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Background and aim: Circadian clocks in most peripheral tissues are entrained mainly by feeding. Therefore, this study aimed to investigate whether the daily rhythm of core body temperature (CBT), including the effect of diet-induced thermogenesis, varies according to habitual feeding time.

Methods: Wild-type and uncoupling protein 1 (UCP1) knockout mice were fed only during the first 4 h (Breakfast group) or the last 4 h of the dark period (Dinner group) for 17 days. On day 18, both groups were fed twice for 2 h, at the same starting times. Locomotor activity and CBT were measured continuously during the experiment.

Results: On day 18, CBT increased at the beginning of each feeding period, regardless of the group and strain. However, the CBT increase induced by the first meal decreased sharply in the Breakfast group and mildly in the Dinner group; the opposite was observed after the second meal. In UCP1 knockout, but not wild-type, mice, the total amount of CBT was significantly lower in the Dinner group than in the Breakfast group. These effects were mostly independent of the locomotor activity and food intake.

Conclusion: These results reveal that the effect of habitual feeding time on the daily rhythm of CBT is sustained at least until the following day. These effects may be mediated by both UCP1-dependent and -independent mechanisms.
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Introduction

Body temperature is well-known to exhibit daily variations. Because both physical activity and feeding induce thermogenesis, body temperature usually rises during the active phase (day for humans and night for most rodents) (1). In addition, diet-induced thermogenesis (DIT), facultative thermogenesis in response to single meals (2, 3), is reported to be higher in the morning than in the evening in humans (4–6). This is a putative mechanism underlying the association between meal timing and weight status. Specifically, skipping breakfast and/or eating at night may lead to obesity due to decreased DIT (7, 8). Daily rhythms in many behavioral and physiological processes are generated by circadian clocks, which are composed of transcriptional/translational feedback loops involving a set of clock genes (9). In mammals, the suprachiasmatic nuclei of the hypothalamus possess the central clock, whereas almost all other tissues have so-called peripheral clocks, which share the same machinery as the central clock. Recently, accumulating evidence has indicated an important role of peripheral clocks (10). For example, studies using mice with tissue-specific deletion of Bmal1, a core clock gene, have revealed that hepatic glucose production and muscular glucose metabolism are regulated by peripheral clocks in their respective tissues (11, 12). Moreover, we recently found that the circadian clock in brown adipose tissue (BAT) regulates fatty acid utilization and thermogenesis in BAT (13). Collectively, these findings suggest that the circadian rhythmicity of body temperature is directly regulated by peripheral clocks.

The central clock is regulated by light stimuli and communicates this information to the peripheral clock through neural, endocrine, temperature, and behavioral signals (10). Consequently, the phases of the circadian clock in most peripheral tissues are mainly set by feeding instead of light (14, 15). This raises the possibility that habitual meal timing affects the daily rhythm of body temperature, including the effect of DIT. For instance, DIT might be lower in the morning than in the afternoon among habitual breakfast skippers. However, this hypothesis has not yet been thoroughly tested. To address this issue, we investigated whether the daily profile of core body temperature (CBT) differs depending on the habitual feeding time, even during the same feeding schedule.



Materials and methods


Animals

Male C57BL/6J mice (n = 15) at 6 weeks of age were obtained from Japan SLC (Hamamatsu, Japan). Mitochondrial uncoupling protein 1 (UCP1) knockout (KO) mice with a C57BL/6J background (16) were originally purchased from Jackson Laboratory (Bar Harbor, ME, United States; stock No. 003124) and bred at Kanazawa University (Kanazawa, Japan). Male mice (n = 8) were used in this study. All mice were fed a regular diet (CRF-1, Oriental Yeast, Tokyo, Japan) and maintained under controlled temperature (∼23°C) and light (12-h/12-h light/dark cycle) conditions.



Experimental design

Zeitgeber time (ZT) is used to describe the experimental time, with ZT 0 defined as lights on and ZT 12 as lights off.

At 10 weeks of age (day 1), wild-type C57BL/6J mice were divided into three groups (n = 5/each group): Ad lib group (fed chow ad libitum), Breakfast group (in which feeding time was restricted to the first 4 h of the dark period [ZT 12–16]), and Dinner group (in which feeding time was restricted to the last 4 h of the dark period [ZT 20–24]). UCP1 KO mice were divided into the Breakfast and Dinner groups (n = 4/each group). On day 18, both the Breakfast and Dinner groups were fed chow twice for 2 h during ZT 12–14 and ZT 20–22 (Figure 1).
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FIGURE 1
Protocol for the experiments. White and black bars indicate light and dark periods, respectively. Orange boxes indicate feeding times. Red double-headed arrows show measurement periods for analysis.


To reduce the effects of external stimuli other than light and feeding, we did not open the sound-attenuating chamber during days 9–14, and the data of locomotor activity and CBT during the last 3 days (days 12–14) were used for analysis (Figure 1). Thereafter, food intake was manually measured on days 15, 16, and 18.



Measurements of core body temperature and locomotor activity

At 8 weeks of age, all mice were implanted intraperitoneally with an ultra-small temperature logger (DST Nano-T, Star-Oddi, Gardabaer, Iceland) under anesthesia. The temperature resolution and accuracy of this logger were 0.032°C and ±0.2°C, respectively. CBT was continuously measured at 5 minute intervals until the end of the experiment. Mercury software (version 5.99, Star-Oddi) was used to program the loggers and to retrieve the stored data.

At 2 weeks after logger implantation, the mice were transferred to specialized cages (n = 1/cage) for infrared sensor detection and feeding time control (Supermex, Muromachi Kikai, Tokyo, Japan), each of which was placed in a sound-attenuating chamber (Muromachi Kikai). Locomotor activity was continuously measured at 5 minute intervals until the end of the experiment. CompACT AMS software (version 3.86, Muromachi Kikai) was used to store and analyze the data.



Statistical analysis

Data are presented as the mean and standard deviation (SD) or median. Differences between groups were analyzed using Student’s t-test, Mann-Whitney test, or one-way analysis of variance (ANOVA) followed by the Bonferroni post-hoc test. Calculations were performed using SPSS 24.0 (IBM SPSS Statistics, Chicago, IL, United States). P-value < 0.05 was considered significant.




Results


Effects of habitual feeding time on a routine day

As shown in Figure 2A, the wild-type mice were active during the dark period. In the Ad lib group, locomotor activity was biphasic, peaking at the beginning and end of the dark period. On the other hand, activity increased monophasically during the respective feeding period in both the Breakfast and Dinner groups. Interestingly, the total 24-h locomotor activity was significantly higher in both the Breakfast and Dinner groups than in the Ad lib group (Figure 2B). In particular, the dark-period amount increased in the Breakfast group, whereas the light-period amount increased in the Dinner group. As for food intake, the Dinner group, but not the Breakfast group, consumed less chow than the Ad lib group (Figure 2C).
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FIGURE 2
Effects of time-restricted feeding on locomotor activity (A,B), food intake (C), and core body temperature (CBT) (D,E) in wild-type mice. (A) Representative double-plotted actograms of locomotor activity during days 8–18 (n = 2 for each group). Red open boxed indicate feeding periods. Bottom white and black bars indicate light and dark periods, respectively. (B) Amounts of locomotor activity during the dark period, light period, and the total 24-h period. Data are means + SD of 15 values obtained from five mice. **P < 0.01 vs. Ad lib; ††P < 0.01 vs. Breakfast. (C) Daily food intake. Data are means + SD of 10 values obtained from five mice. **P < 0.01 vs. Ad lib. (D) Daily profiles of CBT. Data are means of 15 values obtained from five mice. (E) Area under the curve (AUC) of CBT during the dark period, light period, and the total 24-h period. Data are means + SD of 15 values obtained from five mice. **P < 0.01 vs. Ad lib; ††P < 0.01 vs. Breakfast.


Habitual feeding time also affected the daily rhythm of CBT (Figure 2D). In the Breakfast group, similar to the Ad lib group, the CBT increased at the beginning of the dark period and remained high during the middle of the dark period. Meanwhile, the increase around the end of the active phase, which was observed in the Ad lib group, disappeared in the Breakfast group. In contrast, in the Dinner group, the increase at the beginning of the active phase was small and transient, and CBT was markedly lower during ZT 16–20 and similarly high around ZT 0, compared to the Ad lib group. Consequently, the area under the curve (AUC) of CBT during the dark period was significantly lower in both the Breakfast and Dinner groups than in the Ad lib group, while the AUC during the light period was lower in Breakfast group than in the other groups (Figure 2E). However, the AUC of CBT during the 24 h period was equally decreased in both the Breakfast and Dinner groups. These results are not surprising because the differences in daily CBT profiles among the groups may be explained largely by DIT and the thermic effect of physical activity.



Sustained effects of habitual feeding time on the following day

To explore whether the effects of time-restricted feeding continued until the following day, we applied the same feeding schedule (twice for 2 h each, during ZT 12–14 and ZT 20–22) for both the Breakfast and Dinner groups on day 18. As shown in Figure 3A, locomotor activity increased biphasically around the same time as feeding in both groups. In addition, the amounts during both dark and light periods were comparable between the groups (Figure 3B). However, the increased activity during feeding seemed to continue for a longer period in the group that had been active during the same time frame on the previous days (Figure 2A); the Breakfast group was more active just after the first meal, whereas the Dinner group was more active just after the second meal (Figure 3A). The difference in food intake between groups was more evident; the Dinner group consumed less chow than the Breakfast group during both ZT 12–14 and ZT 20–22 (Figure 3C). These results indicated that the effects of habitual feeding time on locomotor activity and appetite were sustained until the following day.
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FIGURE 3
Sustained effects of time-restricted feeding on locomotor activity (A,B), food intake (C), and CBT (D,E) on days 18–19 in wild-type mice. (A) Daily profiles of locomotor activity. Data are medians of five mice. Red dots indicate P < 0.05 between the groups at each time point. (B) Amounts of locomotor activity during the dark period on day 18, light period on day 19, and the total 24-h period. Data are means + SD of five mice. (C) Food intake. Data are means + SD of five mice. *P < 0.05. (D) Daily profiles of CBT. Solid and dotted lines indicate means and means + SD, respectively, of five mice. Red dots indicate P < 0.05 between the groups at each time point. (E) AUC of CBT during the dark period on day 18, light period on day 19, and the total 24-h period. Data are means + SD of five mice. #P < 0.1.


In the Breakfast group, CBT was elevated at the beginning of the dark period and thereafter decreased substantially during the middle of the dark period (Figure 3D). However, the decrease following the first meal was mild in the Dinner group. In contrast, the increase in CBT during the second meal was reduced during ZT 0–4 to a greater extent in the Dinner group than in the Breakfast group. This difference in CBT profiles between groups cannot be accounted for by differences in the amounts of physical activity and/or food intake. Taken together, these results strongly suggest that daily rhythmicity in the thermic response to a meal, including the DIT, is also affected by habitual feeding time. Interestingly, the AUC of CBT was not significantly different between groups, although the AUC during the light period tended to be lower in the Dinner group than in the Breakfast group (Figure 3E). This indicates that the Dinner group required less chow to produce a comparable DIT to that of the Breakfast group.



Sustained effects of habitual feeding time in UCP1 KO mice

It has been shown that BAT is involved in DIT (17, 18), and UCP1, the protein responsible for the thermogenic process in BAT, contributes to DIT (19). If the above findings observed in wild-type mice resulted from a change in the daily rhythm of UCP1-dependent thermogenesis, the difference in CBT profiles between groups ought to disappear in UCP1 KO mice. Therefore, we investigated the effects of time-restricted feeding in UCP1 KO mice.

During the time-restricted feeding period, the daily rhythms of locomotor activity (Figures 4A,B) were similar to those in wild-type mice (Figures 2A,B). However, unlike in wild-type mice (Figure 2C), food intake was comparable between the Breakfast and Dinner groups in UCP1 KO mice (Figure 4C). The daily rhythms of CBT (Figures 4D,E) were similar to those in wild-type mice (Figures 2D,E). Interestingly, the levels of CBT after feeding were comparable to those in wild-type mice, suggesting that CBT can be sufficiently increased after feeding even without UCP1.


[image: image]

FIGURE 4
Effects of time-restricted feeding on locomotor activity (A,B), food intake (C), and CBT (D,E) in uncoupling protein 1 (UCP1) knockout (KO) mice. (A) Representative double-plotted actograms of locomotor activity during days 9–18 (n = 2 for each group). Red open boxed indicate feeding periods. Bottom white and black bars indicate light and dark periods, respectively. (B) Amounts of locomotor activity during the dark period, light period, and the total 24-h period. Data are means + SD of 12 values obtained from four mice. **P < 0.01. (C) Daily food intake. Data are means + SD of 8 values obtained from four mice. (D) Daily profiles of CBT. Data are means of 12 values obtained from four mice. (E) AUC of CBT during the dark period, light period, and the total 24-h period. Data are means + SD of 12 values obtained from four mice. **P < 0.01.


Similar to the findings in wild-type mice, the Breakfast group was more active around ZT 16 on day 18, whereas the Dinner group was more active around ZT 0 on day 19 (Figure 5A). Locomotor activity during both dark and light periods was comparable between the groups (Figure 5B). In addition, although the food intake of the first meal did not differ between the groups, that of the second meal was significantly lower in the Dinner group than in the Breakfast group (Figure 5C). Thus, the effects of habitual feeding on locomotor activity and appetite were sustained also in UCP1 KO mice.
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FIGURE 5
Sustained effects of time-restricted feeding on locomotor activity (A,B), food intake (C), and CBT (D,E) on days 18–19 in UCP1 KO mice. (A) Daily profiles of locomotor activity. Data are medians of four mice. Red dots indicate P < 0.05 between the groups at each time point. (B) Amounts of locomotor activity during the dark period on day 18, light period on day 19, and the total 24-h period. Data are means + SD of four mice. (C) Food intake. Data are means + SD of four mice. **P < 0.01. (D) Daily profiles of CBT. Solid and dotted lines indicate means and means + SD, respectively, of four mice. Red dots indicate P < 0.05 between the groups at each time point. (E) AUC of CBT during the dark period on day 18, light period on day 19, and the total 24-h period. Data are means + SD of four mice. #P < 0.1, *P < 0.05.


As shown in Figure 5D, the daily CBT profiles were similar to those observed in wild-type mice. However, the AUC values of CBT during both the dark and 24-h periods were significantly lower in the Dinner group than in the Breakfast group (Figure 5E), unlike the findings in wild-type mice (Figure 3E). Because these effects were mostly independent of locomotor activity and food intake, our data revealed that habitual feeding time affects the daily rhythms of both UCP1-dependent and -independent thermogenesis.




Discussion

The present study revealed for the first time, to our knowledge, that habitual feeding time influences the daily rhythm on CBT even during the same feeding schedule. Specifically, habitual feeding time significantly affected the CBT response to food intake. In addition, this effect could not be explained by the differences in the amounts of physical activity and/or food intake. Taken together, these results suggest that habitual feeding time affects the daily rhythm of DIT.

In mice, DIT was reported to fully emanate from UCP1 activity in BAT (19, 20). However, later studies revealed that DIT is also mediated by sarcolipin, a regulator of sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) activity in skeletal muscles (21, 22). Interestingly, UCP1 gene expression is regulated by the clock gene Reverbα and, therefore, exhibits circadian rhythmicity in BAT (23). In addition, many genes encoding proteins involved in Ca2+ signaling are circadianly expressed in the skeletal muscle, and at least a subset of them, including the SERCA gene, may be regulated by the core clock component CLOCK-BMAL1 (24, 25). Furthermore, we have shown that mice with brown adipocyte-specific Bmal1 KO show reduced thermogenesis despite the elevated expression of UCP1, probably due to impaired fatty acid utilization in BAT (13). Thus, thermogenesis in BAT and skeletal muscle may be directly regulated by the respective intracellular clock. Therefore, it seemed reasonable that habitual feeding time affects the “circadian” (i.e., endogenous 24-h) rhythm of both UCP1-dependent and –independent DIT.

Unexpectedly, however, the profiles of CBT after meals on day 18 appeared to be opposite to those during the previous days in both the Breakfast and Dinner groups. Specifically, in the Breakfast group, the CBT increase induced by feeding lasted until the end of the dark period during once-daily time-restricted feeding (Figure 2D) but disappeared in the middle of the dark period during the first meal on day 18 (Figure 3D). Similar findings were observed for CBT during ZT 0–4 on day 19 in the Dinner group. Additionally, UCP1 KO mice also showed a sharp decrease in CBT during both ZT 16–20 on day 18 in the Breakfast group and ZT 0–4 on day 19 in the Dinner group (Figure 5D). Given that DIT is the heat produced in response to excess energy intake (2), these results could be explained by the circadian rhythm of resting metabolic rate (RMR). The RMR consists of two components: the standard metabolic rate and the thermic effect of food. The former is defined as the amount of energy at rest in a thermoneutral environment, and the latter as the heat generated during the digestion, absorption, and processing of food (2). Circadian clocks regulate a broad spectrum of physiological functions including metabolism, digestion, and absorption of food (26). Consequently, RMR exhibits a circadian rhythm with a peak in the early evening in humans (27). Interestingly, a recent study reported that the apparent difference in DIT between the morning and evening could be explained by the circadian variation of RMR in healthy subjects (28). Because energy expenditure was not measured in this study, future studies are needed to determine whether the circadian rhythm of RMR is involved in the sustained effects of habitual feeding time on the daily CBT profile.

In wild-type mice, the Breakfast and Dinner groups exhibited comparable AUC values of CBT although food intake was significantly lower in the Dinner group than in the Breakfast group (Figure 3). In UCP1 KO mice, however, CBT increase after the first meal was significantly lower in the Dinner group than in the Breakfast group although food intake was comparable (Figure 5). These results indicate that DIT induced by the first meal is highly UCP1-dependent in the Dinner group. When extrapolated to humans, the results of this study raise a new question: is it better for habitual breakfast skippers to have breakfast occasionally? If UCP1 activity is low, occasional breakfast consumption might induce inadequate thermogenesis and lead to energy excess and body weight gain. Recently, Guinter et al. reported that women who reported eating breakfast occasionally (3–4 days/week) were significantly more likely to be obese than women who always ate breakfast (7 days/week) and those who never ate breakfast (<1 day/week) (29). Moreover, women who rarely consumed breakfast (1–2 days/week) were also more likely to be obese than those who never consumed breakfast, although the study did not compare them directly. These results can be explained, at least in part, by the disruption of the peripheral clocks. However, the phase shift of the RMR rhythm induced by habitual breakfast skipping may also be involved in the relationship between regularity in breakfast consumption and weight status. Further studies are required to verify this hypothesis.



Conclusion

This study clearly indicates that the effect of habitual feeding time on the daily rhythm of CBT is sustained, at least until the following day, independent of the effects of physical activity and feeding. These effects may be mediated by both UCP1-dependent and -independent mechanisms. Future studies should evaluate whether and how much this effect contributes to health outcomes.
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