shorter 

fasting period before dinner than breakfast because this is typically the case for most meal 

schedules. Our sample size was relativity small, thus we may have been statistically 

underpowered to detect some differences. We studied healthy, non-obese people. Future 

studies are required to test whether similar effects are observed in other populations such as 

shift workers or obese individuals.

The decrease in early DIT from the morning to the evening is primarily due to the influence 

of the endogenous circadian system, and not the behavioral cycle. These results provide a 

possible mechanism to help explain why the timing of food intake per se is associated with 

body weight.
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What is already known about this subject?

• Diet-induced thermogenesis is lower in evening and at night than in the morning 

and this may help explain why meal timing is associated with body weight and 

why shift work is a risk factor for obesity.

• The mechanisms underlying the 24-h rhythm in diet-induced thermogenesis are 

not well understood.
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What this study adds?

• The decrease in diet-induced thermogenesis from the morning to the evening 

may be primarily due to the influence of the endogenous circadian system, and 

not the behavioral cycle (including the sleep/wake and fasting/feeding cycle).

• The impact of the endogenous circadian system on diet-induced thermogenesis 

appears to be abolished following repeated days of circadian misalignment.

• Short-term circadian misalignment may have no overall impact on diet-induced 

thermogenesis.
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Fig. 1. Circadian alignment protocol (top panel) and circadian misalignment protocol (bottom 
panel)
On day 1 in both protocols, participants received an ad libitum lunch at approximately 

12PM. Caloric intake was prorated for the 12-h behavioral cycle on day 4 of the circadian 

misalignment protocol (i.e., they received 50% of the caloric content as compared to the 

other 24-h days). Light levels indicated are in the horizontal angle of gaze: ~90 lux, to 

simulate typical room light intensity, ~450 lux during the first three baseline wake episodes 

to enhance circadian entrainment, 30-min periods of ~450 lux to simulate the morning 

commute both preceding the day work shift (circadian alignment protocol) and following the 

night work shift (circadian misalignment protocol)—this was expected to oppose the central 

circadian pacemaker from delaying its phase during the circadian misalignment protocol 

(31), ~4 lux to permit assessment of the dim-light melatonin onset; 0 lux during scheduled 

sleep episodes. Light levels during test meal assessments were 450 lux on baseline days and 

90 lux on experimental days. Light blue bars represent meals and snacks (narrow bar). 

Green bars represent test meal assessments, with the test meals consumed within the first 20 

min. The letters B and D indicate breakfast and dinner, respectively. Numbers following B 

or D indicate test days (first or third) and letters following these numbers indicate whether 

the test meals were consumed during circadian alignment (A) or circadian misalignment 

(M). To graphically represent the independent effects of the behavioral cycle, circadian 

phase and circadian misalignment in subsequent figures, we (1) averaged breakfast time (BA 

and BM) and dinner time (DA and DM) test meal values separately across both protocols for 

each test day (behavioral cycle effect); (2) averaged 8AM (BA and DM) and 8PM (DA and 

BM) test meal values separately across both protocols for each test day (circadian phase 
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effect); and (3) averaged alignment (BA and DA) and misalignment (BM and DM) test meal 

values within each protocol for each test day (circadian misalignment effect).
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Fig. 2. Baseline days (n=13); Early diet-induced thermogenesis (DIT, top panel), absolute early 
postprandial energy expenditure (postprandial EE, middle panel) and resting energy 
expenditure (REE, bottom panel) during the morning and evening test sessions during a normal 
sleep/wake cycle
Data are represented as mean±SEM.
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Fig. 3. Experimental days (n=11); Effects of the behavioral cycle (left panel), circadian phase 
(middle panel) and circadian misalignment (right panel) on early diet-induced thermogenesis 
(DIT)
Data are derived as described in the legend of Fig. 1. Data are represented as mean±SEM.
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Fig. 4. Experimental days (n=11); Effects of the behavioral cycle (left panel), circadian phase 
(middle panel) and circadian misalignment (right panel) on absolute early postprandial energy 
expenditure (postprandial EE)
Data are derived as described in the legend of Fig. 1. Data are represented as mean±SEM.
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Fig. 5. Experimental days (n=11); Effects of the behavioral cycle (left panel), circadian phase 
(middle panel) and circadian misalignment (right panel) on resting energy expenditure (REE)
Data are derived as described in the legend of Fig. 1. Data are represented as mean±SEM.
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