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time-restricted feeding improves 
adaptation to chronically 
alternating light-dark cycles
Maaike schilperoort  1, Rosa van den Berg1, Martijn e. t. Dollé2,3, Conny t. M. van oostrom2, 
Karina Wagner1, Lauren L. tambyrajah1, paul Wackers2, tom Deboer4, Gerben Hulsegge  5,  
Karin I. proper6, Harry van steeg2,8, till Roenneberg7, Nienke R. Biermasz1, 
patrick C. N. Rensen  1, sander Kooijman  1 & Linda W. M. van Kerkhof2

Disturbance of the circadian clock has been associated with increased risk of cardio-metabolic disorders. 
previous studies showed that optimal timing of food intake can improve metabolic health. We 
hypothesized that time-restricted feeding could be a strategy to minimize long term adverse metabolic 
health effects of shift work and jetlag. In this study, we exposed female FVB mice to weekly alternating 
light-dark cycles (i.e. 12 h shifts) combined with ad libitum feeding, dark phase feeding or feeding at a 
fixed clock time, in the original dark phase. In contrast to our expectations, long-term disturbance of 
the circadian clock had only modest effects on metabolic parameters. Mice fed at a fixed time showed 
a delayed adaptation compared to ad libitum fed animals, in terms of the similarity in 24 h rhythm of 
core body temperature, in weeks when food was only available in the light phase. this was accompanied 
by increased plasma triglyceride levels and decreased energy expenditure, indicating a less favorable 
metabolic state. on the other hand, dark phase feeding accelerated adaptation of core body 
temperature and activity rhythms, however, did not improve the metabolic state of animals compared 
to ad libitum feeding. taken together, restricting food intake to the active dark phase enhanced 
adaptation to shifts in the light-dark schedule, without significantly affecting metabolic parameters.

Within the past decade, animal studies and epidemiologic studies have associated chronic circadian rhythm dis-
turbance, as occurs in shift work and jetlag, with sleep problems and increased risk of cardio-metabolic disor-
ders1–8. Our 24/7 economy requires people to work at irregular times. As a consequence, increasing numbers of 
workers are involved in atypical working schedules. Recent surveys in Europe estimate that approximately 19% 
of the workers in the European Union (EU) work regularly at night and 17% are involved in shift work with per-
manent or rotating shifts9. Working around the clock strains and disturbs the tightly regulated biological clock, 
thereby increasing the risk of poor cardio-metabolic health.

It is unlikely that the number of workers involved in atypical working schedules will decrease in the near 
future. Therefore, it is important that evidence-based interventions are developed to provide shift workers with 
tools to minimize health risks. Previous studies have shown that the timing of food intake has important con-
sequences10–18. For example, Arble et al14. showed that restricting access of high-fat diet to the resting phase 
results in increased weight gain in mice, relative to restricting access to the active phase. Moreover, providing 
food during only the active phase of animals is associated with protective effects on metabolic health10,15. Hence, 
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time-restricted feeding could prove an interesting strategy to minimize health risks of shift work. However, pre-
vious studies mainly investigated relatively short-term effects, whereas the precise role of food timing during 
chronic disturbance of circadian rhythms remains unclear.

In this study, we investigated the effect of time-restricted feeding on adaptation to weekly alternating 
light-dark cycles and on metabolic parameters in wild type female FVB mice. In addition, we studied the effect of 
food timing on predicted sleep duration in mice, as sleep might be an important intermediate factor in the effects 
of circadian disturbance on metabolic health.

Methods
Animals. This study was performed in female FVB mice (Harlan), in order to compare the outcomes of this 
study to our previous findings in p53R270H/+ WAPCre female FVB mice19. Mice were housed in cages containing 
wood fibre bedding (LIGNOCEL BK8/15, JRS) under controlled conditions, namely 20–21 °C, 55–65% relative 
humidity, and 12:12 light-dark cycle with lights on at 10.00 am, i.e. Zeitgeber Time (ZT) 0. Before starting the 
experimental procedure with changing light schedules and food availability (see description below; at 10 weeks 
of age), chow (No. 1 Maintenance, SDS) was available ad libitum for all animals. During the experimental phase, 
time-restricted feeding was mediated by an automated FeedTime system (TSE Systems). Water was available ad 
libitum on all days for all animals. The animal handling in this study was performed in compliance with national 
legislation, including the 1997 Dutch Act on Animal Experimentation, and all experiments were approved by 
the by the National Committee for Animal experiments (CCD) and the Animal Ethics Committee of Leiden 
University.

Experimental set-up. Mice were pseudo-randomly assigned to one of the five experimental groups (n = 30 
per group, n = 6 per cage). A few animals were placed in a different group to ensure equal starting positions with 
respect to bodyweight. In a subset of mice (n = 5 per group, one animal per cage), a radio transmitter (Physio Tel, 
TA11 TA-F10; Data Sciences, St. Paul, MN) was implanted in the peritoneal cavity to record locomotor activity 
and core body temperature in 10 minute bins. After one week of recovery, each mouse was re-introduced to its 
previous cage.

At 10 weeks of age, for the duration of 28 weeks, the following conditions were applied: one group of mice 
was exposed to normal light-dark conditions (12:12) and either fed ad libitum (AL) (group 1, control AL) or food 
availability was restricted to the dark phase (DP) (group 2, control DP). Weekly alternating light- dark cycles 
with a 12 h shift (jetlag) were combined with ad libitum feeding (group 3, jetlag AL), dark phase feeding (group 
4, jetlag DP) or food available only during the original dark phase (OP) (group 5, jetlag OP), meaning that in this 
last group there is no shift in the timing of food availability. Thus, food is available during the dark phase in even 
(original) weeks and during the light phase in odd (shifted) weeks. For visual representation of the study design 
see Fig. 1.

Food intake, bodyweight, estimated energy expenditure and body composition measure-
ments. Mice were weighed in odd weeks on the first day after the shift at ZT0, when prior food exposure 
was the same in all groups, to determine bodyweight gain. Food was weighed weekly on the first day after the 
shift at ZT0, and food intake is expressed as average weekly food intake per cage per mouse, as animals were 

Figure 1. Experimental design. Effect of time-restricted feeding in animals exposed to chronic circadian 
rhythm disturbance (by weekly alternating light-dark cycles). Control AL = control group with normal light-
dark cycle and food available ad libitum; Control DP = control group with normal light-dark cycle and food 
available during the dark phase; Jetlag AL = weekly alternating light-dark cycles (jetlag) and food available ad 
libitum; Jetlag DP = weekly alternating light-dark cycles (jetlag) and food available during the dark phase; Jetlag 
OP = weekly alternating light-dark cycles (jetlag) and food available during the original dark phase, i.e. in the 
dark phase (even weeks) or light phase (odd weeks). ZT = Zeitgeber time. ZT0 = lights on, ZT12 = lights off in 
control groups. Yellow background indicates lights on and blue background indicates lights off.
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group-housed with six animals per cage. Fat and lean mass were determined with an EchoMRI-100 (Echo 
Medical Systems, Houston, TX) every 4 weeks, on the first day after the shift at ZT0 starting at baseline. Energy 
expenditure (kcal/month) was estimated by subtracting the monthly difference in fat and lean mass (kcal) from 
the monthly food consumption (kcal).

telemetric body temperature measurements. Body temperature was recorded using the radio trans-
mitters for 5 days at baseline and during 3 weeks starting from the first shift. Subsequently, data was collected 
intermittently throughout the experiment. To investigate if time-restricted feeding can aid in adaptation to circa-
dian rhythm disturbances, fluctuations in core body temperature were utilized as a proxy for circadian behavior. 
Daily rhythm of jetlag animals was compared to control animals, instead of to their own baseline, as an effect of 
ageing on rhythm strength was observed. This can be discerned from a decreased amplitude in core body rhythm 
in week 24 (Supplemental Fig. 1) as compared to week 2 (Fig. 2). Therefore, jetlag animals were compared with 
control animals within the same week, to prevent a confounding effect of study duration. This comparison was 
performed by firstly calculating the variation within the control group as references values. Thereto, each mouse 
within a control group was compared to all of the other mice within the same group. Core body temperature val-
ues (10 min bins) over a day were plotted against each other and Pearson’s correlation coefficients were calculated 
(within-group comparison). Then, core body temperatures of the jetlag mice were plotted against the values for 
each mouse of the respective control group, and again correlation coefficients were calculated. This resulted in one 
coefficient per mouse per day (between-group comparison). Finally, between-group coefficients were compared 
to within-group coefficients to evaluate on which day after the shift adaptation occurred in the jetlag mice. In this 
analysis, a ‘day’ was defined as ZT0-ZT24. Data points were only included if a reliable temperature measurement 
(core body temperature between 33 °C and 43 °C) was available.

telemetric activity measurements. Along with the body temperature recordings, ambulatory locomo-
tor activity in the X and Y axis was collected throughout the experiment via radio transmitters. This telemetric 

Figure 2. Daily core body temperature rhythms during week 2 of the experiment of the three jetlag groups 
compared their respective control groups (A–C). Data are presented as means ± SEM (as indicated by lighter 
colored vertical lines), and grey shading indicates the dark phase. P-values represent the comparison of the 
within-group versus the between-group correlation (as indicated in Methods), and bold p-values indicate a 
significantly different temperature rhythm in the jetlag group as compared to the respective control group. 
Control AL = normal light-dark cycle and food available ad libitum; Jetlag AL = Jetlag and food available ad 
libitum; Control DP = normal light-dark cycle and food available during the dark phase; Jetlag DP = Jetlag and 
food available during the dark phase; Jetlag OP = Jetlag and food available alternatingly during the dark or light 
phase.
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activity data was used to predict behavioral quiescence patterns as described previously19. For a detailed descrip-
tion of this prediction method please see Juda et al.20. Briefly, telemetric activity data were collected in 10 min 
bins, and behavioral quiescence episodes were automatically detected in a two-step process. A trend of time 
series (centered moving 24 h averages) for an individual subject was calculated, and periods equal or below the 
within-subject threshold of 15% of that trend were considered behavioral quiescent periods. To prevent artefac-
tual inclusions of short periods of inactivity as behavioral quiescence, we excluded sleep periods of less than three 
consecutive 10 min bins. In this analysis, a ‘day’ was defined as 0.00–24.00 clock time, or ZT14-ZT14. In addi-
tion, a correlation procedure was used to ignore short interruptions of behavioral quiescence periods that likely 
represent pronounced movements during sleep. In this procedure, the binary behavioral quiescence episodes 
determined as described above were correlated with a series of binary masks containing an increasing number of 
1 s (behavioral quiescent bins). This mask was started at the onset of a behavioral quiescent period and filled up 
with 0 s (active bins) for the rest of the behavioral quiescent period. The mask that gave the highest correlation 
was defined as a continuous behavioral quiescent period. For more explanation on this method and examples of 
the calculation please see Juda et al.20.

Additionally, telemetric activity data was used to generate representative actograms using the ActogramJ soft-
ware package for ImageJ21. F-periodograms were made using activity data of whole experimental weeks to eval-
uate rhythm strength, as defined by the amplitude in the periodogram (q)22,23. The nocturnality index (activity in 
the dark phase versus the active phase) was calculated to evaluate adaptation of activity rhythms per day. In these 
analyses, a ‘day’ was defined as ZT0-ZT2424.

Indirect calorimetry. During week 28, a subset of the mice (n = 6/group) was housed individually in meta-
bolic cages (LabMaster System, TSE Systems, Bad Homburg, Germany) for indirect calorimetry measurements. 
Oxygen consumption (VO2), carbon dioxide production (VCO2), food intake and ambulatory activity (beam 
breaks) were recorded in 20 min bins. The respiratory quotient (RQ) and energy expenditure (EE) were calcu-
lated from the VO2 and VCO2. For day 3–6 after the jetlag shift, we correlated 20 min binned group averages of 
the jetlagged groups to their respective control groups, the control AL group or control DP group, using Pearson’s 
correlation analysis.

plasma lipid levels. Plasma lipid levels were determined at baseline, and 4, 12 and 20 weeks after start of 
the experiment. Blood sampling always occurred at ZT4 on the third day after the jetlag shift and in weeks when 
light-dark cycles were aligned. Blood samples were collected from the tail vein of fasted ( ≥ 4 h) mice, and levels of 
free fatty acids (FFA), total cholesterol (TC) and triglycerides (TGs) were measured using enzymatic kits (Wako 
Diagnostics for FFA and Roche Diagnostics for TC/TG).

statistical analyses. All data are expressed as means ± standard error of the mean (SEM) and were visu-
alized and statistically analyzed using GraphPad Prism software version 6.04 for Windows (GraphPad Software, 
San Diego California USA, www.graphpad.com) or R software package (R Foundation). The ChronoSapiens soft-
ware was used to predict behavioral quiescence patterns25. One cage with 6 mice was excluded from the final anal-
ysis due to technical problems with the automatic food access roof top. Four mice were not able to complete the 
entire experimental procedure, due to illness, and were excluded from the final analysis (control DP: n = 1, jetlag 
DP: n = 1; jetlag OP: n = 2). For one cage, food intake could not be reliably determined on all time-points due to 
one of these ill animals. The 5 remaining mice from this cage were excluded from the analysis on cumulative food 
intake and estimated energy expenditure. Differences between groups in Pearson’s correlation coefficients for core 
body temperature were analyzed using two-sample t-tests. A p-value above 0.05 was used to define adaptation 
of an experimental group to its respective control group. Differences in bodyweight gain, fat mass, lean mass, 
estimated energy expenditure and blood lipid levels were analyzed with two-way repeated measures analysis of 
variance (ANOVA) followed by Sidak’s post hoc test where appropriate, to compare group differences within cer-
tain time-points. For the bodyweight gain analysis, the 0 point was not included. Differences in cumulative food 
intake and cumulative predicted sleep duration were analyzed with one-way ANOVA followed by Sidak’s post hoc 
test where appropriate. For parameters analyzed with repeated-measures ANOVA, a correction for missing values 
was performed using SPSS software (IBM SPSS Statistics, version 24, www. IBM.com) in which the average of two 
adjacent data points was taken. If these data points were not available, the animal was excluded from the analysis. 
Results of all statistical analyses are presented in Supplemental Table 1.

Results
Dark phase feeding promotes adaptation to weekly alternating light-dark cycles. To investi-
gate if time-restricted feeding can aid in adaptation to shifts in light-dark cycle, we utilized the rhythm in core 
body temperature as a proxy for circadian behavior (Fig. 2). Body temperature rhythms between jetlag groups 
and control groups were compared, and adaptation was defined as absence of a significant difference between 
these two rhythms within 24 h periods (for more information on this analysis, see Methods). During week 2, in 
which the light-dark cycle was aligned for both jetlag and control groups, adaptation to the new light-dark cycle 
occurred at day 4 after the shift in the jetlag AL group (Fig. 2A). Interestingly, adaptation to the new light-dark 
schedule occurred around day 2 after the shift in the jetlag DP group (Fig. 2B), which is faster compared to the 
jetlag AL group. This indicates that restricting food access to the dark phase aids in adaptation to a new light-dark 
cycle. During odd weeks, when the light-dark cycle was opposite to that of controls while food availability was at 
the same clock time, no adaptation occurred in the jetlag OP group (Supplemental Fig. 1A). During even weeks, 
when light-dark cycles and food intake were aligned with the control group, adaptation occurred at a speed com-
parable to the jetlag DP group, although it remained more variable throughout the week (Fig. 2C). The difference 
in adaptation between ad libitum fed and dark phase fed jetlag animals persisted throughout the study, as shown 
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by similar adaptation in week 24 as compared to week 2 (Supplemental Fig. 1B). Supplemental Table 2 contains 
p-values of comparisons for all weeks in which body temperature data was available.

Next, we aimed to substantiate these results by evaluating rhythm in ambulatory locomotor activity as another 
proxy for circadian behavior, as illustrated by actograms in Fig. 3A. As expected, the rhythm strength of activity in 
week 2 was decreased in all jetlag mice as compared to controls (Fig. 3B). However, no significant improvement 
was observed by time-restricted feeding when evaluating the compiled data of week 2. Calculating the noctur-
nality index (activity in dark versus light phase) as a measure of rhythm strength per day did reveal differences 
between ad libitum and time-restricted feeding. While jetlag AL mice require around 4 days to adapt their noc-
turnality index to that of control animals (Fig. 3C), dark phase fed mice show adaptation almost instantly after the 
shift in light-dark cycle (Fig. 3D). This difference in adaptation of activity rhythms persisted throughout the study 
(Supplemental Fig. 2), similar to the observed adaptation of core body temperature.

To assess adaptation of metabolic parameters to alternating light-dark cycles, a subset of animals (n = 6 per 
group) was individually placed in metabolic cages for indirect calorimetric phenotyping during week 28 of the 
experiment (Supplemental Figs 3 and 4), when light-dark schedules were aligned between groups. Oxygen con-
sumption and the respiratory quotient correlated more strongly in the jetlag DP and control DP groups as com-
pared to the jetlag AL and control AL group from day 3–6 (Table 1). This suggests that adaptation of daily rhythms 

Figure 3. Representative double-plotted actograms of week 2 of the study are shown, in which grey shading 
indicates the dark period (A). F-periodogram analysis was performed to calculate rhythm strength (q) of 
activity over the whole week (B), and the nocturnality index (activity in the dark versus light phase) was 
calculated to evaluate rhythm strength per day (C,D). Control AL = normal light-dark cycle and food available 
ad libitum; Jetlag AL = Jetlag and food available ad libitum; Control DP = normal light-dark cycle and food 
available during the dark phase; Jetlag DP = Jetlag and food available during the dark phase; Jetlag OP = Jetlag 
and food available alternatingly during the dark or light phase. *p < 0.05, **p < 0.01 vs. control AL. Statistical 
differences between other groups are not indicated, please see Supplemental Table 1.

Days 
after 
shift

Oxygen consumption Energy expenditure Respiratory quotient Locomotor activity

jetlag 
AL
vs.
control 
AL

jetlag 
DP
vs.
control 
DP

Jetlag 
OP
vs.
control 
DP

jetlag 
AL
vs.
control 
AL

jetlag 
DP
vs.
control 
DP

jetlag 
OP
vs.
control 
DP

jetlag 
AL
vs.
control 
AL

jetlag 
DP
vs.
control 
DP

jetlag 
OP
vs.
control 
DP

jetlag 
AL
vs.
control 
AL

jetlag 
DP
vs.
control 
DP

jetlag 
OP
vs.
control 
DP

3 0.102 0.596 0.429 0.111 0.598 0.466 0.161 0.981 0.99 0.175 0.379 0.270

4 0.565 0.618 0.622 0.600 0.630 0.635 0.551 0.973 0.978 0.308 0.441 0.667

5 0.474 0.671 0.733 0.562 0.709 0.757 0.697 0.940 0.976 0.458 0.474 0.575

6 0.604 0.598 0.81 0.680 0.674 0.841 0.924 0.976 0.982 0.454 0.611 0.617

Table 1. Correlation coefficient of daily patterns (20 min bins) in oxygen consumption (VO2 (ml/h)), energy 
expenditure (kcal/h), the respiratory quotient and ambulatory locomotor activity (beam breaks) during week 
28. Jetlagged groups are compared to their respective control groups: jetlag AL vs. control AL, jetlag DP vs. 
control DP and jetlag OP vs. control DP. For the jetlag OP group food is available during the dark phase during 
this week.
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in oxygen consumption and the respiratory quotient occurred faster when food was restricted to the dark phase, 
as was observed for daily patterns of core body temperature and ambulatory locomotor activity. Adaptation in 
ambulatory locomotor activity as assessed by beam breaks in the metabolic cage system also appeared stronger in 
the jetlag DP group as compared to the jetlag AL group (Table 1), although this difference was less pronounced. 
However, since calorimetry data was not collected on day 1 and 2 after the shifts, conclusion on accelerated adap-
tation must be drawn with caution. We further looked into the ambulatory locomotor activity and calculated 
the cumulative activity during the period of data collection (day 3–6 after shift). During these days, no signif-
icant differences in total cumulative activity were observed between groups (p = 0.7019; Supplemental Fig. 4; 
Supplemental Table 1).

In summary, daily patterns of core body temperature and ambulatory locomotor activity throughout the 
experiment and daily patterns of oxygen consumption and the respiratory quotient at the end of the experiment 
(after 28 weeks) indicate that aligning food intake to the dark phase during weekly alternating light-dark cycles 
promotes adaptation to the new light-dark schedule.

Weekly alternating light-dark cycles combined with food restriction to the dark phase 
decreases predicted behavioral quiescence. Next, we calculated cumulative levels of behavioral quies-
cence using telemetric activity data, as a measure of predicted sleep. Behavioral quiescence was determined over 
27 weeks during the light phases, dark phases and both phases combined (Fig. 4). Of note, there were no clear 
differences in predicted sleep between different weeks of the study, also when comparing even versus odd weeks 
(Supplemental Fig. 5). Total cumulative behavioral quiescence was decreased in the jetlag DP group compared 

Figure 4. Cumulative predicted sleep during both the light and dark phases (A,B), only the light phases (C,D) 
and only the dark phases (E,F). Panels (B,D,F) show total cumulative predicted sleep after 28 weeks with 92 data 
collection days (due to intermittent data collection; 47 days during even weeks and 45 days during odd weeks). 
Control AL = normal light-dark cycle and food available ad libitum; Jetlag AL = Jetlag and food available ad 
libitum; Control DP = normal light-dark cycle and food available during the dark phase; Jetlag DP = Jetlag and 
food available during the dark phase; Jetlag OP = Jetlag and food available alternatingly during the dark or light 
phase. *p < 0.05 vs. control AL. #p < 0.05 vs. control DP. Statistical differences between other groups are not 
indicated, please see Supplemental Table 1.
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to its control group (i.e. control DP, Fig. 4B; p = 0.0358). This indicates that when weekly alternating light-dark 
schedules are combined with time-restricted feeding to the dark phase, total predicted sleep is decreased. This 
effect is not observed when only one of these experimental conditions is present (e.g. control AL vs. jetlag AL or 
control AL vs. control DP).

As may be expected, significant differences were also observed in the timing of behavioral quiescence 
(Fig. 4C–F; Supplemental Table 1). Behavioral quiescence during the light phase was increased in the control DP 
group compared to the jetlag AL group (p = 0.0055). In line with this finding, behavioral quiescence is decreased 
during the dark phase in the jetlag DP group (Fig. 4D,F; p = 0.0061 vs. control AL, p = 0.0011 vs. jetlag AL; 
Supplemental Table 1). Thus, food restriction to the dark phase of animals in the control DP and jetlag DP groups 
seemed to change their timing of predicted sleep. However, for the jetlag DP group this was not sufficient to get 
total predicted sleep duration completely compensated.

Weekly alternating light-dark cycles and time-restricted feeding reduce estimated energy 
expenditure. Next, we investigated whether the experimental groups differed in bodyweight, body com-
position, cumulative food intake or estimated energy expenditure. There was no significant difference between 
the groups in relative bodyweight gain at all time points where food exposure prior to measurement of body-
weight was equal (Fig. 5; Supplemental Table 1). Total cumulative food intake after 27 weeks did differ between 
experimental groups (Fig. 6; p = 0.0214). Post hoc testing revealed a significant difference between the jetlag 
OP and control AL groups (p = 0.0137, Supplemental Table 1), suggesting a combined effect of time-restricted 
feeding and jetlag. Restricting food to the dark phase during jetlag exposure (jetlag DP) appears to increase fat 
mass, compared to ad libitum fed animals exposed to normal light-dark cycles (control AL) or to jetlag (jetlag 
AL) (Fig. 7A; Supplemental Table 1). In addition, time-restricted feeding had an effect on lean mass (Fig. 7B; 
p < 0.001; Supplemental Table 1), since lean mass was reduced in all timed food restricted groups (control DP, 
jetlag DP, and jetlag OP) relative to the ad libitum groups (control AL and jetlag AL).

In the jetlag OP group, food intake was decreased while bodyweight remained unchanged, suggesting 
a decreased energy expenditure. To validate this, energy expenditure (in kcal/month) was estimated by sub-
tracting the monthly difference in fat and lean mass from the monthly food consumption. Indeed, estimated 
energy expenditure for the jetlag OP group was decreased compared to all other experimental groups (Fig. 8; 
Supplemental Table 1). Furthermore, all other experimental groups showed a reduced energy expenditure com-
pared to the control AL group, although less profound. Both weekly alternating light-dark cycles and restricted 
food access during the dark phase reduced energy expenditure (Fig. 8; Supplemental Table 1).

Taken together, these results indicate only modest effects on body composition and food intake by 
time-restricted feeding alone or in combination with weekly alternating light-dark cycles. However, combining 
the two measurements in estimated energy expenditure does point to metabolic alterations induced by both jetlag 
and time-restricted feeding, being most pronounced in the jetlag OP group.

Figure 5. Relative bodyweight gain in ad libitum fed animals (A) and food restricted animals (B), expressed 
as percentage increase in bodyweight relative to baseline at time points were prior food availability was equal 
in all groups. Control AL = normal light-dark cycle and food available ad libitum; Jetlag AL = Jetlag and food 
available ad libitum. Control DP = normal light-dark cycle and food available during the dark phase; Jetlag 
DP = Jetlag and food available during the dark phase; Jetlag OP = Jetlag and food available alternatingly during 
the dark or light phase.
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Time-restricted feeding, but not weekly alternating light-dark schedules, affect plasma lipid 
levels. To further study metabolic phenotypes, plasma levels of FFAs, TC, and TGs were determined at ZT4 in 
fasted mice at day 3 of every 4th week. Levels of FFAs were decreased in all time-restricted feeding groups (control 
DP, jetlag DP, jetlag OP) compared to the ad libitum groups (Fig. 9A, p < 0.0001; Supplemental Table 1). This effect 
was most apparent after 12 weeks of exposure, but somewhat smaller after 20 weeks. TC levels were increased in 
all time-restricted feeding groups compared to the ad libitum groups (Fig. 9B, p < 0.001; Supplemental Table 1). 
Similar to FFAs, this effect was most apparent after 12 weeks of exposure and was less profound (control DP 
vs. control AL) or absent after 20 weeks (jetlag DP and jetlag OP vs. control AL). Patterns of plasma TG levels 

Figure 6. Cumulative weekly food intake (A) and total cumulative food intake after 28 weeks (B) in average 
grams per group. Weekly food intake was measured per cage per mouse. Control AL = normal light-dark cycle 
and food available ad libitum; Jetlag AL = Jetlag and food available ad libitum; Control DP = normal light-dark 
cycle and food available during the dark phase; Jetlag DP = Jetlag and food available during the dark phase; 
Jetlag OP = Jetlag and food available alternatingly during the dark or light phase. * indicates p < 0.05 vs. control 
AL group.

Figure 7. Body composition measurements of fat mass (A) and lean mass (B). Control AL = normal light-
dark cycle and food available ad libitum; Jetlag AL = Jetlag and food available ad libitum; Control DP = normal 
light-dark cycle and food available during the dark phase; Jetlag DP = Jetlag and food available during the dark 
phase; Jetlag OP = Jetlag and food available alternatingly during the dark or light phase. * indicates statistically 
significant difference between groups (p < 0.05), please see text and Supplemental Table 1 for further details.

Figure 8. Estimated energy expenditure (kcal/month) calculated as monthly food intake (kcal) minus monthly 
difference in fat and lean mass (kcal). Control AL = normal light-dark cycle and food available ad libitum; Jetlag 
AL = Jetlag and food available ad libitum; Control DP = normal light-dark cycle and food available during the 
dark phase; Jetlag DP = Jetlag and food available during the dark phase; Jetlag OP = Jetlag and food available 
alternatingly during the dark or light phase. * indicates statistically significant difference between groups 
(p < 0.05), please see text and Supplemental Table 1 for further details.
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were different from those of FFA and TC. No effect of time-restricted feeding alone was observed, but plasma 
levels of TGs were decreased in the jetlag DP group and increased in the jetlag OP group (Fig. 9C; p < 0.0001; 
Supplemental Table 1). This again suggests a combined effect of jetlag and food restriction.

Taken together, these results indicate that time-restricted feeding decreases plasma FFA levels and increases 
plasma TC levels. No effects of weekly alternating light-dark cycles alone were observed on any of the measured 
lipids. Interestingly, TG levels were affected by the combination of time-restricted feeding and jetlag. Although 
the light-dark cycle and timing of food availability was the same for all groups at the moment of blood sampling, 
alternating access to food during the light or dark phase combined with jetlag (jetlag OP) resulted in increased 
TG levels, whereas access to food during the dark phases combined with jetlag (jetlag DP) resulted in decreased 
TG levels.

Discussion
Effects on adaptation to weekly alternating light-dark schedules. In this study, we investigated 
the effect of time-restricted feeding for 12 h on adaptation to weekly alternating light-dark cycles (12 h shift). 
We observed that time-restricted feeding has an effect on adaptation to a new light-dark schedule. Restricting 
food access to the dark phase enhanced adaptation of core body temperature and ambulatory locomotor activity 
rhythms by 2–3 days as compared to ad libitum feeding. In contrast, when food availability was not constantly 
aligned to the dark cycle (jetlag OP group) adaptation was highly variable. It appeared that during weeks when 
food intake was restricted to the light phase, core body temperature patterns remained more aligned with the food 
availability schedule rather than the light-dark schedule. However, this was not observed in all weeks throughout 
the experiment, making it difficult to draw firm conclusions.

For the jetlag DP group, similar effects on adaptation were observed for metabolic parameters, such as oxygen 
consumption and the respiratory quotient at the end of the experiment (after 28 weeks). However, as metabolic 
data for day 1 and 2 after the shift was not available, no firm conclusion can be drawn on the speed of adaptation 
for these parameters. Nevertheless, collectively these results indicate that aligning food intake to the new dark 
(active) phase expedites adaptation to a 12 h shift in the light-dark schedule and that this effect remains present 
over months. These findings are in line with previous studies showing enhanced adaptation to 6 h advancing 
light-dark schedules with dark phase restricted feeding26–28. In these studies, food availability was restricted to 2 h 
during the dark phase. We demonstrate that food restriction to the entire dark phase also enhances adaptation, 
even with a larger advance in light-dark schedules (12 h). Additionally, in contrast to the previous studies where 
animals were investigated for 5 days, we maintained animals on the imposed schedules for 28 weeks. Our results 
suggest that time-restricted feeding has an ongoing effect on adaptation, independent of the duration of rhythm 
disturbance. It is important to note that there are differences in the method of analyzing adaptation between the 
described studies as well as differences in study design, which makes direct comparisons between studies difficult. 
Nevertheless, all studies support the notion that timing of food availability can accelerate adaption to changed 
light-dark schedules of different parameters such as core body temperature and locomotor activity.

When mice were fed at a fixed 12 h but the light-dark schedule was reversed (jetlag OP group in this study) 
animals did not adapt their core body temperature rhythms to this new light-dark schedule. Interestingly, they did 
not completely keep their original 24 h rhythm in core body temperature either. Previously, it has been reported 
that restricting food availability to the light phase, affects the shape, amplitude and phase of core body tempera-
ture rhythms of mice29. Main changes observed are the occurrence of a biphasic pattern with peaks around lights 
on and lights off and a large dip in body temperature during the dark phase. In the current study, we observed 
similar changes in patterns of core body temperature during days with restricted food availability during the 
light phase, however, these effects were much less profound (Supplemental Fig. 1). This could be related to the 
more cathemeral nature of FVB animals, with the control group (control AL) also showing a somewhat biphasic 
rhythm of core body temperature (Supplemental Fig. 1) and a relative large proportion of sleep during the dark 
phase (53% of cumulative predicted sleep duration over 92 days in the control AL group as discussed below). It 
has been described before that FVB mice are less nocturnal as compared to C57BL/6 J mice, as indicated by a 

Figure 9. Plasma levels of free fatty acids (A), total cholesterol (B) and triglycerides (C). Plasma lipids levels 
were measured at baseline (week 0), after 4 weeks, after 12 weeks and after 20 weeks. Control AL = normal light-
dark cycle and food available ad libitum; Jetlag AL = Jetlag and food available ad libitum; Control DP = normal 
light-dark cycle and food available during the dark phase; Jetlag DP = Jetlag and food available during the dark 
phase; Jetlag OP = Jetlag and food available alternatingly during the dark or light phase. * indicates statistically 
significant difference between groups (p < 0.05), please see text and Supplemental Table 1 for further details.
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relatively small difference in the amount of food intake and physical activity in the day versus night30. Circadian 
activity patterns in rodents are driven by evolution, and fine-tuned by interactions with the environment (e.g. 
food availability, predator/prey interactions), which has resulted in differences between rodent strains and spe-
cies31. For example, the Algerian mouse is mainly nocturnal, but shows biphasic activity patterns in spring and 
autumn32, similar to the activity patterns of FVB mice in our study. How these differences in activity patterns (i.e. 
diurnal, nocturnal, or multiphasic) affect the speed of adaptation remains largely unknown, and would be an 
interesting subject for further investigation.

effects on predicted sleep. To our knowledge, this is the first study investigating the effect of 
time-restricted feeding on predicted sleep patterns by evaluating periods of behavioral quiescence. We observed 
that, when food is restricted to the dark phase, the duration of predicted sleep is reduced during the dark phase 
and increased during the light phase, resulting in a net equal amount of predicted sleep. When timing of food 
restriction during the dark phase is combined with weekly alternating light-dark schedules, it appears that this 
compensation of predicted sleep during the light phase is insufficient, resulting in a net decreased amount of pre-
dicted sleep. It is known that FVB animals sleep a relatively large portion of their total sleep during the dark phase, 
as was previously determined using EEG measurements in FVB male mice33. The differences in predicted sleep 
timing observed in the control DP and jetlag DP groups when compared to the ad libitum fed groups are therefore 
likely related to this cathemeral nature of FVB animals, where time-restricted feeding to the dark phase interferes 
with their normal sleeping pattern. This cumulative effect on predicted sleep timing and total predicted sleep 
duration is not present in the jetlag OP group, in which food access alternates weekly between the dark and light 
phase. This indicates that biweekly time-restricted feeding to the dark phase is not sufficient to disturb cumulative 
predicted sleep duration and timing when both types of weeks are taken into account.

Previously, we observed that weekly alternating light-dark cycles cause increased predicted sleep duration 
in p53R270H/+ WAPCre female FVB mice19. In the current study, this effect was not observed. This might indicate 
that the genetic background might play a role in the regulation of sleep or circadian rhythms. The link between 
circadian clock regulation of the cell cycle and tumor progression via p53 is often reported34, however, literature 
regarding a possible role for p53 in regulating physiological or behavioral diurnal rhythms is scarce. As a possi-
ble link, p53 knock-out mice show less robust diurnal rhythms in drinking pattern35. However, when core body 
temperature rhythms of the control animals in our study (control AL) were compared to the control animals of 
the previous study (p53R270H/+ WAPCre mice) under baseline conditions (4 days), curves were quite compara-
ble (correlation coefficient > 0.69). This indicates no obvious differences in one parameter of circadian rhythms 
between the two types of mice, but since data was collected in two separate experiments this conclusion must be 
drawn with caution.

Effects on metabolic parameters. Previously, we observed that weekly alternating light-dark cycles 
increases bodyweight in p53R270H/+ WAPCre female FVB mice19. In the current study we observed no changes 
in most metabolic parameters (bodyweight, food intake, body composition and plasma lipid levels) due to the 
weekly alternating light-dark schedules when food was available ad libitum. This discrepancy could be explained 
by p53R270H/+ WAPCre female FVB mice being more prone to metabolic changes, as loss of function of p53 has 
been related to altered lipid metabolism and obesity36,37. However, the lack of bodyweight gain in the current 
study is also not consistent with other studies demonstrating an effect of chronic rhythm disturbance (i.e. by 
phase advances or 12 h shifts of the photoperiod) on bodyweight in various rodent models10,38–41. This discrep-
ancy cannot be explained by a difference in species or diet, as some of these studies were also performed in mice 
on a chow diet similar to our study38,40. However, while these studies have used male C57BL/6 mice to study 
metabolic effects of rhythm disturbances, we have used female FVB mice. Therefore, differences in metabolism 
between gender and various mouse strains such as C57BL/6 and FVB mice could have influenced the study 
outcome42,43.

In the current study, we did observe effects of restricting food to the dark phase under a normal light-dark 
schedule on lean mass, energy expenditure and lipid levels. It cannot be excluded that food intake or increased 
light exposure prior to the measurements has influenced these data, in particular for the lipid levels. Nonetheless, 
body temperature rhythms indicated adaptation on day 3 after the shift in jetlag groups at the even weeks when 
blood was drawn (i.e. week 4, 12 and 20), suggesting that rhythms were in phase at the time of blood drawing. In 
the jetlag DP group, plasma levels of TG were decreased, suggesting a more favorable metabolic state. However, 
an increase in fat mass, a reduction in lean mass and reduced estimated energy expenditure were also observed. In 
the jetlag OP group, increased plasma TG levels, reduced food intake and reduced estimated energy expenditure 
were observed, without changes in bodyweight, indicating a somewhat less favorable metabolic state. In addition, 
the jetlag OP group displayed a disturbed adaption to the new-light dark schedule during the weeks that food is 
available during the light phase. This might indicate that impairing adaptation to a new light-dark schedule by 
time-restricted feeding increases metabolic risks. In this study, there appears to be no clear role for predicted sleep 
duration or timing in this effect, since there was no change in periods of behavioral quiescence in the jetlag OP 
group.

There are several previous studies in which a model for chronic circadian rhythm disturbance was combined 
with restricted timing of food intake10,38,40. In those studies, rhythm disturbance was caused by a forced period of 
activity during the normal resting phase or by a 6 h advance in light-dark schedules every 2 days or twice a week. 
In all studies, an effect of chronic rhythm disturbance on several metabolic parameters was observed, including 
increased bodyweight. Food restriction to the inactive light period worsened metabolic health10. This is in line 
with the less favorable metabolic state observed in the jetlag OP group in our study, which was fed in the inactive 
phase every other week. However, another study showed that food restriction to a fixed time (partly in the inac-
tive period and partly in the active period) alleviates metabolic effects of circadian rhythm disturbances40, which 
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is not in accordance with our results. Food restriction to the normal active period has been shown to improve 
metabolism when rhythm was disturbed10,38. These results are also not in accordance with our study, as we did not 
observe a positive effect on most metabolic parameters in dark phase fed animals (jetlag DP group).

These discrepancies suggest that small variations in study setup (e.g. variations in light-dark schedule, gen-
der, genetic background, etc.) could result in different outcomes. This is also observed for humans, as some shift 
workers have less complaints than others, depending, for example, on the chronotype of an individual. More 
specifically, a recent study observed an increased risk of overweight in selectively shift workers with an evening 
chronotype instead of a morning chronotype44. In addition, various types of shift work schedules exist, and some 
are better tolerated than others45,46. Thus, although we performed a long-term study with large group sizes, our 
specific study conditions did not result in remarkable metabolic alterations.

In summary, this study shows that time-restricted feeding has an effect on adaptation to changing light-dark 
schedules, with accelerated adaptation of core body temperature and locomotor activity rhythms when food is 
provided during the dark phase. Time-restricted feeding alone and/or in combination with weekly alternating 
light-dark schedules causes very mild changes in metabolic parameters, such as lean mass, energy expenditure 
and lipid levels, and results in altered timing and duration of predicted sleep. The least favorable metabolic state is 
observed in the jetlag OP group. In this group, adaptation to the new light-dark schedule is disturbed, in particu-
lar when the light-dark cycle and food availability are misaligned. Jetlag DP mice adapted best to a new light-dark 
cycle, however, this was not accompanied by a significant improvement of metabolic parameters.

Thus, our results demonstrate that dietary interventions could be a promising strategy to expedite adaptation 
of the circadian system. However, future research in alternative animal models is needed to demonstrate whether 
dark phase feeding could improve metabolic health by enhancing adaptation. If so, this could be a promising 
strategy to influence adverse health outcomes in circadian rhythm disturbances, such as shift work or jetlag.

Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

References
 1. Gan, Y. et al. Shift work and diabetes mellitus: a meta-analysis of observational studies. Occup Environ Med 72(1), 72–8 (2015).
 2. Vetter, C. et al. Association Between Rotating Night Shift Work and Risk of Coronary Heart Disease Among Women. JAMA 315(16), 

1726–34 (2016).
 3. Wang, F. et al. Meta-analysis on night shift work and risk of metabolic syndrome. Obes Rev 15(9), 709–20 (2014).
 4. Opperhuizen, A. L., van Kerkhof, L. W., Proper, K. I., Rodenburg, W. & Kalsbeek, A. Rodent models to study the metabolic effects of 

shiftwork in humans. Front Pharmacol 6, 50 (2015).
 5. Arble, D. M., Ramsey, K. M., Bass, J. & Turek, F. W. Circadian disruption and metabolic disease: Findings from animal models. Best 

Practice & Research Clinical Endocrinology & Metabolism 24(5), 785–800 (2010).
 6. Drake, C. L., Roehrs, T., Richardson, G., Walsh, J. K. & Roth, T. Shift work sleep disorder: prevalence and consequences beyond that 

of symptomatic day workers. Sleep 27(8), 1453–62 (2004).
 7. Kecklund, G. & Axelsson, J. Health consequences of shift work and insufficient sleep. BMJ 355, i5210 (2016).
 8. Niu, S. F. et al. The effect of shift rotation on employee cortisol profile, sleep quality, fatigue, and attention level: a systematic review. 

J Nurs Res 19(1), 68–81 (2011).
 9. Eurofound, Fifth European Working Conditions Survey (2012).
 10. Salgado-Delgado, R., Angeles-Castellanos, M., Saderi, N., Buijs, R. M. & Escobar, C. Food intake during the normal activity phase 

prevents obesity and circadian desynchrony in a rat model of night work. Endocrinology 151(3), 1019–29 (2010).
 11. Salgado-Delgado, R. C. et al. Shift work or food intake during the rest phase promotes metabolic disruption and desynchrony of liver 

genes in male rats. PLoS One 8(4), e60052 (2013).
 12. Sherman, H. et al. Timed high-fat diet resets circadian metabolism and prevents obesity. FASEB J 26(8), 3493–502 (2012).
 13. Yoon, J. A. et al. Meal time shift disturbs circadian rhythmicity along with metabolic and behavioral alterations in mice. PLoS One 

7(8), e44053 (2012).
 14. Arble, D. M., Bass, J., Laposky, A. D., Vitaterna, M. H. & Turek, F. W. Circadian timing of food intake contributes to weight gain. 

Obesity (Silver Spring) 17(11), 2100–2 (2009).
 15. Bray, M. S. et al. Time-of-day-dependent dietary fat consumption influences multiple cardiometabolic syndrome parameters in 

mice. Int J Obes (Lond) 34(11), 1589–98 (2010).
 16. Jang, H. et al. Feeding Period Restriction Alters the Expression of Peripheral Circadian Rhythm Genes without Changing Body 

Weight in Mice. Plos One 7, 11 (2012).
 17. Reznick, J. et al. Altered feeding differentially regulates circadian rhythms and energy metabolism in liver and muscle of rats. 

Biochim Biophys Acta 1832(1), 228–38 (2013).
 18. Shamsi, N. A. et al. Metabolic consequences of timed feeding in mice. Physiol Behav 128, 188–201 (2014).
 19. Van Dycke, K. C. et al. Chronically Alternating Light Cycles Increase Breast Cancer Risk in Mice. Curr Biol 25(14), 1932–7 (2015).
 20. Juda, M., Vetter, C. & Roenneberg, T. The Munich ChronoType Questionnaire for Shift-Workers (MCTQShift). J Biol Rhythms 

28(2), 130–40 (2013).
 21. Schmid, B., Helfrich-Forster, C. & Yoshii, T. A new ImageJ plug-in “ActogramJ” for chronobiological analyses. J Biol Rhythms 26(5), 

464–7 (2011).
 22. Jenni, O. G., Deboer, T. & Achermann, P. Development of the 24-h rest-activity pattern in human infants. Infant Behav Dev 29(2), 

143–52 (2006).
 23. Stenvers, D. J. et al. Dim light at night disturbs the daily sleep-wake cycle in the rat. Sci Rep 6, 35662 (2016).
 24. Refinetti, R. Variability of diurnality in laboratory rodents. J Comp Physiol A Neuroethol Sens Neural Behav Physiol 192(7), 701–14 

(2006).
 25. Roenneberg, T. et al. Human activity and rest in situ. Methods Enzymol 552, 257–83 (2015).
 26. Angeles-Castellanos, M., Amaya, J. M., Salgado-Delgado, R., Buijs, R. M. & Escobar, C. Scheduled food hastens re-entrainment 

more than melatonin does after a 6-h phase advance of the light-dark cycle in rats. J Biol Rhythms 26(4), 324–34 (2011).
 27. Carneiro, B. T. S. & Araujo, J. F. Influence of scheduled restricted feeding on reentrainment of motor activity rhythm after a 6-h light-

dark advance in rats. Psychology and Neuroscience 4(3), 317–322 (2011).
 28. Ubaldo-Reyes, L. M., Buijs, R. M., Escobar, C. & Angeles-Castellanos, M. Scheduled meal accelerates entrainment to a 6-h phase 

advance by shifting central and peripheral oscillations in rats. Eur J Neurosci (2017).

https://doi.org/10.1038/s41598-019-44398-7


1 2Scientific RepoRts |          (2019) 9:7874  | https://doi.org/10.1038/s41598-019-44398-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

 29. Damiola, F. et al. Restricted feeding uncouples circadian oscillators in peripheral tissues from the central pacemaker in the 
suprachiasmatic nucleus. Genes Dev 14(23), 2950–61 (2000).

 30. Gibb, A. A. et al. FVB/NJ Mice Are a Useful Model for Examining Cardiac Adaptations to Treadmill Exercise. Frontiers in physiology 
7, 636–636 (2016).

 31. Monterroso, P., Alves, P. & Ferreras, P. Catch Me If You Can: Diel Activity Patterns of Mammalian Prey and Predators. 119, 1044–1056 
(2013).

 32. Mario Vargas, J., Palomo, L. J. & Justo, E. R. Mus spretus (Rodentia: Muridae). Mammalian Species 840, 1–10 (2009).
 33. Hsiao, F. C., Liao, Y. H. & Tsai, L. L. Differential effects of retinal degeneration on sleep and wakefulness responses to short light-dark 

cycles in albino mice. Neuroscience 248, 459–68 (2013).
 34. Masri, S., Kinouchi, K. & Sassone-Corsi, P. Circadian clocks, epigenetics, and cancer. Curr Opin Oncol 27(1), 50–6 (2015).
 35. Hamada, T., Niki, T. & Ishida, N. Role of p53 in the entrainment of mammalian circadian behavior rhythms. Genes Cells 19(5), 

441–8 (2014).
 36. Chu, D. T. & Tao, Y. Molecular connections of obesity and aging: a focus on adipose protein 53 and retinoblastoma protein. 

Biogerontology 18(3), 321–332 (2017).
 37. Parrales, A. & Iwakuma, T. p53 as a Regulator of Lipid Metabolism in Cancer. Int J Mol Sci, 17(12) (2016).
 38. Casiraghi, L. P., Alzamendi, A., Giovambattista, A., Chiesa, J. J. & Golombek, D. A. Effects of chronic forced circadian 

desynchronization on body weight and metabolism in male mice. Physiol Rep, 4(8) (2016).
 39. McDonald, R. J. et al. Multiple effects of circadian dysfunction induced by photoperiod shifts: alterations in context memory and 

food metabolism in the same subjects. Physiol Behav 118, 14–24 (2013).
 40. Oike, H., Sakurai, M., Ippoushi, K. & Kobori, M. Time-fixed feeding prevents obesity induced by chronic advances of light/dark 

cycles in mouse models of jet-lag/shift work. Biochem Biophys Res Commun 465(3), 556–61 (2015).
 41. Tsai, L. L., Tsai, Y. C., Hwang, K., Huang, Y. W. & Tzeng, J. E. Repeated light-dark shifts speed up body weight gain in male F344 rats. 

Am J Physiol Endocrinol Metab 289(2), E212–7 (2005).
 42. Berglund, E. D. et al. Glucose metabolism in vivo in four commonly used inbred mouse strains. Diabetes 57(7), 1790–9 (2008).
 43. Haluzik, M. et al. Genetic background (C57BL/6J versus FVB/N) strongly influences the severity of diabetes and insulin resistance 

in ob/ob mice. Endocrinology 145(7), 3258–64 (2004).
 44. Hulsegge, G. et al. Shift work, chronotype and the risk of cardiometabolic risk factors. Eur J Public Health (2018).
 45. Burgess, P. A. Optimal shift duration and sequence: recommended approach for short-term emergency response activations for 

public health and emergency management. Am J Public Health 97(Suppl 1), S88–92 (2007).
 46. Costa, G. Shift work and health: current problems and preventive actions. Saf Health Work 1(2), 112–23 (2010).

Acknowledgements
This research was carried out in part by financial support from the RIVM Strategic Programme grant number 
S/133008 and by grant number Z/110016 of the Dutch Ministry of Social Affairs and Employment. In addition, 
this work was supported by the Dutch Heart Foundation (Dekker grant 2017T016 to S Kooijman), the European 
Foundation for the Study of Diabetes (EFSD Rising Star Fellowship Programme to S Kooijman), the Netherlands 
Organization for Scientific Research (NWO-VENI grant 016.136.125 to NR Biermasz), and by a personal grant 
from the Board of Directors of Leiden University Medical Center to M Schilperoort. We thank Trea Streefland 
and Chris van der Bent (Division of Endocrinology, Department of Medicine, LUMC, Leiden, The Netherlands) 
for their excellent technical assistance. We thank Prof. Dr. Roelof Hut (Rijksuniversiteit Groningen) for advice on 
data-analysis of core body temperature rhythms.

Author Contributions
The experiment was designed by R.v.d.B., L.v.K., H.v.S., M.D., P.R., N.B. and S.K. M.S. and R.v.d.B. conducted the 
animal experiment. Practical assistance was provided by M.D., C.v.O., K.W. and L.T. P.W., T.D., G.H., L.v.K., M.D., 
K.P., T.R. performed and/or designed data analyses on telemetric data. L.v.K., S.K. and M.S. wrote the manuscript 
with input from all co-authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-44398-7.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-44398-7
https://doi.org/10.1038/s41598-019-44398-7
http://creativecommons.org/licenses/by/4.0/

	Time-restricted feeding improves adaptation to chronically alternating light-dark cycles
	Methods
	Animals. 
	Experimental set-up. 
	Food intake, bodyweight, estimated energy expenditure and body composition measurements. 
	Telemetric body temperature measurements. 
	Telemetric activity measurements. 
	Indirect calorimetry. 
	Plasma lipid levels. 
	Statistical analyses. 

	Results
	Dark phase feeding promotes adaptation to weekly alternating light-dark cycles. 
	Weekly alternating light-dark cycles combined with food restriction to the dark phase decreases predicted behavioral quiesc ...
	Weekly alternating light-dark cycles and time-restricted feeding reduce estimated energy expenditure. 
	Time-restricted feeding, but not weekly alternating light-dark schedules, affect plasma lipid levels. 

	Discussion
	Effects on adaptation to weekly alternating light-dark schedules. 
	Effects on predicted sleep. 
	Effects on metabolic parameters. 

	Acknowledgements
	Figure 1 Experimental design.
	Figure 2 Daily core body temperature rhythms during week 2 of the experiment of the three jetlag groups compared their respective control groups (A–C).
	Figure 3 Representative double-plotted actograms of week 2 of the study are shown, in which grey shading indicates the dark period (A).
	Figure 4 Cumulative predicted sleep during both the light and dark phases (A,B), only the light phases (C,D) and only the dark phases (E,F).
	Figure 5 Relative bodyweight gain in ad libitum fed animals (A) and food restricted animals (B), expressed as percentage increase in bodyweight relative to baseline at time points were prior food availability was equal in all groups.
	Figure 6 Cumulative weekly food intake (A) and total cumulative food intake after 28 weeks (B) in average grams per group.
	Figure 7 Body composition measurements of fat mass (A) and lean mass (B).
	Figure 8 Estimated energy expenditure (kcal/month) calculated as monthly food intake (kcal) minus monthly difference in fat and lean mass (kcal).
	Figure 9 Plasma levels of free fatty acids (A), total cholesterol (B) and triglycerides (C).
	Table 1 Correlation coefficient of daily patterns (20 min bins) in oxygen consumption (VO2 (ml/h)), energy expenditure (kcal/h), the respiratory quotient and ambulatory locomotor activity (beam breaks) during week 28.




