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Chapter 6 

Discussion and perspectives 
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Discussion and perspectives 

There is ample experimental evidence for a number of direct links between circadian clocks 

and energy metabolism. Many studies also provided arguments that not only disturbances in 

energy metabolism, but also in the circadian clock system may result in metabolic disorders 

such as diabetes, obesity, cardiovascular disease, and hypertension. The important role for the 

circadian timing system in the regulation of energy metabolism is clearly illustrated by the 

fact that KO or mutations of clock genes lead to a wide array of metabolic dysfunctions. Vice 

versa many aspects of feeding behavior and diet composition can affect the circadian clock 

system. One major factor affecting the circadian clocks is the timing of food intake. 

Restricted feeding at an unusual time of day resets the phase of many peripheral clocks, but 

not that of the central SCN clock (Damiola et al., 2000). However, when restricted feeding is 

combined with caloric restriction it may also affect the central SCN clock. The free choice 

high-fat high-sugar diet has been shown to disturb energy homeostasis as well as the circadian 

timing system, ultimately resulting in the metabolic syndrome. When mice are offered the 

high fat diet only during nighttime (i.e., the normal feeding period in mice), this prevents diet-

induced metabolic diseases despite an unchanged total caloric intake (Hatori et al., 2012).  

To further and better understand the relationships between the circadian clock system, feeding 

behavior and energy metabolism, my PhD work has focused on the following objectives: 

1. To study the consequences of the timing of feeding, caloric content and diet composition 

on the function of the circadian clock system in rats and mice. 

2. To assess the impact of a genetic invalidation of the clock gene Rev-erbα on feeding 

behavior and energy metabolism in mice. 

 

We first investigated the effects of an absence of a clear day/night rhythm in feeding behavior 

on locomotor activity, physiology, and metabolism of both mice and rats by imposing a 6-

meals-a-day feeding schedule. We found that a 6-meals-a-day feeding schedule led to 

different effects on the circadian timing system in mice and rats. In mice, the 6-meal feeding 

schedule affected both the central and peripheral clocks, while in rats this schedule 

differentially modified the peripheral clocks, but not the central clock in the SCN. These 

differential effects most likely are due to distinct degrees of caloric restriction. Second, we 

studied the effects of restricted feeding with or without access to a free choice high-fat high-
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sugar diet on two peripheral metabolically active tissues, namely skeletal muscle and brown 

adipose tissue. In both these tissues, the circadian clocks responded to the light-restricted 

feeding, but in a different way. Third, we assessed whether and how a genetic disturbance of 

the molecular clockwork (i.e., KO of the clock gene Rev-erbα) affects feeding behaviour and 

energy metabolism in the mouse. Our results revealed that the lack of Rev-erbα expression in 

the brain leads to altered food intake rhythms in constant darkness and arrhythmicity in 

locomotor activity. By contrast, expression of Rev-erbα in peripheral tissues is involved in the 

regulation of the respiratory quotient. 

In the following section, I provide a detailed discussion and perspectives for each chapter. 

 

Discussing the effects of a 6-meals-a-day feeding schedule on the central and peripheral 

clocks 

The idea to carry out this experiment was based on the effects seen when mice were subjected 

to a single hypocaloric restricted feeding opportunity, producing a phase shift in the rhythmic 

expression of the clock output protein AVP within the SCN (Mendoza et al., 2007a). To 

understand whether this change in the SCN clock of mice was due to the metabolic cues 

arising from the strong synchronizing effects of the single restricted meal timing or from the 

hypocaloric condition (i.e., independently of synchronizing effects of meal time), we 

abolished the daily timing component by offering the mice 6 feeding opportunities equally 

spaced over the 24-hour light/dark cycle, combined or not with caloric restriction. We then 

investigated behavioral and physiological rhythmic parameters, together with expression of 

clock and metabolic genes in the liver as well as expression of clock proteins in the SCN. 

In chapter 2 we assessed the consequences of the 6-meals-a-day feeding schedule (i.e., one 

meal every 4 h) in mice. Unexpectedly, the 6-meals-a-day feeding schedule resulted in 

circadian desynchronization of both the central (i.e., SCN) and peripheral (i.e., liver) clocks. 

In view of the different individual responses to this feeding paradigm, we categorized the 

mice into two groups according to their body mass loss: mice having lost less than 10% of 

their body mass as compared to their initial body mass during ad libitum feeding being called 

the isocaloric group, and those having lost 10% or more (<25%) being called the hypocaloric 

group. A clear effect of the 6-meal feeding schedule on the central clock in SCN was seen in 

both the isocaloric and hypocaloric groups. Expression of the central clock output protein 
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AVP lost its rhythmicity and was upregulated, while expression of the clock proteins PER1 

and PER2 was down-regulated. These changes in the SCN clock most likely are due to the 

ultradian feeding paradigm, since in another study in mice it was shown that timed 

hypocaloric feeding caused phase advances in the clock protein PER1 and the clock-

controlled protein AVP and increased the amplitude of PER2 in the central clock (Mendoza et 

al., 2007a). Hence, the ultradian feeding schedule and hypocaloric feeding have a different 

impact on the SCN. 

Caloric restriction has a major impact on body physiology resulting in decreased body mass, 

phase changes in the locomotor activity rhythm and decreased body temperature (Nagashima 

et al., 2003; Mendoza et al., 2008b; Tokizawa et al., 2015). Mice under hypocaloric ultradian 

feeding conditions showed similar changes, notably by presenting hypothermia to conserve 

energy. Restricted feeding also modified the daily pattern of locomotor activity. In diurnal 

rodents, hypocaloric feeding shifted the behavioral output of SCN clock with a phase delay of 

locomotor activity pattern (Mendoza et al., 2012b), while nocturnal rats became partially 

diurnal under both restricted feeding (1 single meal/day) and a hypocaloric 6-meals-a-day 

feeding schedule (1 meal every 4 h) (Challet et al., 1997a; Mendoza et al., 2008b). These 

effects are very comparable to those observed in the hypocaloric group of mice on the 6-

meals-a-day feeding schedule that also became partially diurnal. These findings resemble 

those found in mice challenged with the work-for-food paradigm (Hut et al., 2011; van der 

Vinne et al., 2014). Hence restricted feeding combined with caloric restriction shifts the daily 

locomotor activity rhythm in nocturnal animals in such a way that they become more diurnal. 

The daily profile of plasma glucose levels was altered in 6-meals fed mice, whereas rats under 

the 6-meals-a-day feeding schedule maintained their daily rhythm in plasma glucose 

concentrations (La Fleur et al. 1999). Therefore, also the arrhythmicity in daily plasma 

glucose concentrations in mice is possibly due to the impact of caloric restriction. 

Ultradian feeding has not only an impact on the SCN clock and clock output, but it also has 

an effect on the peripheral clock in the liver. The results of chapter 2 highlight phase changes 

in the expression of liver clock genes in combination with a dampening of their amplitude in 

mice under the 6-meals-a-day feeding schedule. The daily expression of liver clock genes 

followed the timing of feeding resulting in a phase change of the liver oscillator when 

nocturnal mice are fed during daytime. The interesting fact here is that, unlike daytime 
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restricted feeding in mice, which completely reverses the phase of clock gene expression in 

the liver, the 6-meal feeding schedule resulted in phase advances or delays in the expression 

of liver clock genes, but not to arrhythmicity of gene expression. This finding using multiple 

feeding times across the 24 h cycle clearly indicates that daily meals modulate the phase of 

the liver clock, but do not directly trigger hepatic oscillations in clock genes. 

Moreover, there are major effects of the ultradian feeding schedule on the expression of 

metabolic genes in liver. As compared to conditions of feeding ad libitum, the ultradian 

feeding schedule led to changes in body mass, body temperature and hepatic expression of 

metabolic genes in both the isocaloric and hypocaloric groups of mice. This indicates that the 

ultradian feeding schedule in mice represents a metabolic challenge, even in the so-called 

isocaloric group. For instance, Fgf21 expression was similarly increased in all mice fed with 

the 6-meal schedules. Metabolic changes, however, were much more marked in the 

hypocaloric group, as exemplified by increased levels of Pgc1α gene expression and a trend 

for up-regulated Sirt1 expression in the hypocaloric mice fed according the 6-meals schedule, 

Sirt1 being a marker of caloric restriction (Hayashida et al., 2010; Orozco-Solis and Sassone-

Corsi, 2014; Wang et al., 2014).   

Another objective of this thesis was to compare the effects of the 6-meals-a-day feeding 

schedule between two species, mice and rats. Therefore, in the third chapter of this thesis, we 

investigated the differential effects of a 6-meals-a-day feeding regime on the central and 

peripheral clocks in rats. In contrast to mice in which the ultradian feeding schedule affected 

the SCN clock, the expression of clock and clock-controlled proteins in the rat SCN was not 

affected by the 6-meals-a-day feeding schedule, either at the mRNA or protein level. 

Moreover, the acrophase of the daily clock gene expression rhythms in the peripheral clocks 

was modified only for a few clock and clock-controlled genes by the 6-meal feeding schedule 

in rats. More precisely, only Rev-erbα in the liver, Dbp in skeletal muscle, and Bmal1 in 

brown adipose tissue (BAT) showed a phase-change. On the other hand, the 6-meals-a-day 

feeding schedule did clearly affect the mean level and amplitude of a number of clock genes 

in both liver and BAT. The 6 meals-a-day feeding schedule caused differential effects on the 

expression of the metabolic genes studied in the three peripheral tissues. Especially genes 

involved in lipid metabolism were affected by the 6-meals-a-day feeding schedule. Thus, this 
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feeding paradigm in rats differentially affects several peripheral tissues, but these changes 

mostly concern the regulation of genes involved in lipid metabolism. 

Abolishing the daily rhythm of feeding with the 6-meals-a-day feeding schedule also 

modified various physiological parameters. Among others it resulted in phase changes in the 

RER rhythm (~10h), the locomotor activity rhythm (~2h) and the daily rhythm in heat 

dissipation (~2h) (Figure 16).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Perspectives of chapters 2 and 3  

An important follow-up of the present work will be to investigate how the 6-meals-a-day 

feeding schedule impacts the circadian clocks and metabolism in diurnal rodents, such as 

Arvicanthis ansorgei. Diurnal rodents more closely resemble the daily activity and physiology 

of the humans. Therefore, diurnal rodents are better-fitted translational models to study the 

links between circadian clocks and metabolism, and understand the metabolic disorders 

arising due to circadian misalignments such as shift work. The daily lifestyle of shift-workers 

is characterized by feeding at many different times during the L/D-cycle and light exposure at 

night. Studying the 6-meals-a-day paradigm in diurnal rodents and its effects on metabolism 

will help to better understand the causes of meal time-induced metabolic dysfunction and 

Figure 16: Outline of the effect of ultradian feeding on SCN and peripheral clocks in mice 

and rats. 
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hopefully provide new insights to protect humans from circadian misalignment and metabolic 

disorders resulting from mis-timed eating. In addition, further studies on nocturnal and 

diurnal rodents fed according the 6-meals-a-day schedule could be performed in relation to 

sleep quality, to determine whether such a “round-the-clock” feeding pattern alters the 

quantity, timing and quality of sleep.   

Caloric restriction is well known to reduce the chance of developing chronic diseases and 

improve the metabolic state resulting in increased lifespan (Taormina and Mirisola, 2014). In 

rodents dietary restriction reduces oxidative stress by reducing the generation of reactive 

oxygen species (ROS) (Walsh et al., 2014). Caloric restriction also modulates the SCN and 

peripheral clocks (Kondratov et al., 2006; Mendoza et al., 2007a; Patel et al., 2014; Patel et 

al., 2016b; Patel et al., 2016a). Interesting question is how caloric restriction, when coupled to 

the 6-meals-a-day feeding schedule, affects ROS production. In other words, does the 

beneficial effect of caloric restriction depend on a clear day/night rhythm in feeding activity? 

Furthermore, the comparative effects of timed feeding using a temporal restricted feeding 

schedule, and removal of the daily feeding-fasting cycle using a 6-meals-a-day feeding 

schedule need to be investigated at the level of various neurotransmitters and neuropeptides in 

the SCN (e.g., GABA, neuropeptide Y, serotonin, orexin) and other hypothalamic clocks (i.e., 

orexigenic and anorexigenic neuropeptides). This new information would be helpful to 

understand how feeding behavior plays a role in the daily regulation of neuropeptide 

expression in the hypothalamus  

 

Discussing the differential effects of diet composition and time-restricted feeding on 

various peripheral clocks 

Shift workers have to cope with repeated or continuous shifts in their sleep-wake cycle and 

feeding/fasting rhythm. Does such a lifestyle with daily shifts in multiple rhythms have 

consequences for the body clock and energy metabolism? To answer this question, many 

studies have been performed using a time-restricted feeding (TRF) protocol to investigate its 

effect on the SCN and liver clock, especially in mice. To assess the impact of TRF and diet 

composition on peripheral clocks and metabolism in rats, we performed a detailed study on 

two other metabolically important tissues, soleus muscle (SM) and brown adipose tissue 

(BAT). Physiological and metabolic parameters were studied using metabolic cages. The 
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imposed TRF schedules lead to clear alterations in the respiratory exchange ratio (RER), both 

in the chow and fcHFHS fed groups. Locomotor activity was most profoundly altered in the 

light-fed groups. In accordance with the study of Opperhuizen et al. (Opperhuizen et al., 

2016) clock gene expression lost its rhythmicity in SM when rats had access to chow only 

during the light period, but maintained rhythmicity with an inverted phase of expression in 

BAT tissue. The loss of rhythmicity in SM clock gene expression could be due to the 

dampening of the day-night difference in locomotor activity. As shown previously, locomotor 

activity and exercise are non-photic zeitgebers for the SM (Dyar et al., 2015). The different 

responses of the clock genes in SM and BAT indicate that these two tissues respond 

differently to the same feeding condition (Figure 17). Together with the published data on the 

effects of TRF on the liver clock these data clearly show a desynchronization of different 

metabolic tissues, obviously such a desynchronization may be an important reason for 

metabolic problems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Outline of the effect of time restricted feeding and diet composition on 

peripheral clocks. 
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Perspectives of Chapter 4  

One of the main results of this chapter is that it clearly highlights a differential response of the 

peripheral clock in metabolically active tissues, in this case SM and BAT. In addition, this 

study also shows a clear interaction between the effects of feeding time and diet composition, 

with the SM clock gaining rhythmicity again when on a fcHFHS diet. Further studies will be 

needed to understand the mechanisms underlying such a gain in rhythmicity of clock genes 

that is associated with the presence of high fat and/or high sugar in the fcHFHS diet. Both 

TRF and diet composition had no strong effects on the profiles of metabolic gene expression 

in either SM or BAT. Further studies at the post-transcriptional, translational, and post-

translational level are needed to provide an insight on the regulation of metabolic proteins by 

TRF and different diet compositions.  

Another approach to better understand the chronobiological consequences and metabolic 

dysfunction of shift workers, and identify the underlying mechanisms, is to study the effects 

of diet and TRF in diurnal rodents. 

 

Discussing the central and peripheral effects of genetic deletion of Rev-erbα on the control 

of feeding behavior and energy metabolism. 

In chapter 5 we investigated whether Rev-erbα expression in the brain is involved in the daily 

variations of energy metabolism and the temporal structure of feeding behavior. To test this 

hypothesis, we measured respiratory quotient, locomotor activity and energy expenditure and 

detailed feeding patterns using metabolic cages in mice with a deletion of the clock gene Rev-

erbα and their respective control animals. Moreover, to differentiate between the central and 

peripheral effects of Rev-erbα deletion, we studied these parameters in mice with a global 

(GKO) or a brain-specific deletion (BKO), both under a light-dark cycle and in constant 

darkness. Under light-dark conditions the temporal feeding pattern of GKO and BKO mice 

was not modified, while under constant darkness it became arrhythmic in both GKO and 

BKO animals. GKO mice showed an increase in food intake during the subjective day, which 

was due to an increase in both number and duration of the meals. The change in food intake 

might be due to upregulated hypothalamic Hcrt expression in GKO. BKO mice displayed 

arrhythmicity in locomotor activity in both L/D and D/D conditions. This behavioral change 
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was associated with a reduced amplitude in the daily rhythm in energy expenditure, 

suggesting that Rev-erbα expression in the brain is involved in the control of locomotor 

activity and feeding behavior. GKO, but not BKO, mice also displayed alterations in the 

respiratory quotient, indicating that daily variations in fuel utilization involve the expression 

of Rev-erbα in peripheral clocks. 

 

Perspectives of Chapter 5 

A logical follow-up of the present study will be to correlate the changes in the circadian 

feeding pattern with changes in the expression of orexigenic and anorexigenic neuropeptides. 

Secondly, we will study the daily variations in clock genes in various brain regions, including 

the SCN, to better understand the arrhythmic locomotor activity pattern in BKO mice. To rule 

out a role of Rev-erbβ in feeding behavior and energy metabolism, investigating single KO 

for Rev-erbβ and double KO models of Rev-erbα/β will be needed to understand the relative 

importance of both Rev-erbs. Because Rev-erbα acts as a repressor of the core clock, also the 

KO of RORα, which acts as an activator of  

the core clock, may help to provide more insight in the role of Rev-erbs in the control of 

energy metabolism and feeding behavior and, more in general, may also help to better define 

the role of nuclear receptors in the control of feeding behavior (Figure 18). 

 

 

 

 

 

Figure 18: Outline showing the effect of BKO and GKO mice on SCN clock outputs and 

hypothalamic clocks, metabolic, orexigenic and anorexigenic genes expression.  
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