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Shift workers have an increased risk to develop type 2 diabetes. We aimed to investigate the 
underlying mechanisms and the role of the timing of food intake by subjecting rats to an acute phase 
inversion of the light/dark (L/D) cycle. In the first experiment, with food available ad libitum, male 
Wistar rats were implanted with jugular vein catheters and intravenous glucose tolerance tests were 
performed at either ZT2 or ZT14. Three days after the 12 h phase shift, these glucose tolerance tests 
were repeated. In the second experiment, rats were housed in metabolic cages for the continuous 
measurement of multiple behavioral and metabolic parameters after the 12 h phase shift, food was 
available ad libitum or restricted to the light or dark period. The daily rhythm of glucose tolerance, and 
the peak and trough corticosterone levels, adapted within three days after exposure to the inverted 
L/D cycle. However, phase inversion caused insulin resistance at the onset of the active phase. Under 
ad libitum feeding conditions, the daily rhythms of locomotor activity and energy expenditure adapted 
faster to the inverted L/D cycle compared to the other behavioral rhythms measured. Food restriction 
to the dark period facilitated behavioral adaptation to the new circadian phase.
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Acute inversions of the L/D cycle often occur in the setting of shift work and jet lag. Both shift work and jetlag 
are associated with metabolic disease1–3.

Shift work refers to a schedule that deviates from daytime working hours. Shift work is highly prevalent in our 
society, with approximately 20% of the work force doing some form of shift work4–7. Shift work is crucial to keep 
our society going, for example in health care, hospitality, and transportation. Unfortunately, recent systematic 
reviews have shown that shift work is a risk factor for a number of health problems, including type 2 diabetes 
mellitus and cardiovascular disease8,9.

Jet lag results from crossing multiple time zones in a short period, which causes a temporary misalignment 
between the body’s internal clocks and local time at the destination. This disruption often leads to well-known jet 
lag symptoms such as fatigue, insomnia, and gastrointestinal discomfort10,11. In addition, people who perform 
night shift work for many years’ experience chronic jet lag, which may increase the risk of obesity, diabetes, and 
cognitive deficits12,13.

The negative health effects of shift work and jet lag are probably due to a disruption of the internal circadian 
timing system, which is responsible for the coordination of many endocrine and physiological rhythms with 
the behavioral 24-hour sleep-wake cycle. The daily rhythm of glucose tolerance, for example, refers to the 
higher glucose utilization at the beginning of the activity period14,15. The circadian timing system consists of 
a central brain clock in the hypothalamic suprachiasmatic nucleus (SCN) and various peripheral clocks in 
other tissues including muscle, liver, and adipose tissue. The SCN synchronizes its own endogenous rhythm of 
approximately 24 h with the exact 24 h rhythm of the environment by receiving light information via a direct 
projection from the retina. The entrained timing signal is forwarded from the SCN to other brain areas, as well 
as to the peripheral clocks via neural and hormonal signals, body temperature and behavioral activities15. In 
addition to the entraining signals from the SCN, also behavioral activities such as food intake and exercise can 
serve as Zeitgebers for the peripheral clocks, including those in metabolic tissues such as the liver, pancreas, 
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adipose tissue and muscle. The timing and composition of meals can affect the expression of clock genes and 
the rhythmic activity of metabolic pathways in these organs16,17. The same is true for exercise18. Disturbances 
in the alignment of these different endogenous clock systems can have profound effects on health, performance 
and well-being.

Some studies in rodents have shown that restricting food intake to the dark period, i.e. the normal wake 
period of these nocturnal species, facilitates the adjustment of the circadian clock system after a phase inversion19 
and improves insulin sensitivity and glucose tolerance20. By contrast, feeding during the light phase (i.e. the 
wrong time-of-day) attenuated re-entrainment of the melatonin rhythm (a marker of the endogenous circadian 
rhythm)21.

In 2018, a human study showed that 3 days after an acute 12 h phase shift, muscle insulin sensitivity at the 
onset of the active period was reduced22. In rodent studies, it was observed that after reversal of the light/dark 
cycle, clock gene rhythms in liver, heart, kidney, pancreas and duodenum remain desynchronized for at least 
7 days23–25. However, still little is known about the adaptation speed of the daily rhythm in glucose tolerance 
after a 12  h phase shift. Therefore, in the present study we measured glucose tolerance at the beginning of 
the light period and dark period, both before and after rats had been subjected to an acute phase inversion of 
the L/D cycle. In order to better understand the pathophysiological mechanisms underlying adaptation to L/D 
phase inversions, we also investigated the adaptation speed of behavioral and metabolic parameters, including 
locomotor activity, food and water intake, energy expenditure (EE), and the respiratory exchange ratio (RER), 
after the same 12 h phase shift. Finally, we investigated the effects of time-restricted food intake after the phase 
inversion as a potential strategy to mitigate the negative effects of such phase-inversions.

Materials and methods
Animals and ethics
Adult male Wistar WU rats (Charles River, Harland, Germany) were used for all our experiments. Animals 
were group-housed (4–5 animals per cage) during one week of acclimatization before the experiments, under a 
standardized 12 h/12 h light/dark (L/D) cycle (lights on at 07:00 h/ Zeitgeber Time 0 (ZT0) and lights off at 19:00 h 
(ZT12)), with ad libitum access to water and chow diet (3.1 kcal/gram, Irradiated Global diet 2918, Horst, the 
Netherlands). All experimental procedures were performed in accordance with Dutch law, the Council Directive 
2010/63EU of the European Parliament and the Council of 22 September 2010 on the protection of animals used 
for scientific purposes. The study was approved by the Animal Ethics Committee of the Royal Dutch Academy 
of Arts and Sciences (KNAW, Amsterdam, the Netherlands) and in accordance with the guidelines on animal 
experimentation of the Netherlands Institute for Neuroscience and the ARRIVE guidelines.

Intravenous glucose tolerance test
In the first experiment, jugular vein cannulation surgery was performed in 25 rats (body weight 323 ± 2  g) 
as described previously26,27. Rats were injected subcutaneously (s.c.) with meloxicam (1  mg/kg; Metacam, 
Hyperdrug C.O., United Kingdom) ~ 30  min prior to surgery and then were anesthetized with the mixture 
of ketamine (64 mg/kg BW; Anesketin, Dechra C.O., United Kingdom) and metedomidine (0.26 mg/kg BW; 
Sedastart, AST Farma, Utrecht, the Netherlands). Subsequently, four holes were drilled in the skull in which 
stainless steel screws were placed. A silicone catheter was implanted in the internal jugular vein so that the tip 
reached the right atrium. The other side of the catheter was connected with a bended blunt 20G needle and filled 
with 0.05 ml PVP solution (0.1 ml heparin (1000 IU/ml), LEO Pharma B.V.; 0.9 ml amoxicillin, Centrafarm 
B.V.; and 0.9 g polyvinylpyrrolidone, Sigma Aldrich, Germany), and fixed to the screws on the skull with dental 
cement. Rimadyl (Carprofen, 0.6–1.5 mg/rat/day; Zoetis, the Netherlands) drinking water was provided for 3–4 
days after procedure and rats were housed individually till the end of this experiment.

Seven to ten days later, an intravenous glucose tolerance test (ivGTT) was performed at ZT2 or ZT14. After 
another 7–10 days, rats underwent a complete 12 h L/D phase reversal with a transitional 4 h light period/8 h 
dark period and 3 days later the ivGTTs were repeated (Fig. 1). Food was withdrawn 2 h prior to the glucose 
injection. All rats were tested twice, under the regular L/D cycle (Baseline/BL) and after the 12 h phase shift 
(Desynchronization/DS), respectively. They were randomly assigned to either of two groups: in group 1, ivGTTs 
were done at the same time points, but different clock times, i.e. ZT2 (9:00) in the BL condition and ZT2 (21:00) 
in the DS condition (n = 8), or ZT14 (21:00) in the BL condition and ZT14 (9:00) in the DS condition (n = 8); in 
group 2, ivGTTs were done at the same clock time but different ZT time points, i.e. ZT2 in the BL condition and 
ZT14 in the DS condition (9:00; n = 4), or at ZT14 in the BL condition and at ZT2 in the DS condition (21:00, 
n = 5) (Fig. 3). All animals with catheters that stopped working were excluded. The primary outcomes were the 
effect of a 12 h phase shift on ivGTT glucose and insulin excursions (assessed as area under the curve/AUC), 
comparing identical ZTs as well as the daily rhythm between before and after desynchronization.

During the ivGTT, a baseline blood sample (0.2  ml) was drawn at t = 0  min before the glucose injection 
(1 g/ml/kg BW, Sigma Aldrich, USA). Subsequently, another five blood samples (0.2 ml) were taken at t = 5, 
10, 20, 30, and 60 min. Glucose was measured immediately using a glucometer with blood-glucose test strips 
(FreeStyle Freedom Lite, Abbott Diabetes Care Ltd., United Kingdom). Plasma was separated from blood 
cells after centrifugation (11,000 rpm, 10 min, 4 °C) and stored at -20 °C. After completion of all experiments 
plasma was thawed and insulin and corticosterone levels were measured in duplicates using an enzyme-linked 
immunosorbent assay (ELISA, Merck, USA) for insulin and a high-sensitivity ELISA (Immunodiagnostic 
systems, Boldon Business Park, UK) for corticosterone. A coefficient of variation (CV) less than 15% between 
duplicates was considered acceptable28,29.
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Metabolic cages
In the second experiment, 22 animals (body weight 263 ± 4  g) were housed individually in metabolic cages 
(PhenoMaster, TSE system, Bad Hombourg, Germany). The metabolic cages were placed in a climate chamber 
with constant temperature (22–23 °C), humidity (40–60%), and a 12/12 light (60–80 lx)/ dark (0 lx) cycle. All 
animals were habituated to the metabolic cages for 3–4 days in a normal L/D cycle with standard chow available 
ad libitum, the data from the last two days were used as the baseline measurement. Next, a complete L/D reversal 
was done in all animals, with a transitional 4 h light period/8 h dark period (Fig. 2)22. After the 12 h phase 
shift rats were randomly divided into the food ad libitum group (ad libitum feeding/ALF; n = 8 at the start of 
the experiment, but after day 11 some drop outs occurred due to technical issues), food-restricted to the dark 
period group (dark feeding/DF; active phase; n = 7 at the start of the experiment, but after day 11 some drop outs 
occurred due to technical issues) and the food-restricted to the light period group (light feeding/LF; inactive 
phase; n = 7 at the start of the experiment, but after day 11 some drop outs occurred due to technical issues). 
The food modules of the metabolic cages opened or closed exactly at the light/dark transitions for the two 
food-restricted groups. Throughout the whole experiment, multiple behavioral and metabolic parameters as 
mentioned above were measured continuously for each animal with the indirect calorimetry system (TSE system, 
Bad Hombourg, Germany). The RER was calculated by the ratio of between the amount of CO2 produced in the 
citric acid cycle and the amount of O2 consumed during the oxidative phosphorylation. For EE, we took body 

Fig. 2.  Timeline of the metabolic cages experiment. Animals were habituated in the metabolic cages for 3–4 
days in a normal L/D cycle with standard chow available ad libitum. Next, a complete 12 h light-dark cycle 
reversal was done in all animals. Then all rats were divided into the food ad libitum group (AL), food-restricted 
to the dark period group (DF) and food-restricted to the light period group (LF) till the end of the experiment 
(11–14 days in total). After the L/D shift, the food modules of the metabolic cages opened or closed exactly at 
the light/dark transitions for the two food-restricted groups. Created with BioRender.

 

Fig. 1.  Timeline of the intravenous glucose tolerance test. All rats underwent jugular vein cannulation surgery. 
Seven to ten days later, an intravenous glucose tolerance test (ivGTT) was performed at Zeitgeber Time 2 
(ZT2) or ZT14. After another 7–10 days rats underwent a complete 12 h phase light-dark reversal, and 3 days 
later the ivGTTs were repeated. Created with BioRender.
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weight 100% into account. Secondary outcomes were the adaptation speed of metabolic parameters to the new 
circadian phase after desynchronization, as well as the effect of time restricted eating on these parameters.

Statistical analysis
All data are expressed as the mean ± standard error of mean (SEM). Using R studio version 4.0.3 (2020) a cosinor 
analysis30 with package cosinor and cosinor2 was used to calculate the acrophase (the peak of the fitted curve 
within 24 h) and amplitude (peak-to-trough difference divided by 2)31. First, significance of curve fitting was 
estimated for the group mean, followed by calculations of acrophase and amplitude for individual animals. With 
GraphPad Prism 9.5.1 software, the individual acrophase and amplitude of all parameters, were analysed with 
a repeated measures two-way analysis of variance (ANOVA) with the factors Acrophase or Amplitude, Days, 
and their Interaction, followed by Dunnett’s multiple comparisons post hoc test. Differences between groups in 
percentage of all parameters, the absolute RER values and the positive area under curve (AUC, from t = 0 min 
to t = 60 min) of blood glucose were analyzed with two-tailed student’s t-test for normally distributed values. 
Actograms were measured by Image J software with Actogram J package. The results were considered statistically 
significant when P < 0.05.

Results
Desynchronization causes insulin resistance at activity onset
Previously we and others have shown a clear daily rhythm in glucose tolerance in rats, with glucose tolerance 
being highest at the onset of the dark period (the active period for nocturnal rodents) and lowest at the onset 
of the light period14,32. In the current study, we again confirmed this daily rhythm in glucose tolerance, since in 
the baseline condition glucose tolerance was higher at ZT14 than at ZT2. Besides, we found a similar day/night 
difference 3 days after the phase-inversion. This rapid adaptation of the daily rhythm in glucose tolerance to the 
inversed L/D cycle was apparent in group 1 (tested at the same Zeitgeber Time before and after the inversion) 
(Fig. 3A-D), as well as in the group 2 animals that were tested at different Zeitgeber Times before and after the 
phase inversion, i.e. ZT2 → ZT14 or ZT14 → ZT2 (Fig. 3E-H). In addition, when we combined the results from 
groups 1 and 2, a normal rhythm in glucose tolerance was found before the phase inversion (P < 0.05; Fig. 3I, J) 
and after the phase inversion (P < 0.001; Fig. 3K, L), with the improved glucose tolerance at the beginning of the 
dark period compared to the beginning of the light period14.

On the other hand, despite the apparent normalization of the daily rhythm in glucose tolerance three days 
after the 12 h L/D inversion, the higher insulin response at ZT14 after desynchronization compared to baseline 
(Fig. 4C, D) indicated insulin resistance since the glucose responses did not differ (Fig. 3C, D). On the other 
hand, at ZT2 the lower insulin response after desynchronization compared to baseline (Fig. 4A, B) (with similar 
glucose responses (Fig. 3A, B)) indicated increased insulin sensitivity after the L/D inversion. No statistically 
significant difference was found between ZT2 and ZT14 before and after inversion in group 2 (Fig.  4E–H). 
The combined results from groups 1 and 2 showed the normal daily fluctuation of insulin responses before 
the inversion, with the highest response at ZT2 (P < 0.001; Fig. 4I, J). However, after the inversion still a non-
significant trend towards higher responses at ZT14 was observed (P = 0.09; Fig. 4K, L).

Peak and trough corticosterone normalize within 3 days
We also measured basal corticosterone values before the glucose bolus injection, i.e. at t = 0 min. In group 1, 
animals tested at the same ZT before and after the shift, no significant changes in mean corticosterone values 
were found (Fig. 5A, B). On the other hand, in the group 2, animals tested at the same clock time before and after 
the shift, a significant increase was observed in the ZT2 → ZT14 animals (Fig. 5C), but a significant decrease in 
the ZT14 → ZT2 animals (Fig. 5D). The combined results of groups 1 and 2 show a normal daily corticosterone 
rhythm with lowest levels at ZT2 and highest levels at ZT14, both before and after the shift (Fig. 5E, F). These 
results suggest that also the daily corticosterone rhythm has adapted to the new L/D cycle within three days after 
the inversion.

The daily rhythms of locomotor activity and energy expenditure adapt faster than other 
behavioral rhythms
We used metabolic cages to assess the time-course of the behavioral and metabolic adaptation of rats to the 12 h 
phase shift. Rats gradually adapted their behavior to the inverted L/D cycle. The daily rhythms of locomotor 
activity and energy expenditure adapted faster to the inverted L/D cycle as compared to the rhythms of food 
intake, water intake and RER (Fig. 6A–J). The acrophase of the daily rhythm in locomotor activity returned to 
baseline values on day 9 after the inversion (Fig. 6A), the percentage of activity in the 12 h dark period returned 
to baseline levels on day 5 after the comparison (Fig. 6B). Similar days were found for EE, acrophase back to 
baseline on day 9 (Fig. 6G) and dark period percentage back on day 5 (Fig. 6H), respectively. In contrast, for food 
intake the acrophase and dark phase percentage returned to baseline values only on day 12 (Fig. 6C) and day 9 
(Fig. 6D). For water intake these numbers were day 6 (Fig. 6E) and day 12 (Fig. 6F), and for RER day 8 (Fig. 6I) 
and day 6 (Fig. 6J), respectively.

Dark feeding facilitates adaptation to phase inversion
Food restriction to the dark period facilitated adaptation of the locomotor activity rhythm, whereas food 
restriction to the light period reduced the adaptation speed (Fig.  7; Supplementary Figure S3A, S3B, S1B). 
Specifically, food restriction to the dark period caused the locomotor activity rhythm to entrain in terms of 
acrophase on day 5 (Fig. 7D) and dark phase percentage on day 5 (Supplementary Figure S3A), contrary to day 
9 for acrophase (Figs. 6A and 7D) and day 5 for percentage (Fig. 6F) in the ad libitum feeding group. The first 
return of the rhythm amplitude to baseline values was quite similar in the three groups, but showed a subsequent 
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overshoot in the DF group (i.e. stronger rhythmicity), whereas in the LF group it decreased again and remained 
below baseline values for the remainder of the experiment (Fig.  7E). Besides, the corresponding actograms 
confirmed a slower adaptation of the ALF group as compared to the DF group (Fig. 7A, B; Supplementary Figure 
S1A, S1B). In contrast, light feeding caused the locomotor activity acrophase to return to baseline only on day 13 
(Fig. 7D), and the dark phase percentage and amplitude of the rhythm did not return to baseline before the end 
of the experiment, i.e. >14 days (Fig. 7E and Supplementary Figure S3B).

Also, the adaptation of the daily rhythms of water intake, energy expenditure and RER were facilitated by 
food restriction to the dark phase, whereas food restriction to the light period delayed the adaptation of all these 
parameters (Supplementary Figure S2A, S2C, S2E, S2G; Supplementary Figure S3C, S3D, S3E, S3F, S3G, S3H, 
S3I, S3J). In addition, DF animals showed higher amplitudes of their water intake and RER rhythms compared 
to the ALF group (Supplementary Figure S2B, S2D, S2H). On the other hand, the LF animals showed a lower 

Fig. 3.  The daily rhythm in glucose tolerance appears to normalize within 3 days after a 12 h phase shift. 
(A–H) Show the comparison between the BL and DS condition for all groups. (A,C,E,G) show the absolute 
blood glucose values and (B,D,F,H) show the positive area under curve (AUC) of the blood glucose response 
(A,B): group 1/ ZT2 BL condition and ZT2 DS condition; (C,D): group 1/ ZT14 BL condition and ZT14 DS 
condition; (E,F): group 2/ ZT2 BL condition and ZT14 DS condition; (G,H): group 2/ZT14 BL condition and 
ZT2 DS condition. (I–L) Shows the combined results of groups 1 and 2 for the BL condition (I,J) and the DS 
condition (K,L). The data are presented as the mean ± SEM, n = 8 (for group 1), n = 4–5 (for group 2); * P < 0.05, 
** P < 0.01.
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amplitude of their water intake and EE rhythms (Supplementary Figure S2D, S2F), but a higher amplitude of the 
RER rhythm (Supplementary Figure S2H) compared to the ALF group.

Discussion
In the present rat model of shift work and jet lag, we found an apparent normalization of the daily rhythm 
of glucose tolerance already three days after onset of the phase inversion. However, these normalized glucose 
responses were only possible at the expense of insulin resistance at activity onset after the phase inversion, and 
increased insulin sensitivity at the onset of the active phase. The increased insulin resistance at the beginning of 
the activity period is in line with a comparable experimental study in humans22, underscoring the relevance of 
the rat model for translation to the human situation. Also the peak and trough corticosterone levels normalized 
within three days after phase inversion. On the behavioral level, we found that the acute phase inversion results 
in the expected gradual adaptation of the daily rhythms of locomotor activity, food intake, water intake, energy 

Fig. 4.  Desynchronization causes insulin resistance at activity onset 3 days after a 12 h phase shift. (A–H) 
Show the comparison between the BL and DS condition for all groups. (A,C,E,G) show the absolute insulin 
values and (B,D,F,H) show the positive area under the curve (AUC) of the insulin response. (A,B): group 
1/ ZT2 BL condition and ZT2 DS condition; (C,D): group 1/ ZT14 BL condition and ZT14 DS condition; 
(E,F): group 2/ ZT2 BL condition and ZT14 DS condition; (G,H): group 2/ ZT14 BL condition and ZT2 DS 
condition. (I–L) Shows combined results of groups 1 and 2 for the BL condition (I,J) and the DS condition 
(K,L). The data are presented as the mean ± SEM, n = 8 (for group 1), n = 4–5 (for group 2); * P < 0.05, ** 
P < 0.01.
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expenditure and RER to the new circadian phase, with the daily rhythms of locomotor activity and energy 
expenditure adapting faster than the other rhythms. Restricting food access to the dark period considerably 
facilitated the adaptation of the behavioral and metabolic parameters. Food restricted to the light period, 
however, had the opposite effect, delaying the speed of adaptation.

Our glucose tolerance experiments showed a rapid resynchronization of the plasma glucose excursions after 
the L/D phase inversion. Glucose tolerance was always higher at ZT14 as compared to ZT2 in the different 
comparisons, in line with the previously reported normal daily rhythm of glucose tolerance14. However, when 
analyzing the insulin responses it became clear that the normal glucose tolerance was probably due to the lack of 
adaptation in the insulin response. When comparing ZT14 at baseline to ZT 14 after desynchronization, glucose 
responses are identical, but the insulin response is higher after desynchronization, indicating insulin resistance 
at the onset of the active period. Since insulin resistance lays at the heart of the pathophysiology of type 2 
diabetes33, this may be related to the increased risk of type 2 diabetes in chronic shift workers.

The corticosterone results showed that the changes in insulin sensitivity were not due to the effect of aberrant 
levels of corticosterone, since peak and trough plasma corticosterone normalized within 3 days, similar to 
glucose tolerance. A discordance of the adaption of insulin and corticosterone responses, resulting in a change of 
their phase relation, was also found in a previous study in which rats were confronted with light phase feeding34. 
Previously, many human studies have shown that the cortisol rhythm is robust against acute changes in the 
photic environment35,36. For example, a study in police officers showed that the diurnal rhythm of cortisol phase 
delayed with increasing number of night shifts by 33 min per day over the course of 7 days37. This is consistent 
with another human study which showed that salivary cortisol levels were only partially reset following 1 week 
of night shifts38. Thus, it seems that the daily corticosterone rhythm in rats is more affected by masking than the 
cortisol rhythm in humans. Important difference however is that contrary to our rat experiment these human 
studies are often performed in dim light conditions.

In circadian biology, daily rhythms observed in environments with a rhythmic timing signal from the 
light-dark cycle, can generally be explained as endogenous (regulated by the circadian timing system), masking 
(regulated by the exogenous light/dark cycle), or a combination of the two. Endogenous rhythms are truly 
circadian rhythms that are regulated by the endogenous circadian timing system, which synchronizes these 
rhythms with the light-dark cycle, whereas masking involves a direct stimulatory or inhibitory effect of light on 
physiology or behavior39,40. For example, light pulses are a strong suppressor of locomotor activity in nocturnal 
organisms, while they stimulate activity in diurnal organisms41,42. Similarly, even though core body temperature, 
melatonin, plasma cortisol and locomotor activity are well established markers of internal time in continuous 

Fig. 5.  Peak and trough corticosterone appear to normalize within 3 days after a 12 h phase shift. (A–D) show 
the absolute corticosterone values and the comparison between the BL condition and DS condition for all 
four groups (A: group 1/ ZT2 BL condition and ZT2 DS condition; B: group 1/ ZT14 BL condition and ZT14 
DS condition; C: group 2/ ZT2 BL condition and ZT14 DS condition; D: group 2/ ZT14 BL condition and 
ZT2 DS condition. E and F show the combined results of group 1 and 2 for the BL condition (E) and the DS 
condition (F). The data are presented as the mean ± SEM, n = 8 (for group 1), n = 4–5 (for group 2); * P < 0.05, 
*** P < 0.001.
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Fig. 6.  Locomotor activity and EE adapt faster to an L/D shift than other rhythms. The individual acrophase of 
locomotor activity (A), food intake (C), water intake (E), EE (G) and RER (I); each line represents one animal, 
same color means same animal. The percentage of 24-h locomotor activity (B), food intake (D), water intake 
(F) and EE (H) during the light (white bars) and dark (black bars) phase. The absolute RER values during the 
light (white bars) and dark (black bars) phase (J). A return to baseline was defined as follows: For acrophase, 
as the day after the last day with a significant acrophase difference compared to baseline. For light phase % or 
average, as the day after the last day with a light phase value significantly above baseline (if the baseline light 
phase value is lower than baseline dark phase value) or below baseline (if baseline light phase value is higher 
than baseline dark phase value). The data are presented as the mean ± SEM, n = 8 at the start of the experiment, 
after day 11 some drop outs occurred due to technical issues; * P < 0.05, ** P < 0.01 compared to baseline. Open 
symbols represent data points with no significant Cosine fit in (G).
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darkness condition43,44, under L/D conditions the control of the endogenous clock on these rhythms may be 
masked by the inhibitory effect of light. Therefore, the pure endogenous component can only be studied under 
constant dark conditions. In our study, we observed that the rhythms of food intake and RER took longer to 
adapt to the new schedule compared to locomotor activity and energy expenditure, indicating that locomotor 
activity is probably more strongly affected by the masking effect of light than food intake and RER. This 
difference in “masking sensitivity” is important as it may be one of the reasons for the long-lasting disturbing 
effects of a phase inversion on the re-synchronization of daily rhythms. At the same time, energy expenditure 
is following locomotor activity. Therefore, energy expenditure also showed a faster adaptation speed. Thus, the 
observed reaction of metabolic and behavioral rhythms to a circadian phase inversion in our study can be due to 
(a combination of) a response of the endogenous clocks and masking. Prolonged desynchrony of appetite/eating 
behavior leads to eating at the wrong time-of-day (that is eating close to the sleep period), which may predispose 
to weight gain and further metabolic dysregulation45,46.

Fig. 7.  DF facilitates the rhythm adaptation of locomotor activity. (A) shows a representative actogram of rat 
1 of the ALF group, (B) shows a representative actogram of rat 1 of the DF group, (C) shows a representative 
actogram of rat 1 of the LF group. Rats were first exposed to L/D for 2 days as baseline, and subsequently 
to D/L for 13–14 days. Grey stars indicate missing part of the data at that day because of cage cleaning. 
The blue double-arrowed line on the right side of A, B and C indicates the number of days required for the 
corresponding animal to return to baseline (which is defined as no significant acrophase difference anymore 
compared to baseline). The acrophase (D) and amplitude (E) as calculated from the Cosine fits of locomotor 
activity in the ALF group (Black), DF group (Green) and LF group (Red). The horizontal lines indicate that 
there still is a difference compared to baseline (black represents the ALF group, green represents the DF group, 
and red represents the LF group). Note that the longer green line in (E) is mostly due to a stronger, not smaller, 
amplitude as compared to baseline. Data are presented as the mean ± SEM, n = 8 for the ALF groups at the start 
of the experiment, after day 11 some drop outs occurred due to technical issues, n = 7 for the DF group at the 
start of the experiment, after day 11 some drop outs occurred due to technical issues, and n = 7 for the LF group 
at the start of the experiment, after day 11 some drop outs occurred due to technical issues; * P < 0.05 compared 
to baseline (ALF group), # P < 0.05 compared to baseline (DF group), & P < 0.05 compared to baseline (LF 
group). Open symbols represent data points with no significant Cosine fit in (D,E). P-values for the Cosine fits 
can be found in Supplementary Table 1 (Table S1).
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A phase inversion of the L/D cycle also affects the daily rhythms in clock gene expression in the central and 
peripheral clocks. One study using advanced or delayed shifts of the L/D cycle by 6–9 h in the Per1-luciferase 
transgenic rat model showed that Per1 in the SCN shifted almost completely after the first day, but rhythmicity 
in the peripheral tissues shifted differently and in all cases more slowly than the SCN47. A study in adult mice 
showed that mPer1, mPer2 and mCry1 in the SCN react rapidly, completing the shift together by the second day 
after a 6 h phase delay48. Another study showed that the resetting process of clock genes (including Bmal1, Cry1, 
Per1, Dec1) in the rat pineal gland was almost completed within 3–5 days after an abrupt 12 h phase shift via a 
24 h dark period transition49. After the combined reversal of the feeding schedule and L/D cycle the examined 
clock genes finished their re-entrainment within 3–5 days in the liver, while in the heart their resetting course 
took 5–7 days50. Thus, also when looking at daily rhythms in clock gene expression it is clear that after an L/D 
inversion the central and peripheral clocks show large variability in adaptation speed, although in general they 
seem to adapt more quickly than behavioral rhythms.

The rhythmic output of the SCN is further fine-tuned by the various peripheral clocks. However, by 
now it is well known that also the metabolic signals resulting from food intake are strongly involved in the 
synchronization of peripheral clocks15,51. Therefore, we performed time-restricted feeding experiments in our 
shifted rats. These experiments showed that food restricted to the dark period (the habitual active period of 
nocturnal rats) facilitated adaptation of all parameters to the new L/D cycle, confirming the profound effects of 
feeding time. Moreover, our results align with many previous studies implicating that eating at the right time-
of-day has beneficial health effects, especially to prevent health problems caused by circadian disruption19–22.

Although the comparable effects on insulin resistance in our current study and the previous study in humans22 
are encouraging, translation of the current data to the human situation is complicated, also in view of the many 
different shift work schedules that are being used. However, based on the current experiment and all the previous 
knowledge that is available, it is clear that an optimal timing of both meals and physical activity is crucial for 
metabolic health. Specifically, restricting food intake to the new active period, may help to synchronize to a new 
circadian phase in jet lag and in shift work. On the other hand, in case of fast rotating shift schedules, restricting 
food intake to the regular active period (i.e. the light period in humans) may help to reduce the desynchronizing 
effects of continuous shifts.

Conclusion
In summary, our results demonstrate that the normal daily rhythm in glucose tolerance after a circadian phase 
shift can only be maintained at the expense of changes in insulin release and insulin sensitivity. Locomotor 
activity and energy expenditure are adapting more quickly to a new light-dark cycle compared to other behavioral 
rhythms. The slow adaptation of the food intake rhythm as well as the insulin resistance at the onset of the active 
period may be causally related to the increased incidence of metabolic disease in shift workers. Restricting food 
intake to the new active period may help to adapt to a new circadian phase, which may be beneficial in reducing 
the negative health effects of jet lag and shift work.

Data availability
The original contributions presented in the study are included in the article/supplementary material, and further 
inquiries can be directed to the corresponding author.
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