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Because of the rotation of the earth around its axis, most organisms are subjected to a daily 

exposure to sunlight. Consequently, in a broad range of species, cellular clock mechanisms 

have evolved that are sensitive to light and permit anticipation of and entrainment to 

the changing environmental light conditions of many internal rhythms, including those 

involved in metabolism (Aschoff, 1984; Hastings et al., 2003). The biological clock, in 

mammals located within the suprachiasmatic nucleus (SCN) in the anterior hypothalamus, 

is responsible for the generation and maintenance of circadian rhythms throughout 

the body (Hastings et al., 2003). The most obvious circadian rhythm in humans regulated 

by the SCN is the sleep-wake cycle, but many other physiological, biochemical, and 

behavioral variables are under SCN control as well, including core body temperature, 

blood pressure, and the secretion of numerous hormones, like melatonin, cortisol, 

prolactin, and growth hormone (Hastings et al., 2003). In mammals, the SCN functions as 

a master clock that entrains to the light-dark schedule, enabling proper physiology and 

behavior for the time of the day, which is evolutionarily advantageous and important for 

survival of the individual (Hastings et al., 2003; Scheer et al., 2003). For instance, the SCN 

generates a diurnal rhythm in cortisol secretion that prepares the cardiovascular system 

to the upcoming active period. A compromised cardiovascular preparation could lead to 

increased risk of cardiovascular incidents in the early morning (Scheer et al., 2003). 

The SCN generates an approximate (“circa”) 24 h (“diem”) rhythm by means of 

a transcriptional-translational feedback loop (Aschoff, 1984). The core of this mechanism 

is formed by the basic helix-loop-helix (bHLH) Per-Arnt-Sim (PAS) domain containing 

transcription factors circadian locomotor output cycles kaput (CLOCK) and brain and 

muscle ARNT-like 1 (BMAL1), which drive the expression of three Period (Per 1–3) 

and two Cryptochrome (Cry 1–2) genes by binding to their E-box (5’-CACGTG-3’) 

promoter elements. In the cytoplasm, PER and CRY proteins rhythmically accumulate, 

heterodimerize, and translocate to the nucleus to suppress their own transcription by 

interaction with the CLOCK:BMAL1 complex. CLOCK:BMAL1 heterodimers also activate 

the transcription of the DNA-binding orphan nuclear receptor reverse erythroblastosis 

virus-α and -β (REV-ERB α,-β), retinoid-related orphan receptor-α, -β, and -γ (ROR- α, 

β, -γ), peroxisome proliferator-activated receptor-α (PPARα), and PPAR-γ coactivator 1-α 

(PGC1-α). The transcription factors PPARα, RORs, and PGC1-α activate, whereas REV-ERBs 

repress the transcription of Bmal1 (Bass & Takahashi, 2010; Liu et al., 2008; Reppert & 

Weaver, 2002). Recently, it was found that there is also a robust association between Cry1 

and ROR-α and –γ (Lamia et al., 2011). This additional loop, in which RORs and REVERBs 

modulate Bmal1 transcription, is believed to make the clock more robust (Lamia et al., 

2011). Posttranslational events like protein-protein interactions, intracellular translocation, 

and protein modification delay the PER-CRY feedback on CLOCK-BMAL1 activity, 

thereby creating a feedback rhythm with an approximate 24-h period. Posttranslational 

modifications in the mammalian clock system include phosphorylation (all clock genes), 

acetylation (BMAL1 and PER2), SUMOylation (BMAL1), ubiquitination (probably most clock 

proteins), poly-(ADP-ribosylation) (Asher & Schibler, 2011), and O-GlcNAcylation (BMAL1, 
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PER, CLOCK, CRY) (Kaasik et al., 2013; Li et al., 2013). In this way, the core CLOCK-BMAL1-

Per/Cry loop regulates the rhythmic expression of hundreds of clock-controlled genes that 

exert their effects downstream, and finally define the physiological state of the cell. 

Entrainment
To synchronize with the outside world, the approximate 24 h rhythm generated by the SCN 

is set to exactly 24 h by environmental stimuli of which light is the strongest entraining 

signal (Zeitgeber) in mammals (Reppert & Weaver, 2002). Other Zeitgebers include, for 

example, temperature, fasting/eating, rest/activity, and social cues (Balsalobre, 2000; 

Lowrey & Takahashi, 2004), although compared with light these Zeitgebers are much 

weaker (Damiola, 2000). Photo-entrainment, the process of adjusting circadian time 

by light, occurs via retinal photoreceptors, which project to the SCN via the retino-

hypothalamic tract (RHT) (Foster & Hankins, 2007; Panda, 2007; Panda et al., 2002b). 

Retinal light stimulation results in secretion of the neurotransmitters glutamate and 

pituitary adenylate cyclase-activating peptide (PACAP) from the RHT terminal, stimulating 

their receptors in the SCN neurons and leading to the upregulation of some immediate 

early genes and Per1 and 2 (Reppert & Weaver, 2002). In addition to the photic input via 

the RHT, non-photic inputs reach the SCN via afferent neuropeptide Y (NPY)- containing 

projections from the intergeniculate leaflet and serotonergic inputs from the midbrain 

raphe (Hastings, 1998; Mrosovsky, 1996). In the mammalian brain, the SCN mainly projects 

to the paraventricular nucleus of the hypothalamus (PVN), the subparaventricular zone 

(sPVZ), the dorsomedial nucleus of the hypothalamus (DMH), the paraventricular nucleus 

of the thalamus (PVT), and the intergeniculate leaflet (IGL) (Morin et al., 1994) utilizing 

classic neurotransmitters such as glutamate and γ-aminobutyric acid (GABA), and 

neuropeptides, including vasoactive intestinal peptide (VIP), vasopressin (VP), and gastrin-

releasing peptide (GRP) (Dai et al., 1997).

Peripheral clocks
Until the 1990s, it was believed that time keeping was solely designated to specific 

pacemaker cells in the SCN. Since then, independent clocks have been found in most 

cells outside of the SCN in a variety of species, and it is well accepted that all mammalian 

peripheral tissues contain the molecular machinery (Clock, Per) necessary for circadian 

oscillation [reviewed in (Balsalobre, 2002; Reppert & Weaver, 2002)]. These so-called 

peripheral oscillators receive phase resetting signals from the SCN, but their phase can 

also be reset by a number of other entraining factors, of which the feeding/fasting cycle 

is one of the most important, at least for some tissues (Damiola, 2000; Hirota & Fukada, 

2004). These factors are able to stimulate signal transduction pathways that influence 

the molecular oscillator in peripheral cells. The SCN coordinates peripheral clocks via 

behavioral, neuroendocrine, and autonomic pathways (Buijs & Kalsbeek, 2001; Buijs et 

al., 2003). First, the SCN can inhibit or activate (extra-) hypothalamic centers that facilitate 

behavior. Second, the SCN can influence neuroendocrine hypothalamic centers that 
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are responsible for hormone secretion. Finally, the SCN can influence pre-autonomic 

hypothalamic neurons that affect parasympathetic and sympathetic autonomic centers in 

the brainstem and spinal cord [dorsal motor nucleus of the vagus (DMV) and intermediolateral 

column of the spinal cord (IML)], respectively (Buijs et al., 2003). From peripheral organs, 

metabolic information feeds back to the hypothalamus through hormones and/or 

through axons from the nucleus of the solitary tract (NTS) and the parabrachial nucleus. 

Together, the central and peripheral clocks provide the hypothalamus with information 

to adjust and maintain energy homeostasis (Buijs & Kalsbeek, 2001). Peripheral clocks 

within the brain, so-called non-SCN brain clocks, have been found in many brain nuclei, 

including the retina, olfactory bulb, striatum, arcuate nucleus, bed nucleus of stria 

terminalis and mediobasal hypothalamus (Abe et al., 2002; Amir et al., 2004; Korshunov 

et al., 2017). These non-SCN clocks are in synchrony with the SCN, but can be uncoupled 

from SCN control by, for instance, restricted feeding (Waddington Lamont et al., 2007). 

The mediobasal hypothalamus, which comprises the DMH, ventromedial hypothalamus 

(VMH), PVN, and arcuate nucleus, is an important brain structure in regulating feeding and 

energy metabolism. Thus, for optimal energy homeostasis, it seems important that also 

non-SCN clocks within the brain are in synchrony with the SCN (Figure 1).

Thus, the SCN generates a circadian rhythm that is transmitted, through other brain 

nuclei, to the rest of the brain and the body. DNA microarrays demonstrate that ~8–10% 

of the transcriptome in any tissue is under SCN control (Akhtar et al., 2002; Lowrey & 

Takahashi, 2004), indicating the importance of the circadian clock in many processes in 

the body.

Circadian clock and metabolism
There is an intricate link between the circadian clock and metabolism. The SCN is important 

for the circadian rhythm of food intake, because SCN-lesioned animals show complete 

abolishment of daily rhythms in food intake (Nagai et al., 1978). An intact circadian system 

has also been shown to be important for circadian variation in energy metabolism and 

insulin sensitivity. The SCN contributes to daily variations in glucose uptake and insulin 

release (la Fleur et al., 2001), although peripheral clocks also play an important role in these 

processes independent of the SCN (Lamia et al., 2008; Marcheva et al., 2010; Sadacca et 

al., 2011). Furthermore, many genes involved in glucose and lipid metabolism cycle with 

a circadian period (Panda et al., 2002a). Peripheral circadian oscillators in the liver regulate 

the temporal switch between oxidizing short- and medium-chain fatty acids during nocturnal 

feeding and the storage of very-long-chain fatty acids during the daytime resting period 

(Panda et al., 2002a). In addition to the circadian system influencing metabolism, elements 

of the molecular clock are regulated by metabolic transcription factors at the cellular level. 

For instance, Bmal1 transcription is inhibited by REV-ERBα, a transcription factor regulated 

by adipogenesis (Chawla & Lazar, 1993; Preitner et al., 2002), whereas it is activated by 

RORα, a nuclear receptor involved in lipid homeostasis (Lau et al., 2004). Cryptochromes 

(CRYs) are directly regulated by the nutrient sensor AMP-activated protein kinase (AMPK), 
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Figure 1. Suprachiasmatic nucleus (SCN) and its output to non-SCN brain clocks and peripheral 
clocks. The SCN generates an approximate 24 h rhythm, which is adjusted to exact 24 h by 
the light-dark cycle. SCN receives photic information through the retinohypothalamic tract and 
transmits its information to other hypothalamic nuclei, mostly to the paraventricular nucleus of 
the hypothalamus (PVN). From here, information is translated into hormonal and autonomic 
signals, which will reach peripheral organs. Non-SCN brain areas and peripheral organs contain 
endogenous clocks as well, and these clocks are synchronized by the SCN, but also by external 
signals, including the feeding/ fasting cycle.

suggesting another close relationship between metabolism and circadian rhythms  

(Lamia et al., 2009).

An intact molecular clock is essential for balanced clock output and healthy metabolism. 

A dampening in SCN rhythmicity, induced, for instance, by exposing mice to constant 

light, resulted in a strong reduction of the circadian rhythm in energy metabolism and 

insulin sensitivity, possibly contributing to obesity and diabetes development (Coomans 

et al., 2013). Disruptions in individual core clock genes can have profound metabolic 
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consequences, as reviewed previously (Eckel-Mahan & Sassone-Corsi, 2013; Kalsbeek et 

al., 2014; Ko & Takahashi, 2006). For instance, cryptochromes, repressors that feedback 

on CLOCK-BMAL, can affect glucose homeostasis by directly repressing glucocorticoid 

receptor-mediated induction of gluconeogenic enzymes in the liver, thereby limiting 

glucocorticoid- induced hyperglycemia (Lamia et al., 2011). Molecular studies have 

revealed a critical role for the clock genes Bmal1 and Clock in regulating lipid metabolism 

(Oishi et al., 2006; Shimba et al., 2005; Turek et al., 2005). Inactivation of Bmal1 suppresses 

the 24 h variation in plasma glucose and triglyceride concentrations and can lead to insulin 

resistance and glucose intolerance (Rudic et al., 2004). Clock mutant mice on a C57Bl6/6J 

background, lacking one of the core elements of the molecular circadian clock, rapidly 

gained weight compared with wild-type mice and showed signs of metabolic disease, 

including hyperleptinemia, hyperglycemia, and hypoinsulinemia (Turek et al., 2005), 

whereas a Clock mutation in ICR mice attenuated obesity due to disrupted dietary fat 

absorption (Kudo et al., 2007). Furthermore, a liver-specific deletion of Bmal1 resulted 

in hypoglycemia and loss of rhythmic expression of hepatic glucose regulatory genes 

(Lamia et al., 2008). A pancreas-specific deletion of Bmal1 resulted in elevated glucose 

levels throughout the day and impaired glucose tolerance and decreased insulin secretion 

(Marcheva et al., 2010; Sadacca et al., 2011), showing the importance of peripheral clocks 

in glucose homeostasis. Thus, the existence of clocks in peripheral organs, the knowledge 

that their timing is set by metabolic cues, and the fact that many genes are under circadian 

transcriptional control, makes it attractive to speculate that the clock is involved in 

adapting the organism to changing metabolic needs during the day (Lamia et al., 2011). 

Furthermore, as peripheral clocks are mainly entrained by feeding and fasting signals, 

alterations in timing, amount, or composition of food intake can affect, and possibly 

disrupt, normal clock function.

Metabolic effects of desynchronization between central and peripheral 
clocks
In the most optimal situation, central and peripheral oscillations are synchronized. However, 

the lifestyle and timing of the current Western 24/7 society does not always allow these 

rhythms to act in concert. Because of the different input signals to the central and peripheral 

clocks, changes in, for instance, timing of feeding can lead to an uncoupling of peripheral 

oscillators from the central pacemaker. Studies in rodents have linked disruptions in 

the timing of the daily rhythm of food intake with weight gain (Arble et al., 2009; Damiola, 

2000; Hatori et al., 2012; Mistlberger et al., 1998; Morales et al., 2012). Also in humans, 

conflicting environmental signals to the circadian system, such as altered sleep-wake 

patterns, meal schedules, and lighting regimes can disturb the balanced clock network 

(Hastings et al., 2003). Indeed, epidemiological studies have shown that shift workers, but 

also non-shift workers with a social jetlag (due to a chronic circadian disruption caused by 

the discrepancy between the internal and social clocks), are at higher risk for developing 

metabolic disorders, including obesity and type 2 diabetes, which is most likely the result 
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of internal desynchronization (Hansen et al., 2016; Knutsson, 2003; Lowden et al., 2010; 

Parsons et al., 2015). In the 1970s, it was already reported that in rats the rhythm of food 

intake was more important than the light-dark cycle for the production of a daily rhythm of 

the gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK) in the liver and 

kidney (Nagai et al., 1975; Suda et al., 1973). During prolonged fasting, ~80% of the 2,997 

rhythmically cycling transcripts in the ad libitum-fed mouse liver show blunted rhythm 

amplitudes, indicating that food intake is indeed an important contributor to rhythmic 

expression of hepatic transcripts (Vollmers et al., 2009). Rhythmic hepatic transcripts are 

products of both direct circadian control (i.e., the intrinsic circadian clock) and an indirect 

homeostatic response (i.e., feeding) (Akhtar et al., 2002). In the liver, 14% of rhythmic 

transcripts are dependent on systemic signals, whereas 86% are dependent on local 

oscillators (Kornmann et al., 2007), which can be influenced by, for instance, feeding. 

The central clock, i.e., the SCN, can affect hepatic gene expression either by regulating 

immediate early genes in the liver, which in their turn transmit the signal to core clock 

genes of hepatocyte oscillators, or by regulating genes that are directly participating 

in rhythmic liver physiology and metabolism (Asher & Schibler, 2011). Under normal 

conditions, i.e., spontaneous and ad libitum feeding, the liver oscillator is synchronized 

by signals from the SCN, and these signals are enhanced by appropriately timed feeding 

activities (Damiola, 2000). However, when feeding is changed from night to day in rodents, 

conflicting signals reach the liver clock, resulting in uncoupling from the central pacemaker; 

in other words, the normal phase relation between circadian gene expression in the liver 

and circadian gene expression in the SCN is changed. This uncoupling could be facilitated 

by changes in body temperature rhythms that accompany the altered feeding behavior 

(Damiola, 2000). A desynchronization between peripheral clocks and the central clock 

may furthermore result in a dissociation of the rhythm of metabolic genes (e.g., Pparα) 

from clock genes within an organ, which was suggested to form a molecular basis for 

metabolic disruption due to circadian misalignment (Reznick et al., 2013; Salgado-Delgado  

et al., 2013). 

EFFECT OF FAT AND SUGAR ON THE CIRCADIAN CLOCK
Thus, many studies have shown intricate relationships between timing of food intake, 

energy metabolism, and the circadian clock mechanism. In addition to the timing of food 

intake, the composition of the food could be an important contributor to disruptions of 

the normal clock output. In other words, the feeding-dependent resetting of the peripheral 

and non-SCN brain circadian network may be a result of periodic availability of circulating 

macronutrients. Despite important studies showing that the SCN is not affected by shifting 

the time of food intake (Damiola, 2000; Stokkan et al., 2001), recent studies challenge this 

concept by suggesting that the central clock might be sensitive to food intake, which will 

be discussed below. Alterations in the temporal availability of glucose and fatty acids may 

possibly lead to disruptions in clock gene expression, or desynchronization of peripheral 

clocks from SCN control, or desynchronization between clock genes and metabolic genes. 
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Studies, which we will describe more in detail below, suggest that both a high-fat, as well 

as a high-sugar diet can influence the central and peripheral clock. Alternatively, of course,  

these macronutrients could also serve as synchronizing factors for the molecular clock. 

Focus
In keeping with the increasing fat and sugar consumption in the Western society, 

concomitantly with an increasing incidence of obesity and obesity-related metabolic 

symptoms, in this thesis we focus on the effects of fat and sugar on the molecular circadian 

clock as well as on metabolism and how these factors influence each other. 

FAT INTAKE
Fat intake and energy homeostasis
Mice with ad libitum access to a high-fat diet increase their diurnal intake, resulting 

in a longer feeding period and shorter fasting period, as well as a longer free-running 

period, compared with animals with ad libitum access to a low-fat diet (Hatori et al., 2012; 

Kohsaka et al., 2007; Mendoza et al., 2008; Pendergast et al., 2013). In contrast, however, 

Yanagihara et al. reported that C57BL/6J female mice fed a high-fat diet (40%) for 6 weeks 

did not show increased diurnal food intake, but they did develop obesity, hyperlipidemia, 

and hyperglycemia (Yanagihara et al., 2006). Disruption of the circadian clock by exposure 

to constant light, as well as a high-fat diet, were shown to have both independent and 

additive effects on body weight gain. This indicates that the combination of a disruption in 

the molecular circadian clock and a hypercaloric diet is more detrimental to body weight 

homeostasis than either of these factors alone (Coomans et al., 2013). Timing appears 

important for the effects of a high-fat diet on energy homeostasis. Bray et al. found that 

feeding mice a high-fat diet toward the end of the active period resulted in increased 

adiposity, compared with mice fed a similar high-fat diet in the beginning of the active 

period, likely because the temporal regulation of β-oxidation was disturbed (Bray & 

Young, 2011). Restricting high-fat diet to the dark period as opposed to ad libitum access 

to high-fat diet, resulted in lower body weight and restored glucose tolerance, diurnal 

rhythms in metabolic regulators, and prevented liver disease (Hatori et al., 2012), whereas 

mice fed a high-fat diet during the light period gained significantly more body weight than 

mice fed the same diet with the same amount of calories during the dark period (Arble et 

al., 2009). Remarkably, and in contrast to the latter, Sherman et al. showed that restricted 

high-fat feeding during 4 h in the light period improved insulin sensitivity and lipid oxidation 

and resulted in a lower body weight and decreased fat profile compared with mice on an 

ad libitum high-fat diet and comparable to mice on an ad libitum low-fat diet. However, 

it needs to be mentioned that the total caloric intake in the ad libitum high-fat group was 

higher than in the timed high-fat group (Sherman et al., 2012). It thus seems that restricted 

feeding or perhaps the prolonged fasting period, per se, is beneficial for metabolism, 

even when it takes place in the normally inactive period. In line, Chaix et al. showed that 
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time-restricted feeding in mice, in contrast to ad libitum feeding, is beneficial for body 

weight increase, whole-body and hepatic fat accumulation, and glucose tolerance, and 

lowered circulating serum leptin and triglycerides levels. The benefits were observed in 

all used diet paradigms (high-fat; high-fructose or a high-fat-high-sucrose diet), and were 

proportional to the fasting duration (Chaix et al., 2014). 

Effect of fat intake on the central clock 
Kohsaka and colleagues observed that a high-fat diet altered the free-running period in 

male C57BL6/CJ mice under un-entrained conditions, whereas clock gene expression 

in the mediobasal hypothalamus was not affected by a high-fat diet, suggesting that 

alterations in metabolic cycles can lead to alterations in diurnal cycles, i.e., the central 

clock, although the precise mechanism needs to be elucidated (Kohsaka et al., 2007). 

Sen et al. showed that an ultradian feeding schedule (i.e. 6 meals equally divided over 

24 h, hence ruling out the diurnal effects of a feeding-fasting cycle) resulted in molecular 

changes in the SCN. These included upregulated daily expression of the clock-controlled 

protein vasopressin (AVP) and dampened oscillations of PER1 and 2 protein in the SCN, 

indicating that a regular feeding-fasting schedule is important for normal SCN functioning 

(Sen et al., 2017). Also, Branecky et al. reported that a high-fat diet in PER:LUC mice 

altered the locomotor activity pattern, which was not reversible two weeks after switching 

back to a regular chow diet. Although this suggests an effect of high-fat diet on the SCN, 

the authors speculate that a brain region downstream from the SCN (not further specified) 

responds to a high-fat diet resulting in abnormal locomotor activity patterns (Branecky 

et al., 2015), since a previous study showed no effects of a high-fat diet on PER:LUC 

expression in the SCN (Pendergast et al., 2013).

The effects of a high-fat diet on the central clock are not necessarily direct, but might 

be indirect through a direct feedback to the clock. The SCN receives metabolic information 

from the peripheral organs through different pathways. AgRP/NPY neurons in the arcuate 

nucleus (ARC) are activated by ghrelin from the stomach during fasting and project to 

the SCN (Yi et al., 2006). Recently, it was found that not only the ARC, but also the IGL, 

transmits metabolic signals to the SCN, probably through sensory neurons in the brainstem 

that transmit metabolic signals from organs to the IGL (Saderi et al., 2013). NPY and GABA 

were found to have an important role in transmitting metabolic information from the IGL 

to the SCN (Saderi et al., 2013). The effect of high-fat diet on the SCN was shown by 

Mendoza et al. In mice fed a high-fat diet, the induction of the immediate early gene 

c-fos by light was reduced in the SCN. This reduction was most pronounced in the ventral 

area of the SCN, which expresses VIP, suggesting that VIP may be a specific target for 

the chronobiotic effect of high-fat feeding (Mendoza et al., 2008). Recently, it was found 

that VIP neurons in the mouse SCN express the NPY6-receptor (Npy6r), which is activated 

by pancreatic polypeptide, released from the pancreas in response to food intake. VIP 

expression was reduced in the absence of Npy6r signaling (Yulyaningsih et al., 2014). 

This is in accordance with the recent finding that NPY is an important neurotransmitter in 
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signaling to the SCN (Saderi et al., 2013). As VIP synchronizes SCN neurons, alterations 

in VIP due to feeding may be a mechanism via which food intake can alter the output of 

the central clock, at least in the mouse. Furthermore, the adipokine leptin was shown in 

vitro to dose-dependently cause a forward shift in the peak time of SCN activity, i.e., phase 

advance the SCN, suggesting that the rhythmic pattern of endogenous leptin production 

may affect the central clock (Prosser & Bergeron, 2003). In vivo it was shown that leptin 

plays an important role in the modulation of the SCN light response (Mendoza et al., 2011). 

Fatty acids itself can also indirectly affect the central clock through alterations in peripheral 

clocks that feed back to the central clock. For instance, Paschos et al. reported that in 

adipocyte-specific Bmal1 knockout mice, the adipocyte clock was disturbed. Consequently, 

there was a disruption in the normal daily rhythm of circulating polyunsaturated fatty acids. 

Concomitantly, an alteration in feeding rhythms was noticed. The authors suggest that 

there is a bidirectional relationship between the peripheral clocks and the SCN, which may 

explain the altered feeding behavior (central effect) due to a disruption of a peripheral 

(pancreas) clock (Paschos et al., 2012).

Effect of fat intake on peripheral clocks
In mice fed a high-fat diet, alterations in diurnal patterns of circulating metabolic markers, 

including leptin and insulin, clock-regulating nuclear factors, including RORα and PPARα, 

hypothalamic neuropeptides, including AgRP and NPY, and factors involved in lipid 

metabolism, including sterol regulatory element-binding protein 1c (SREBP1c) and acetyl 

coenzyme A carboxylase (ACC), were found. Furthermore, the amplitude of the circadian 

expression profiles of Clock, Bmal1, and Per2 in fat tissue and liver was reduced. Interestingly, 

in these mice, there was a desynchronization between factors cycling in the liver and 

in adipose tissue (Kohsaka et al., 2007). Barnea et al. found that in mice fed a high-fat 

diet for 7 weeks, rhythmic expression of hepatic clock genes as well as components of 

the adiponectin signaling pathway, including Pparα and Ampk, were disrupted. As Pparα 

and Ampk promote β-oxidation, disruption of their rhythmic expression may lead to 

the impairment of lipid metabolism in the liver. The authors propose a vicious cycle in which 

the diet-induced obesity leads to disrupted circadian rhythms, which, in turn, can lead to 

enhanced obesity (Barnea et al., 2009). By using a high-throughput profiling of the mouse 

liver metabolome and transcriptome, Eckel-Mahan et al. (Eckel-Mahan et al., 2013) showed 

that a high-fat diet could alter normal cycling of circadian genes in the liver. This included 

a loss of oscillations of normally rhythmically expressed transcripts and metabolites (e.g., 

NAD+ and Nampt), as well as gain of oscillation in otherwise arrhythmic transcripts (e.g., 

the histone methyltransferase Ehmt2), and a phase advance of metabolites and transcript 

oscillations (e.g., Dbp). This induction was rapid and did not require the development of 

obesity, and it appeared to be reversible on a normocaloric diet. The alterations rely on 

two mechanisms: first, the lack of proper BMAL1 and CLOCK chromatin recruitment at 

the level of target promoters of previously oscillating genes; and second, the genesis of 

novel rhythmicity of a great number of genes was found to rely on changes in the presence 
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and pattern of oscillation and chromatin recruitment of PPARγ (Eckel-Mahan et al., 2013). 

This study illustrates that the (peripheral) circadian system is dynamic and can change 

under high-fat conditions. In addition to this, the timing of fat intake differentially affects 

peripheral clocks. Restricting a high-fat diet to the light period in rats, compared to ad 

libitum access to a high-fat diet,  resulted in a dampening of the expression pattern of 

the clock output gene Dbp in liver and muscle, and shifted the expression of metabolic 

genes with 6-12 h in liver. This indicates that a mismatch between fat intake and the light-

dark cycle can disrupt tissue metabolism in muscle in rats (Reznick et al., 2013).

Effect of fat intake on non-SCN brain clocks
While many studies have focused on the effects of high-fat diet on clock gene expression 

in peripheral tissues, limited analysis of individual neuronal mechanisms is available. 

In the immortalized, hypothalamic murine neuronal cell line mHypoE-44, it was shown 

that high levels of the saturated fatty acid palmitate caused alterations in the circadian 

expression profiles of Bmal1, Rev-erbα, and Per2 (Fick et al., 2011), indicating that 

the effects of fatty acids on the clock may occur independently of obesity. This is supported 

by the in vivo study of Eckel-Mahan et al., in which the alterations in the mouse liver 

clock were already present after 3 days of high-fat diet, suggesting that the high-fat diet 

rather than the development of obesity initiates the reprogramming of the circadian clock 

(Eckel-Mahan et al., 2013). Similarly, Kohsaka et al. (Kohsaka et al., 2007) did not find 

a correlation between body mass and clock gene disruption in male C57BL/6J mice. In 

contrast, Yanagihara et al. (Yanagihara et al., 2006) report that female C57BL/6J mice on 

a high-fat diet became obese but did not develop alterations in clock gene expression 

in visceral adipose tissue and liver. The authors discuss that the relatively mild obesity 

might explain the lack of alterations in clock genes (Yanagihara et al., 2006). Alternatively, 

there could be a sex-specific effect, as Yanagihara and colleagues used female mice, as 

opposed to male mice used in the studies of Eckel-Mahan and Kohsaka (Eckel-Mahan 

et al., 2013; Kohsaka et al., 2007). Indeed, it was shown that in female PER:LUC mice, 

ovarium hormones protect against the phase shift in feeding and locomotor activity 

due to a high-fat diet that was observed in male mice and ovariectomized female mice  

(Palmisano et al., 2017).

To summarize, there is evidence that on a molecular level, fatty acids can alter 

the circadian molecular clock, both centrally and peripherally. However, the downstream 

pathways through which alterations in the molecular clock eventually lead to alterations 

in metabolism and body weight gain have yet to be elucidated. Indeed, rodent models 

with global or tissue-specific deletions of clock elements have shown the effects of clock 

disturbances on physiology [e.g., (Kudo et al., 2007; Lamia et al., 2008; Marcheva et al., 

2010; Sadacca et al., 2011)], but also in these examples the mechanisms through which 

this alters physiology are yet unknown. Moreover, the effects of changes in circadian clock 
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Figure 2. Temporal relationship between plasma glucose concentrations and glucose 
disappearance rate. Both plasma glucose concentrations and glucose disappearance rate rise 
before the onset of the activity period, independently from food intake. From (la Fleur, 2003).

gene expression due to a high-fat diet most likely are less pronounced than those of clock 

gene knock-outs.

SUGAR INTAKE
Sugar intake and energy homeostasis
Similar to the timing of fat intake, the timing of sugar intake could be important for normal 

energy homeostasis, as Morris et al. found that mice with restricted access to fructose 

only during the light period gained more body weight and showed a greater increase 

in white adipose tissue, as well as increased levels of insulin and leptin compared with 

mice with nighttime-restricted access to fructose (Morris et al., 2012). Rats with diurnal 

access to sugar water, on top of a high-fat diet, gained more body weight compared 

with rats exposed to an isocaloric diet with only nocturnal access to sugar, indicating 

that the timing of sugar is important for body weight homeostasis (la Fleur et al., 2014). 

To ensure normoglycemia, glucose-sensing systems are located in the periphery, as well 

as in the central nervous system, to control glucose homeostasis, feeding behavior, and 

energy storage (Marty et al., 2007). The central clock is important in the control of glucose 

homeostasis. Plasma glucose levels show circadian variation, which is independent from 

food intake, and surgical ablation of the SCN impairs the control of glucose homeostasis 

(la Fleur et al., 1999). Furthermore, it is widely accepted that glucose uptake shows diurnal 

variation [Figure 2; see references in (Kalsbeek et al., 2006; la Fleur, 2003)]. The brain derives 

its metabolic energy mostly from glucose. Because of this sensitivity, and since the SCN in 
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the hypothalamus is important for glucose homeostasis, it is important to identify whether 

alterations in glucose level due to sugar feeding are able to alter the molecular circadian 

clock, either centrally in the SCN, in non-SCN brain nuclei, or peripherally.

Effects of sugar intake on the central clock and non-SCN brain clocks
Parenteral infusion of glucose during the light phase in male Wistar rats shifted mRNA 

expression levels in the SCN and in the liver in opposite directions (Iwanaga et al., 2005). 

This indicates that glucose may be a strong entraining signal for the SCN, but it also 

indicates that glucose is able to differentially affect central and peripheral clocks. 

Effects of sugar intake on peripheral clocks 
Glucose is one of the factors that are able to induce cellular circadian rhythms in vitro 

(Hirota et al., 2002). Glucose can initiate circadian gene expression of Per1, Per2, albumin 

D site-binding protein (Dbp), and Bmal1 in cultured fibroblasts (Hirota et al., 2002), 

suggesting a role for glucose in synchronizing (peripheral and perhaps central) clocks. 

Physiologically, alterations in circulating glucose levels are accompanied by alterations in 

other hormones, including insulin, glucagon, and somatostatin, which in their turn may 

affect the clock. Indeed, several studies have also shown effects of insulin on the clock 

and clock gene expression. In vitro studies in rat fibroblasts have shown that insulin 

upregulates mRNA expression of Per1 and Per2 (Balsalobre et al., 2000), whereas in vivo 

insulin-induced hypoglycemia reduces photic resetting (Challet et al., 1999). Tahara et 

al. showed alterations in hepatic expression of Per2 and Rev-erbα after refeeding, which 

was not observed in streptozotocin (STZ)- induced insulin-deficient mice, suggesting 

that insulin can affect the liver clock (Tahara et al., 2011). In another study, it was shown 

that non-obese, low-dose-STZ-induced insulin resistance in C57BL/6 mice resulted 

in alterations in hepatic clock gene expression, suggesting that the molecular clock is 

sensitive to mild elevations in glucose and insulin levels, as seen in insulin resistance (Yang 

et al., 2013), although the underlying mechanism is unclear. Interestingly, treatment with 

the insulin sensitizer and PPARα-agonist pioglitazone reverted the changes in clock-gene 

expression, suggesting that enhancing insulin sensitivity may strengthen the circadian 

molecular system and improve the adverse effects of metabolic syndrome (Yang et 

al., 2013), but it also suggests that the nuclear receptor PPARα might be involved in 

the effects of insulin on the hepatic clock. Insulin receptor signaling pathways have been 

extensively examined and shown to regulate several kinases, including glycogen synthase 

kinase 3 (GSK3) and mitogen-activated protein kinase (MAPK), which play important roles 

in the regulation of the circadian clock. For instance, MAPK downregulates the activity of 

BMAL1 (Sanada et al., 2002) and GSK3 can phosphorylate CRY2, leading to its degradation  

(Harada et al., 2005).

The above-mentioned studies demonstrate that it is difficult to predict the effects of 

sugar on the expression of circadian clock genes in vivo, as increased glucose levels will 
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be accompanied by alterations in hormones, including an increase in insulin levels. Both 

glucose and insulin can affect the molecular clock, although not many studies have been 

published on this topic.

INFLUENCE OF ENERGY STATUS
Thus, both sugar and fat have been shown to be able to affect the clock: both centrally 

and peripherally, within and outside of the brain. Although different pathways have been 

proposed through which fatty acids and sugar can exert their effect on the molecular 

clock, exact mechanisms are still unknown. It was, for instance, suggested that the effects 

of high-fat diet on the clock could be just the result of rhythmically driven nutrient-sensing 

activities (Liu & Evans, 2014). In our search to find evidence for differential effects of fat 

and sugar on the molecular clock, we noticed a paucity of studies in which nutrient content 

was compared with energy content. Therefore, it remains unclear whether the specific 

metabolites or the caloric content are causal for the effects observed. Especially 

the described high-fat diets seem to be used as a model for a high-caloric diet, rather than 

as a model to study the effects of specific nutrients on the circadian clock. It thus remains 

a possibility that effects of fat or sugar on the clock are through alterations in energy 

status, rather than through specific effects of the metabolites of fatty acids and sugar. 

Studies suggest that energetic state can indeed affect the central clock, despite previous 

evidence showing that food intake has no effect on the output of the SCN (Damiola, 2000; 

Stokkan et al., 2001). For instance, when glucose availability was reduced by fasting, or 

by administration of the competitive inhibitor of glucose metabolism 2-deoxy-D-glucose 

(2-DG), light-induced phase delays of the circadian clock were attenuated (Challet et al., 

1999). Furthermore, a hypocaloric diet was shown to speed up re-entrainment to a shifted 

light-dark cycle (Resuehr & Olcese, 2005), whereas high-fat feeding slowed it down 

(Mendoza et al., 2008), indicating that the amount of calories is possibly more important for 

photic resetting than the actual metabolites of a high-fat diet. Recently, Sen et al. reported 

that a hypocaloric ultradian feeding schedule in male C57BL/6J mice resulted in a phase-

advance of body temperature, reduced PER1 protein expression in the SCN, and altered 

the circadian expression patterns of Per2 and Pgc1α mRNA in the liver. The effects were 

significantly different from mice on an isocaloric ultradian feeding schedule, indicating 

that energy status can affect central and peripheral clocks (Sen et al., 2017). Furthermore, 

also a timed hypocaloric diet led to alterations in the diurnal expression patterns of Per2 

and Cry1 in the SCN, as well as phase advances in locomotor activity, melatonin, and 

vasopressin mRNA levels. This indicates that hypocaloric feeding can both alter central 

clock gene expression as well as the photic response of the circadian system (Mendoza et 

al., 2005). Feillet et al. showed that hypocaloric feeding resulted in an upregulation of Cry 

and a downregulation of Bmal1 mRNA in the SCN, as well as in an apparent reduction in 

amplitude of two molecular outputs, Avp and Dbp. Thus, hypocaloric feeding can phase 

shift and lead to alterations in clock gene expression, suggesting that clock genes could 
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play an important role in feeding back information about the nutrient status to the SCN 

(Feillet et al., 2006). These cues could involve glucose metabolism and circulating levels 

of AMP (Zhang et al., 2006), indicating that either energy status or metabolites of glucose 

can influence the clock.

NUTRIENT SENSORS
From an evolutionary point of view, it is beneficial to anticipate the transitions in nutrient 

availability. For instance, the body clock helps to adjust the energy needs of our body to 

the sleep/wake cycle. As the central pacemaker in the suprachiasmatic nucleus prepares 

the body for environmental changes, it is only logical that nutrient sensing and the clock 
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Figure 3. Overview of the molecular circadian clock mechanism in relation to metabolism. 
The clock regulates many clock output genes involved in metabolism. Conversely, the clock 
receives input from transcription factors and nutrient sensors with important roles in metabolic 
processes. Feeding and fasting can influence the core clock in a number of ways, and glucose 
and fat intake can also directly or indirectly influence the clock, as depicted in this figure. It 
becomes clear that energy status is important in regulating the clock, whereas there is a paucity 
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would be intimately related. To assess molecular links between the circadian clock and 

energy balance, multiple putative clock-related components have been studied, including 

AMPK, cAMP-responsive element binding protein (CREB), glycogen synthase kinase 

3β (GSK3β), sirtuins (SIRTs), and PPARs. In this section, these will be discussed in more  

detail (Figure 3).

AMP-activated protein kinase
AMPK as energy sensor 

AMPK is a critical nutrient sensor, which is present in every tissue, including neurons. 

Nutrient levels in the hypothalamus, often dictated by lipid metabolites and intracellular 

fuel, are monitored by AMP kinase (Hardie et al., 2012). AMPK is activated by a decrease 

in intracellular ATP levels, with a concomitant increase in the amounts of ADP and AMP. 

Once activated, AMPK acts to restore intracellular ATP by inhibiting biosynthetic processes 

and inducing FFA catabolic pathways (Hardie, 2008). Hypothalamic AMPK is important 

in regulating energy balance by altering metabolism and food intake in response to 

nutritional and endocrine food signals. Modulation of hypothalamic AMPK activity alters 

food intake and body weight (Minokoshi et al., 2004). Hypothalamic AMPK is stimulated by 

orexigenic agents, including ghrelin and agouti-related protein (AgRP), and is suppressed 

by anorexigenic agents including leptin, insulin, and glucose (Minokoshi et al., 2004). 

Activated hypothalamic AMPK leads to increased food intake and body weight, in concert 

with increased expression of the orexigenic neuropeptides NPY and AgRP in the arcuate 

nucleus (Yang et al., 2011). An abundance of nutrients (for instance, high levels of glucose) 

reduces AMPK activity, leading to decreased phosphorylation of acetyl-CoA carboxylase 

(ACC). This decrease in turn leads to increased amounts of malonyl-CoA, thereby inhibiting 

carnitine palmitoyltransferase 1 (CPT-1), resulting in decreased β-oxidation and reduced 

food intake (Hardie et al., 2012; Obici et al., 2003). Recently, in GT1–7 and mHypoE-46 

hypothalamic cell lines, it was found that glucose inhibits long chain fatty acid oxidation in 

hypothalamic neurons via AMPK (Taib et al., 2013). In peripheral tissues, activated AMPK 

switches on catabolic pathways, including fatty acid oxidation in the liver, and switches off 

anabolic pathways, such as lipogenesis or gluconeogenesis (Hardie et al., 2012).

AMPK and the circadian clock

It has been proposed that AMPK replaced light as a clock-resetting signal in organisms 

in which light could not penetrate into all cells, as the presence of AMPK-dependent 

phosphorylation sites seems associated with increased body size (Jordan & Lamia, 2013). 

Thus, from an evolutionary point of view, AMPK may have evolved as important time-giving 

nutrient sensor. Indeed, AMPK exerts multiple actions on the circadian clock (reviewed 

in (Lamia et al., 2009). For instance, AMPK contributes to the circadian phosphorylation 

of CRY1, thereby reducing its association with PER2 and instead increasing its binding 

to F-box and Leu-rich repeat protein 3 (FBXL3), a ubiquitin ligase that promotes CRY1 
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ubiquitination and degradation. This leads to subsequent de-repression of the PER-CRY 

dimer on CLOCK-BMAL, thus lengthening the circadian rhythm. Furthermore, AMPK can 

phosphorylate (and activate) casein kinase 1ε (CK1ε), which leads to phosphorylation and 

degradation of PER (Lamia et al., 2009). Levels of the mRNA encoding AMPK2β subunit 

were found to oscillate in a circadian manner, concomitantly with a circadian rhythm in 

nuclear translocation of AMPK. Loss of AMPK signaling in the mouse liver in vivo resulted 

in disrupted circadian rhythms in hepatic clock genes (Lamia et al., 2009). In synchronized 

mouse embryo fibroblasts, treatment with low glucose or the AMPK activator AICAR 

reduced the amplitude and increased the period of the circadian rhythm of a luciferase 

reporter gene driven by the BMAL1- CLOCK promoter; these effects were lost in cells 

lacking AMPK (Lamia et al., 2009). Thus the presence or absence of glucose and fatty acids 

regulates the activity of AMPK, both centrally in the hypothalamus, as in peripheral tissues. 

Because of the tight connections between AMPK and the circadian clock, this may be 

a putative mechanism through which fat and sugar can alter the molecular circadian clock.

cAMP-response element binding protein 
CREB as nutrient sensor 

cAMP-response element (CRE) binding protein (CREB) is a cellular transcription factor that 

stimulates target gene expression at promoters that contain CREs. In the hypothalamus, 

CREB is involved in appetite regulation, whereas in adipose tissue, activated CREB 

increased insulin resistance (Altarejos & Montminy, 2011). In the liver, CREB controls 

gluconeogenesis by activating or repressing the transcription of gluconeogenic genes and 

regulates fatty acid oxidation (Altarejos & Montminy, 2011; Vila-Brau et al., 2013). CREB 

in peripheral organs is phosphorylated in response to several signaling and hormonal 

stimuli, including catecholamines that increase intracellular cAMP production, Ca2+, and 

the ERK-MAPK pathway (Altarejos & Montminy, 2011; Travnickova-Bendova et al., 2002). 

In the liver, the circadian phosphorylation of CREB is dependent on feeding rhythms. 

Fasting increases, whereas feeding decreases, CREB phosphorylation and activity (Vollmers 

et al., 2009). During short-term fasting, increasing levels of glucagon increase CREB 

activity, which stimulates transcription of gluconeogenic genes by binding to the CRE 

in their promoters. Activated CREB increases the activity of PGC1α and NR4A1, which 

elevate the transcription of gluconeogenic genes during prolonged fasting (Altarejos &  

Montminy, 2011).

CREB and the circadian clock 

CREB is closely linked to the circadian clock. Within the SCN, CREB is phosphorylated in 

response to photic stimuli and hence shows a circadian rhythm in activity. A light stimulus 

during the subjective night resulted in an increased phosphorylation of CREB in the hamster 

and rat SCN (Ginty et al., 1993; Travnickova-Bendova et al., 2002). The increased 

phosphorylation of CREB coincided with increased transcription of c-fos in the SCN, 
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suggesting that phosphorylation of CREB regulates gene expression in the SCN through 

c-fos, and CREB may thus be important for the entrainment of the SCN (Ginty et al., 1993). 

Furthermore, the Per gene contains CRE binding sites and phosphorylated CREB has been 

shown to activate Per transcription in rat SCN explants (Travnickova-Bendova et al., 2002). 

In the mouse liver, activated CREB can activate Per transcription (Vollmers et al., 2009), 

and CRY can repress phosphorylation of CREB through inhibition of glucagon-stimulated 

cAMP production, leading to repressed transcription of gluconeogenic genes, including 

phosphoenolpyruvate carboxykinase-1 (Pck1) and glucose-6-phosphatase (G6pc) (Zhang 

et al., 2010). Thus, the feeding-fasting cycle regulates the activation of CREB in peripheral 

organs, and activated CREB can affect the molecular clock by activating Per transcription. 

A high-fat diet in mice resulted in downregulation of CREB protein levels in the liver 

(Inoue et al., 2005b). Results thus far show that feeding-induced alterations in CREB only 

take place in peripheral organs and not in the SCN. This might be a possible mechanism 

through which food intake can lead to desynchronization between peripheral clocks and 

the central clock. Further analysis of the role of CREB in clock-controlled gene expression 

is warranted.

Glycogen synthase kinase 3β
GSK3β as a nutrient sensor

GSK3β is a ubiquitous kinase that regulates a number of cellular functions, including 

glucose homeostasis, and it has been implicated in the development of insulin resistance, 

based on its role in regulation of glycogen synthesis. GSK is constitutively active and 

is inactivated upon phosphorylation (Lee & Kim, 2007). High concentrations of glucose 

(30 mM) and insulin (1 nM) increased the phosphorylation of GSK3β in murine kidney 

proximal tubular epithelial cells (Mariappan et al., 2008). In contrast, 12 h treatment with 

palmitate decreased phosphorylation of insulin-stimulated pGSK3 in rat hepatocytes  

(Ruddock et al., 2008).

GSK3β and the circadian clock

The kinase activity of GSK3β is circadian, both in the SCN and in peripheral clocks, including 

liver and fibroblasts, although with inverted patterns between SCN and liver (Iitaka et al., 

2005). Various studies have shown that phosphorylation of GSK3β can alter circadian period 

length but with opposing results. A high-throughput approach demonstrated that small 

molecule inhibitors of GSK3β and small interfering RNA (siRNA)-mediated knockdown 

of GSK3β leads to shortening of the period in cultured human osteosarcoma U2OS cells 

(Hirota et al., 2008), whereas the GSK3β inhibitor lithium has been shown to increase 

free-running period length in cultured murine SCN cells (Abe et al., 2000). In another 

study, both lithium and GSK3 knockdown caused lengthening of the period of Per2 mRNA 

transcription rhythms in synchronized mouse fibroblasts (Kaladchibachi et al., 2007). In 

mammals, GSK3β has been reported to phosphorylate PER2, CRY2, and REV-ERBα with 
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differential effects: GSK3β-mediated phosphorylation induces the degradation of CRY2 in 

the mouse liver (Harada et al., 2005), causes phosphorylation of BMAL, and primes it for 

ubiquitination, followed by proteasomal degradation in cultured peripheral cells (Sahar et 

al., 2010), whereas it stabilizes Rev-erbα in cultured peripheral cells (Yin et al., 2006). As 

Cry2 and Rev-erbα knockout mice show long- and short-period phenotypes, respectively, 

it is possible that the period shortening by GSK3β inhibition is partly mediated by 

stabilization of CRY2 and degradation of REV-ERBα (Hirota et al., 2008). Thus the effect 

of GSK3β on the circadian clock takes place both in the central clock in the SCN, and 

in peripheral tissues. Recently a novel mechanism was described by which sugar can 

affect the molecular clock. O-GlcNAcylation is the covalent attachment and cycling of 

N-acetyl glucosamine (GlcNAc) on serine or threonine residues of nucleocytoplasmic 

proteins. Intracellular concentrations of UDP-GlcNAc, the donor for O-GlcNAcylation, 

are controlled by flux through several major metabolic pathways, including metabolism 

of glucose, amino acids, and fatty acids (Hart et al., 2011). Because O-GlcNAcylation is 

dependent on UDP-GlcNAc concentrations, O-GlcNAc serves as an important nutrient 

sensor. O-GlcNAcylation competitively inhibits phosphorylation of PER and CRY proteins 

and can control the turnover of CLOCK and BMAL proteins by inhibiting ubiquitin-mediated 

degradation, thereby regulating circadian period length. Because O-GlcNAc transferase 

(OGT), the enzyme responsible for O-GlcNAcylation, is activated through phosphorylation 

by GSK3β, whose activity cycles with the circadian clock (Kaasik et al., 2013; Li et al., 

2013), this could potentially be an important mechanism by which nutrient intake can 

affect circadian control mechanisms at the molecular level. The above-described studies 

indicate that the activity of GSK3β and OGT can be regulated by alterations in nutrient 

levels. Furthermore, posttranslational O-GlcNAcylation by OGT is highly dependent on 

nutrients. Because of their intricate links to the circadian clock, nutrients may thus also 

affect the clock through regulating GSK3β and OGT activity. 

Redox state
SIRTs are a class of enzymes with NAD+-dependent histone deacetylase activity. The activity 

of SIRT1 is modulated via the redox state of the cell, i.e., by the NAD(P)+-to-NAD(P)H ratio 

(Asher et al., 2008). SIRTs regulate many metabolic processes, including gluconeogenesis 

and insulin sensitivity. Many of the transcription factors regulated by SIRT are involved in 

the cellular response to stress and nutrient flux, including peroxisome proliferator-activated 

receptor-α coactivator (PGC-1α), sterol regulatory element-binding protein 1 (SREBP-1c), 

and signal transducer and activator of transcription-3 (STAT3) (Haigis & Sinclair, 2010). 

SIRT1 was identified as a regulator of circadian gene expression, and its protein level 

was found to be expressed in a circadian manner in mouse liver, mouse hepatocytes and 

cultured fibroblasts. Furthermore, SIRT1 binds to CLOCK-BMAL and PER2 in a circadian 

fashion and SIRT1 was found to deacetylate PER2 in vivo, leading to PER2 degradation 

(Asher et al., 2008).
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Redox state and the circadian clock 
The circadian control of NAD+ metabolism possibly couples internal energetic cycles 

with oscillations in the external nutrient environment [reviewed in (Peek et al., 2012)]. 

In a normal feeding-fasting cycle, NAD+ cycles with peaks during the fasting phase and 

troughs during the feeding phase. As SIRT1 is activated by NAD+, clock-driven oscillations 

of NAD+ contribute to daily rhythms in many metabolic pathways regulated by SIRT1. 

However, under conditions of a high-fat diet, there are constantly elevated and non-

oscillatory levels of glucose, and hence there is no real fasting phase, resulting in loss of 

circadian oscillation in NAD+ (Eckel-Mahan et al., 2013). This may lead to altered activity 

of SIRT and hence alterations in transcription factors involved in metabolism. Mendoza et 

al. speculate that if high-fat feeding, through increased glucose levels, modifies the redox 

state of SCN cells, daily changes in binding activity of CLOCK-BMAL1 to E-boxes of clock 

genes may result in slower circadian oscillations and lengthening of the endogenous 

period (Mendoza et al., 2008). In vitro DNA-binding activity of CLOCK-BMAL1 is 

modulated by the redox states of NAD(H) or NADP(H). The oxidized form NADP (NAD+) 

was found to inhibit, while the reduced form NAD(P)H was found to enhance DNA binding 

of the CLOCK-BMAL heterodimer. Hence, fluctuations in cellular redox state can directly 

entrain the molecular clock (Rutter et al., 2001). Thus alterations in circulating nutrient 

levels can alter the molecular circadian clock also via alterations in redox state. This might 

happen in the SCN, in non-SCN brain areas, as well as in the periphery. 

Peroxisome proliferator-activated receptors
PPARs as nutrient sensors 

PPARs are a group of nuclear hormone receptors that function as transcription factors 

involved in many cellular processes including lipid, carbohydrate, and protein metabolism. 

Three types of PPARs have been identified: α, β/δ, and γ. PPARα is expressed most 

abundantly in the liver, PPAR β/δ is expressed in many organs, whereas PPARγ is mainly 

expressed in adipose tissue and to a lesser extent in other tissues (Inoue et al., 2005a; Inoue 

et al., 2005b). PPARα controls numerous genes that are directly or indirectly involved in lipid 

metabolism and energy homeostasis, in response to activation by lipophilic compounds, 

including fatty acids (Kersten et al., 1999). PPARγ, which exhibits a circadian expression 

pattern (Yang et al., 2006), is involved in adipocyte differentiation and plays an important 

role in lipid and glucose metabolism (Kim & Ahn, 2004; Tontonoz & Spiegelman, 2008). 

PPARγ in the liver is upregulated upon a high-fat diet (Inoue et al., 2005b), whereas fasting 

causes an upregulation of PPARα (Kersten et al., 1999). PPARα and PPARγ directly interact 

with clock genes, suggesting their role in linking energy metabolism to the peripheral 

molecular clock [reviewed in (Chen & Yang, 2014)]. For instance, PER2 interacts with 

PPARγ and suppresses its pro-adipogenic transcriptional activity, specifically in white 

adipose tissue. Indeed, lack of PER2 results in increased adipogenesis in fibroblasts, 

although in vivo, PER2 deficiency in mice did not result in increased adiposity but resulted 
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in a lean phenotype (Grimaldi et al., 2010). Furthermore, a recent study by Eckel-Mahan 

and coworkers (Eckel-Mahan et al., 2013) revealed a critical role for PPARγ in driving de 

novo gene expression under high-fat diet conditions by binding to the HFD-specific gene 

promoters, while rhythmic expression was lost in the presence of a PPARγ antagonist. 

Although PPARs are expressed mostly in tissues with a high rate of fatty oxidation, they 

have also been found in the brain (Moreno et al., 2004).

PPARs and the circadian clock 

PPARs have been proposed to integrate the circadian clock with energy metabolism, yet 

how exactly they link the two together is unknown (Chen & Yang, 2014). Next to its function 

in metabolism, PPARs are directly linked to the molecular circadian clock. Ppar  transcription 

is driven by BMAL1, and PPARs in their turn activate the transcription of Bmal1. PPARs are 

rhythmically expressed in several peripheral tissues, including liver and adipose tissue, and 

to a lesser extent in the SCN (PPARα). Fibrates, a group of PPARα agonists, are able to alter 

the rhythmic expression of Bmal1, Per1, Per2, Per3, and Rev-erbα in cultured hepatocytes 

and multiple mouse peripheral tissues including the liver (Canaple et al., 2006; Chen & 

Yang, 2014; Gervois et al., 1999; Oishi et al., 2008; Shirai et al., 2007). The PPARα ligand 

bezafibrate advanced locomotor activity in wild-type and SCN-lesioned mice, indicating 

that PPARα is involved in circadian clock control but independently of the SCN (Shirai et 

al., 2007). This might be explained by the fact that PPARα, in contrast to other PPARs, 

was expressed at low levels in the rat and mouse hypothalamus (Lemberger et al., 1996; 

Moreno et al., 2004; Shirai et al., 2007). This is in accordance with a study by Canaple et 

al. (Canaple et al., 2006) who reported that PPARα-/- mice exhibited normal entrainment in 

constant darkness, indicating that PPARα is not essential for circadian rhythm generation in 

the SCN, although it was found to be important in photo-entrainment of the clock (Oishi et 

al., 2008). The circadian expression of PPARα in the liver was reset by feeding (Canaple et 

al., 2006). Thus PPARα may play an important role in peripheral, but not central, circadian 

control. Because of the low expression of PPARα in the SCN, alterations in rhythmic 

expression of PPARα, due to food intake, may potentially lead to a desynchronization 

between the peripheral and central clock. As PPARs regulates Bmal1 transcription, it can be 

speculated that feeding can influence the clock through PPAR, which might ultimately lead 

to alterations in energy metabolism. Alternatively, and as shown by Salgado-Delgado et 

al. (Salgado-Delgado et al., 2013), food intake may alter the rhythmic expression of Pparα 

without altering the rhythmic expression of the clock genes, leading to desynchronization 

of clock genes from metabolic genes, which was found to be associated with adiposity and 

liver steatosis. Further analysis should be undertaken to understand the role of PPARs in 

feeding-dependent clock alterations.
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CONCLUSION AND SCOPE OF THE THESIS
In conclusion, a great variety of studies have shown that nutrients, including fatty acids 

and glucose can lead to alterations in the molecular clock, both centrally in the SCN, 

as well as in non-SCN brain areas and in peripheral clocks. Moreover, several different 

nutrient sensors are involved in linking nutrients -or nutritional status- to the circadian 

clock. Indeed, several studies showed that also energetic status itself affects the clock.  

Therefore, an outstanding question is whether food-entrained signals arise from the amount 

of circulating nutrients, i.e. energy content, or from the nature of the circulating nutrients, 

i.e. diet composition. Although several of the above-described studies suggest that energy 

status, rather than specific dietary components, is important for the effects of a high-fat 

or high-sugar diet on the molecular clock, well-designed comparative studies are lacking.  

Another outstanding question is whether macronutrient composition per se or 

the macronutrient timing is most important for the observed changes in energy homeostasis. 

It was proposed that the combined effect of eating palatable food at an ‘‘inappropriate’’ 

time of day could be more detrimental to a healthy energy balance than the sum of each 

single factor (Arble & Sandoval, 2013), but this has not been studied. Indeed, several 

studies have shown the detrimental effects on body weight and metabolism when food 

is consumed during the normal inactive period (Arble et al., 2009; Salgado-Delgado et 

al., 2013). On the other hand, studies have shown that temporally (but not calorically) 

restricted feeding, as opposed to ad libitum feeding, of a hypercaloric diet was beneficial 

for metabolic parameters including adiposity, glucose tolerance, and circulating serum 

fatty acids (Chaix et al., 2014; Hatori et al., 2012). However, studies in which diet timing 

and diet composition are combined are lacking. 

Therefore, we aimed to determine whether specific macronutrient components 

could alter daily rhythmicity of clock genes, and whether timing and/or composition of 

the nutrient intake is important for whole-body metabolism and clock gene rhythmicity. 

In this thesis, we describe studies on the effects of fatty acids and sugar on the molecular 

clock and clock output rhythms. Our overall aim was to assess the relationship between 

nutrients and the clock. For this, we used both in vivo and in vitro models, in a collaborative 

project between the University of Amsterdam (animal studies) and the University of Toronto  

(cell biology). 

In part I, we describe in vivo studies assessing the effects of a combination of fat and 

sugar on whole body metabolism and hepatic clock- and metabolic gene expression. Male 

Wistar rats were subjected to either a chow or free choice high-fat, high sugar (HFHS) 

diet. For the HFHS diet, different combinations of composition and timing were used. 

After a diet period of 5 weeks, we assessed whole-body metabolism, including body 

weight gain, adiposity, hepatic fat accumulation, and energy expenditure. Furthermore, 

we present the effects of the differently timed diets on hepatic clock- and metabolic  

gene expression. 

11
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In part II, we describe in vitro studies in which the direct effects of glucose and 

palmitate, the most abundant saturated fatty acid in human diet, on hypothalamic clock 

gene expression were assessed.  For this, we used the immortalized, hypothalamic cell 

line mHypoE-37, which endogenously expresses the core clock genes and has been well-

characterized previously. Cells were incubated with either a high or low concentration of 

palmitate, or a high or low concentration of glucose, after which the circadian expression 

of clock genes was assessed. 
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