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Chapter 1 

General Introduction 
(Partly based on book “Neuroendocirnology of Stress” Chapter 10 

                                             “The Hypothalamic–Pituitary–Adrenal Axis: Circadian  
Dysregulation and Obesity” by Kalsbeek A, 

 Su Y, Fliers E, la Fleur S).  
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1. Homeostasis 
The continuous rotation of the earth around its own axis combined with the earth’s continuous 
revolution around the sun generates alternating 24h-cycles of light and dark as well as seasonal 
rhythms in day length away from the equator. As this has always been a feature of this planet, 
evolution has equipped almost all organisms with an elaborate intrinsic timing system to be able 
to deal with these recurring changes, the so-called biological/circadian clock system. The 
primary role of the circadian clock system is to synchronize the organism with its environment, 
so that it is able to anticipate predictable fluctuations in the environment and optimize key issues 
such as food availability, predator risk, and the likelihood of reproductive success. In addition, 
the circadian clock system is critical for the synchronization and relative phasing of various 
internal physiological processes. Such internal coordination is essential for the optimization of 
responses to environmental fluctuations and for the strengthening of homeostatic control 
mechanisms. Also energy metabolism is under the control of this circadian timing system. In the 
present thesis we focus on the output pathways used by the circadian timing system to enforce its 
rhythmicity on metabolic processes such as triglyceride (TG) synthesis and uptake, glucose 
production and uptake, and lipogenesis and lipolysis. 

2. Circadian clock system  
The nature of the circadian clock system is endogenous and self-sustained. Without any 
environmental input the period length of the circadian clock rhythm is slightly shorter or longer 
than 24 h. Under normal conditions, endogenous circadian clocks are synchronized with the 
environment via Zeitgebers or environmental timing cues, the most important cues being light, 
food, activity and temperature. In absence of these environmental timing cues, or when these 
cues are constant, the circadian clock is free running according to its endogenous period. In 
mammals the circadian clock system consists of two main components: 1) the central master 
clock, located in the suprachiasmatic nucleus of the hypothalamus (SCN), and 2) peripheral 
clocks, i.e., the molecular clock mechanism present in most organs and tissues. 

2.1 Molecular mechanism of circadian clock  

At the cellular level, the molecular mechanism of the circadian clock system mainly involves 
two interlocking, regulatory feedback loops (Fig.1). The first loop consist of BMAL1 (brain and 
muscle aryl hydrocarbon receptor nuclear translocator (ARNT)-like protein 1), CLOCK, PER 
(period) and CRY (cryptochrome). The BMAL1 and CLOCK proteins form heterodimers, which 
can stimulate the transcription of the Per and Cry genes by binding to the E/E’-box (5’-
CACGTG/T-3’) in their promoters (1-3). After forming a heterodimer in the cytoplasm the PER 
and CRY proteins are shuttled back into the nucleus and inhibit CLOCK/BMAL1 transcriptional 
activity, thereby repressing their own transcription (4). A new cycle of transcription is started 
when the PER and CRY proteins in the cytoplasm are degraded and BMAL1 and CLOCK can 
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bind to the promotor of the Per and Cry genes again. The enzyme casein kinase1ε/δ (CK1 ε/δ) 
can phosphorylate the PER proteins (5,6), and these phosphorylated PER proteins are destined 
for ubiquitination by beta transducing repeat containing protein (βTrCP). These poly-ubiquitins 
are degraded by the 26S proteasome (7). Similar to PER, also the CRY proteins are degraded by 
the 26S proteasome, but the enzymes necessary for CRY protein phosphorylation and 
ubiquitination are different from those for the PER proteins. The 5' AMP-activated protein 
kinase (AMPK) phosphorylates the CRY1 protein (8) and the glycogen synthase kinase-3 beta 
(GSK-3β) cascade phosphorylates the CRY2 protein (9,10). The CRY proteins are poly-
ubiquitinated by F-box and leucine-rich repeat protein 3 (FBXL3) (11). 

The second, accessory loop of the molecular clock mechanism consists of BMAL1, CLOCK, 
REV-ERB and ROR (retinoic acid–related orphan receptor). BMAL1/CLOCK dimers stimulate 
the transcription of the Reverb and Ror genes by binding to the E/E’-box in their promoter. 
REVERB and ROR compete for retinoic acid–related orphan receptor response element (RORE) 
binding sites in the promoter of Bmal1 (12,13). ROR proteins stimulate Bmal1 transcription, 
while REV-ERB has an inhibitory effect on Bmal1 transcription. 

Together the two loops shape the ~ 24-hour cycle of the circadian clock (Fig.1). Mutations in 
each of the mentioned components can change the speed of the clock, i.e., its endogenous period. 

2.2 The suprachiasmatic nucleus (SCN): the central master clock  

2.2.1 Discovery of the SCN as a circadian pacemaker 

Using lesion studies Richter (1965) was the first to report the existence of a clock located in the 
anterior hypothalamus. In 1972 the retinohypothalamic tract (RHT) was identified as a necessary 
tract for transferring photic information from the eyes to the hypothalamus. The discovery of the 
RTH encouraged two research groups to study the SCN as a circadian pacemaker. First Zucker’s 
group (14) showed that the daily rhythmicity of drinking behavior and locomotor activity 
disappeared after SCN lesions. In the same year the group of Moore (15) showed that the SCN is 
also essential to maintain the daily rhythm in adrenal corticosterone. Based on these two studies, 
researchers started to realize that the central circadian pacemaker may be located in the SCN.  

2.2.2 Development of the SCN as a circadian pacemaker 

Several studies (16-19) showed that the daily rhythms of food intake, sleep-wakefulness and 
hormone release were lost after bilateral lesions or ablation of the SCN. The functioning of the 
SCN as a circadian pacemaker was also indicated by studies using electrical recordings of 
neuronal activity, as these studies showed that SCN neurons display a daily rhythm in their 
neuronal firing with a high activity during the day, both ex vivo and in vitro (20-23). SCN 
metabolic activity was measured through the use of 14C labeled 2-deoxyglucose; this method 
showed SCN metabolic activity to be high during the day and low during the night (24,25). 
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Additional studies (26-29) showed that behavioral rhythms could be restored in SCN lesioned 
animals after SCN transplantation. Based on all these studies, the idea of the SCN as the “central 
clock” was generally accepted. The restoration of daily activity rhythms was also successful after 
placement of an encapsulated SCN transplant, indicating that the SCN is able to drive the 
locomotor activity rhythm via diffusible signals (30-32). However, SCN transplantation –
encapsulated or not- did not restore neuroendocrine rhythms (32), indicating that the SCN needs 
both neuronal and hormonal communications to spread its circadian information (33). 

 

 
Figure 1. Molecular mechanism of the circadian clock. BMAL1 (B) and CLOCK (C) form a heterodimer 
that stimulates the transcription of the Per1/2/3 (P), Cry1/2 (C), Rev-erbα and Ror genes. PER and CRY 
form a heterodimer, which represses their own transcription by blocking the BMAL1: CLOCK activation. 
REV-ERBα and ROR compete for RORE binding sites on the promoter of the Bmal1gene and so regulate 
Bmal1 expression.  
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2.3 The peripheral clock: the molecular clock in peripheral tissues 

Next to the SCN the molecular clock mechanism has also been identified in other brain areas and 
in many peripheral tissues and organs, also generating oscillations with a period of about 24h 
(34,35). The intrinsic properties of these so-called peripheral clocks have been characterized 
using cultured tissue explants from various peripheral organs, such as kidney, liver, lung and 
skeletal muscle (34,35). Nagoshi et al (36) used single cell imaging techniques to check the 
circadian rhythm of clock gene expression in individual cells. They found that individual 
fibroblasts were able to sustain endogenous circadian rhythms of clock gene expression, even 
though at a population level the fibroblasts showed arhythmicity. Serum shock or stimulation 
with forskolin or dexamethasone synchronized the clocks of the individual cells and transiently 
yielded a phase coherent population again (36-38). These studies indicated that the peripheral 
cellular clocks are self-sustained and autonomous in nature, but fail to maintain coherence with 
neighboring cells without the presence of recurring and appropriate synchronizing stimuli. 

3. Entrainment of Central and Peripheral Clocks 

3.1 Entrainment of SCN  

It is well known that photic information is conveyed to the SCN primarily by the RHT, a 
monosynaptic projection from the retina to the SCN (39,40). In the RHT, glutamate is the main 
neurotransmitter to communicate this photic information (41). Non-photic information is 
communicated to the SCN via at least two pathways: via a direct serotonergic projection from 
the median raphe nucleus (42,43) and via the geniculohypothalamic tract (GHT), which projects 
to the SCN from the intergeniculate leaflet of the thalamus (IGL) (44,45). The primary 
neurochemical signals used by the GHT are neuropeptide Y (NPY) and GABA (46).  

NPY synthesized in the IGL and released in the SCN, conveys both photic and non-photic 
information. Injection of NPY into the SCN during the subjective day phase advances rhythms of 
activity, while little effect was observed during the subjective night (47). However, NPY can 
also inhibit phase advances induced by light (48), glutamate (49) or NMDA (50) during the late 
subjective night. In addition, NPY can block the elevations in Per1 and Per2 mRNA levels in the 
SCN induced by a light pulse (51). The phase-resetting effect of NPY is mediated by Y2 
receptors (52). Thus, NPY is an important neurotransmitter for resetting the phase of the SCN. 

The SCN regulates the daily locomotor activity rhythm, but locomotor activity also feeds back to 
the SCN (53-55). Locomotor activity affects the rhythm in the SCN via the non-photic pathway 
(56-60)(i.e., NPY and serotonin) and/or possibly via orexin in the lateral hypothalamic area 
(60,61). Except locomotor activity, also feeding activity feeds back to the SCN. Most studies 
(62-64) showed that restricted feeding does not reset the circadian rhythm in the SCN, but in all 
these studies animals were fed normocaloric and maintained under a regular light/dark cycle. In 
contrast, when animals are subjected to the restricted feeding coupled with caloric restriction 
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(65,66) or without photic cues (67,68), restricted feeding is able to modify the circadian rhythm 
in the SCN. The mechanism for the resetting effect of (restricted) feeding on the SCN 
pacemakers is still unclear, but possibly is also effectuated via the non-photic pathway (69) (i.e., 
NPY and serotonin), or via indirect signals from digestive hormones and metabolic products.  

Except behavioral cues, also body temperature may feed back to the SCN. In vitro studies 
reported that temperature modifies neuronal firing and clock gene rhythms in the rat SCN 
(70,71), but in vivo clock gene rhythms in the mouse SCN seem to be resistant to the entrainment 
of temperature (72,73). On the other hand, clock gene rhythms in the mouse SCN could be 
entrained to a temperature cycle again after destruction of the neuronal communication between 
the ventrolateral and dorsomedial SCN (73). Also the mechanism for the feedback effects of 
temperature on SCN rhythmicity is still not clear, but possibly acts via the heat shock factor 1 
(HSF1).   

3.2 Entrainment of Peripheral tissue  

For circadian clocks to be effective, they must accurately keep time and be synchronized with the 
outside environment. Several studies (35,74,75) have shown that most peripheral clocks lose 
their circadian rhythmicity without the SCN. Thus in an organized circadian system, the SCN is 
required to synchronize the peripheral clocks. The SCN receives light/dark information from the 
environment via the RHT, in this way adjusting the phase of the circadian oscillators in the SCN 
to the prevailing photoperiod. However, mammalian peripheral clocks have no direct access to 
environmental light/dark signals, thus the rhythms of these peripheral clocks have to be 
synchronized with the environmental day/night changes through the SCN. The exact mechanism 
for this peripheral synchronization is largely unknown, but possibly occurs via neural, hormonal 
and behavioral (such as locomotor activity and feeding) signals and body temperature, and/or a 
combination of these (Fig.2). 

3.2.1 Entrainment by neural signals 

The autonomic nervous system is an important output pathway for the SCN to communicate its 
rhythmicity to the rest of the body. The autonomic nervous system (ANS) consists of 2 main 
subdivisions, a sympathetic and a parasympathetic branch (76,77). Via the sympathetic branch 
the SCN controls the daily rhythms of plasma melatonin (78), glucose (79,80) and leptin (81). 
Via the sympathetic nervous system the SCN also can regulate the sensitivity of the adrenal 
gland for adrenocorticotropic hormone (ACTH) and in that way modulate the daily rhythm in 
corticosterone release (82,83). The SCN also communicates circadian time to the cardiovascular 
system and regulates blood pressure and cardiac rate in a circadian pattern via this neuronal 
pathway (84). These examples just represent a small portion of daily rhythms in physiology 
mediated by the SCN through the ANS. In fact, sympathetic and/or parasympathetic efferents 
from the SCN to brown adipose tissue (85), white adipose tissue (86), kidney (87), pineal gland 
(88), thyroid gland (89), bladder (90), spleen (91), adrenal gland (82), liver (80,92) and pancreas 
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(77) have been demonstrated. These studies suggest that direct nervous efferents (sympathetic 
and/or parasympathetic) from the SCN may influence many aspects of the circadian physiology. 

 
Figure 2. Signals from the SCN to the peripheral clocks. Synchronization signals include neural signals, 
hormonal signals, and information from rest-activity, feeding and body temperature rhythms. 
 
3.2.2 Entrainment by hormonal signals  

It is becoming more and more evident that the circadian output of endocrine glands, such as the 
adrenal and pineal gland, plays an important role in the (re)synchronization of the internal 
environment with the external environment, for instance during seasonal changes, shift work or 
rapid travel across several time zones. On the other hand, dysregulated rhythms and the resulting 
dysregulated secretion of glucocorticoids and melatonin may be involved in the pathogenesis of 
numerous pathological conditions of which obesity and the metabolic syndrome may be the most 
prevalent ones.  

The SCN controls the daily rhythm of corticosterone release via two pathways (93). One is the 
hypothalamic–pituitary–adrenal (HPA) axis. Arginine vasopressin (AVP)  containing fibers from 
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the SCN contact gamma-aminobutyric acid (GABA)ergic or glutamatergic interneurons in the 
subparaventricular paraventricular nucleus (subPVN) and dorsomedial nucleus (DMH) of the 
hypothalamus to inhibit/stimulate the corticotropin-releasing hormone (CRH)-containing 
neurons in the paraventricular nucleus of the hypothalamus (PVN). In about half of the 
neuroendocrine CRH neurons AVP is co-expressed, with their axons projecting to the median 
eminence and releasing CRH and AVP to stimulate the ACTH-producing cells in the anterior 
pituitary, after their transport via the hypothalamo-hypophysial portal blood vessels. Upon its 
release in the systemic circulation ACTH, in its turn, controls the release of corticosterone via its 
stimulatory action on the adrenal cortex. In addition to the HPA axis, the SCN also controls the 
release of glucocorticoids via ANS. The SCN sends its information (stimulatory or inhibitory) to 
pre-autonomic neurons in the PVN. The pre-autonomic neurons in the PVN are, amongst others, 
connected to the adrenal gland via their projections to the sympathetic motorneurons in the spinal 
cord (82,93) and can modulate the sensitivity of the adrenal cortex for ACTH (94,95)  

Administration of the glucocorticoid agonist dexamethasone, either in vivo or in vitro, induces 
the expression of Per1 in rat-1 fibroblasts and shifts the phase of clock gene expression in 
peripheral tissues such as liver and kidney (96). Daily injections of corticosterone also can 
synchronize the daily rhythm of liver gene expression in SCN-lesioned mice (97). So et al (98) 
reported that corticosterone can stimulate the transcriptional oscillation of 10 core clock 
components in marrow stromal cells. The presence of glucocorticoid response elements (GRE) 
has been reported in the regulatory regions of core clock genes, such as Bmal1, Cry1, Per1 and 
Per2 (80; 97; 105), which probably explains how glucocorticoids affect the transcription of clock 
genes and clock controlled genes. Together these data explain why corticosterone is considered 
an important hormone for the SCN to synchronize daily rhythms in the periphery. 

Another important rhythmic hormone is melatonin, which is produced by the pineal gland solely 
during the dark period and thus functions as a chemical signal of (the duration of) darkness. Like 
the glucocorticoid receptors, also melatonin receptors can be found in many cells throughout the 
body. It has been shown that pinealectomy impairs the daily rhythm of several metabolic 
functions associated with energy metabolism, such as daily insulin secretion (99), plasma 
glucose concentration (100), glucose tolerance and insulin sensitivity (101,102), as well as 
metabolic adaptation to the activity/rest and feeding/fasting cycle (103-106). Pinealectomy also 
abolished the daily expression rhythms of Clock, Per2, Cry1 and some lipogenic enzyme genes 
in white adipose tissue (WAT) (107). Recently, the importance of melatonin in the 
synchronization of peripheral clocks was confirmed in an in vitro study exposing adipocytes to 
melatonin for 24 hours (108). According to the studies cited above, melatonin may be another 
important hormone for the SCN to synchronize daily rhythms in the periphery. 

3.2.3 Entrainment by body temperature 

The daily change in ambient temperature is a powerful environmental entraining mechanism in 
many organisms, especially poikilothermic vertebrates (109-111). External temperature cycles 
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are a very weak entraining agent in mammals (111), however, because they can regulate their 
body temperature and defend it against environmental fluctuations. Although it has been known 
for many decades that body temperature shows a clear daily rhythm, which is controlled by the 
SCN (112-114), some studies showed that peripheral oscillators, such as those in fibroblasts, 
liver, lung and pituitary, can be reset by low amplitude temperature pulses that mimic the range 
of daily variations (72,73,115,116). Moreover, peripheral clocks can be entrained by a 
temperature profile that matches the circadian body temperature rhythm (73,115). However, 
temperature changes as described above did not affect the oscillator in SCN. Buhr et al (73) 
showed that inhibitors of the transcription factor heat shock factor 1 (HSF1) block the effect of 
temperature on peripheral clocks. Moreover, Reinke et al (117) showed that the circadian rhythm 
of HSF1 transcriptional activity can be driven by temperature cycles, thus the effects of body 
temperature on peripheral rhythms possibly are mediated through HSF1. 

3.2.4 Entrainment by feeding rhythm 

The daily rhythm of clock gene expression in peripheral tissues is profoundly affected by 
restricting food intake to a couple of hours during the resting phase (62-64,118,119). Such so-
called restricted feeding schedules uncouple the peripheral clock from that in the SCN (62-64). 
The speed and the degree of the phase shift induced by the restricted feeding may vary among 
different organs (62).  

It is still unclear how restricted feeding entrains the peripheral oscillators. Glucose itself can 
reset clock gene expression rhythms in vitro (120,121), indicating that food metabolites may play 
a role in resetting peripheral rhythms. Glucose uptake by peripheral tissues is stimulated by 
insulin and a restricted feeding-induced rise in postprandial insulin levels is well characterized. 
Tahara et al (122) indicated that feeding-induced insulin secretion results in acute changes and 
phase advances of clock gene expression in the liver. The Forkhead box class O3 (FOXO3) 
protein is a very important component for insulin to modulate circadian rhythms in the liver 
(123). Thus, the postprandial rise in insulin may contribute to the synchronization of peripheral 
clocks with a new feeding time. However, also other feeding-dependent hormones are possible 
contributors to the food-dependent entrainment of peripheral clocks. Ghrelin is a 28-amino acid 
peptide mainly produced by cells in the stomach wall. During ad libitum feeding plasma ghrelin 
levels in rodents show a daily rhythm, with a peak in the day and a trough at night (124). It has 
been shown that ghrelin levels follow feeding schedules (125,126). Based on these studies, it has 
been speculated that part of the feeding effects on peripheral clock gene rhythms are mediated by 
a shift in the daily ghrelin rhythm. 

In addition to metabolic hormones a number of other mediators have been identified, that may 
respond to local signals related to homeostasis and metabolic state and subsequently affect the 
molecular clock mechanism (127). Among these mediators are some members of the nuclear 
receptor family of transcription factors, many of which exhibit circadian rhythms of transcription 
in the periphery (128). These rhythmic nuclear receptors regulate the transcription of 
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downstream metabolic pathways, but also affect the molecular clock mechanism. For instance, 
REV-ERBs and RORs can regulate the expression of Bmal1, but also can regulate lipid 
metabolism and adipogenesis (129,130). As a sensor of metabolites, REV-ERBs and RORs 
integrate nutrient signals with transcriptional regulation of the clock (131,132). Like REV-ERBs 
and RORs, also others rhythmic nuclear receptors that are affected by the metabolic state, such 
as the glucocorticoid receptor (GR) (97,98,133), peroxisome proliferator-activated receptor alpha 
(PPARα) (134) and peroxisome proliferator-activated receptor gamma coactivator-1α (PGC1α) 
(135), can modulate clock genes rhythms. 

The molecular clock system is also affected by the cellular redox state, which on its turn is 
influenced by the metabolic state. For instance, NAD levels vary with changes in the cellular 
redox state as a consequence of metabolic changes. In turn, these changes in NAD levels can 
affect clock function (136). Also the NAD+-dependent histone deacetylase SIRT1 (137,138) and 
NAD+-dependent ADP-rebosylate PARP1 (139) have been shown to impact molecular clock 
gene rhythms. 

Another mechanism via which metabolic signals can affect clock function is by phosphorylating 
CRY proteins by AMP-dependent kinase (AMPK) and targeting them for degradation (8), also 
the activity of AMPK is regulated by nutrient status (i.e., the ratio of AMP to ATP). 

3.2.5 Entrainment by behavior 

3.2.5.1 Entrainment by exercise 

In rodents, many studies have shown effects of increased activity, for instance induced by access 
to a running wheel, on the circadian system. Scheduled exercise at 24h intervals under constant 
dark conditions can synchronize the circadian sleep/wake, drinking, heart rate and body 
temperature rhythm in wild-type mice (140,141), and improve behavioral, heart rate and body 
temperature rhythms in circadian compromised mice (with a genetically targeted loss of  
vasoactive intestinal polypeptide (VIP-/- mice) or its receptor (Vipr2-/- mice) ) (141,142). 
Scheduled exercise also synchronized daily clock gene rhythms in peripheral tissues (141,143), 
including liver, adrenal and muscle, and improved daily rhythmicity of clock genes in VIP-/- 
mice (141). Furthermore, re-entrainment to a new light/dark cycle can be advanced or delayed 
depending on whether the period of wheel access is in the active or inactive phase, respectively, 
of the new light/dark cycle (144-146). 

3.2.5.2 “Entrainment” by shift work 

Shift work or night work forces people to be active during their rest phase (sleep period). In the 
long term, this aberrant activity pattern probably results in an increased propensity to develop 
obesity, metabolic syndrome, cardiovascular and gastric disorders (147,148) and possibly cancer 
(148,149). Forcing rats or mice to be active during the rest phase induces a desynchronization 
between the SCN and the peripheral clocks, resulting in a loss of rhythmicity in blood glucose, a 
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loss of the Per2 rhythm in the liver, a shift of Per2 rhythms in muscle and lung and shifts in the 
rhythms of plasma triglycerides and body temperature (119,143,150). Salgado-Delgado et al (61) 
reported that rats that had to be active during their resting phase also developed desynchrony in 
the hypothalamus. They found that the daily rhythm of PER1 expression in the arcuate nucleus 
and dorsomedial nucleus of hypothalamus was shifted when rats had to be active during their 
resting phase, but this was not seen in the SCN and PVN. It is well documented that shift work 
promotes changes in feeding pattern, resulting in increased food intake during the normal rest 
phase (61,119,150-152). Restricting food intake to the activity phase can prevent the circadian 
desynchrony and obesity induced by this shift work protocol (150). Thus a shift in the timing of 
food intake may contribute to the negative effects of shift work on metabolism. 

4. Scope of the thesis  
White adipose tissue (WAT) and liver are two key organs for regulating energy metabolism. The 
present thesis focuses on the question how the hypothalamus controls the daily metabolic 
rhythms in WAT and liver.  

Circadian clocks play a principal role in coordinating daily metabolism. Disturbance of circadian 
rhythms may result in metabolic diseases, such as hyperlipidemia and obesity. Feeding, 
hormones and the autonomic nervous system are thought to be important pathways for the 
central pacemaker in the hypothalamic SCN to synchronize daily rhythms in the periphery with 
the outside world. In the first part of this thesis we investigate the role of the feeding rhythm, 
adrenal hormones and hepatic nerves in the control of daily rhythms in WAT and liver. In 
Chapter 2 we study the necessity of adrenal hormones in maintaining the daily rhythm of clock 
gene expression in WAT and hypothalamus. In Chapter 3 we investigate the importance of a 
daily feeding rhythm and the combination of a daily feeding rhythm and adrenal hormones for 
maintaining the daily rhythms of clock and metabolic gene expression in WAT. In Chapter 4 we 
removed the feeding rhythm, adrenal hormones, the autonomic nervous system and any two of 
these three pathways combined to investigate the necessity of these three pathways for sustaining 
daily clock gene rhythms in the liver. Hypertriglyceridemia is associated with metabolic diseases, 
such as obesity and diabetes, in Chapter 5 we investigate whether the daily feeding rhythm 
affects the daily rhythm in TG secretion and its related hepatic genes. 

NPY is an orexigenic neuropeptide that is widely distributed in the brain, including the circadian 
timing system and the metabolic control center in the hypothalamic arcuate nucleus. Via both 
systems this neuropeptide may play an important role in regulating peripheral metabolism. 
Previously our group has shown how hypothalamic NPY affects insulin sensitivity, glucose 
metabolism and TG secretion. In the second part of this thesis (Chapter 6) we study the effect 
of increased levels of NPY in the hypothalamus on energy metabolism and (clock) gene 
expression in different peripheral tissues.  
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loss of the Per2 rhythm in the liver, a shift of Per2 rhythms in muscle and lung and shifts in the 
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reported that rats that had to be active during their resting phase also developed desynchrony in 
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and dorsomedial nucleus of hypothalamus was shifted when rats had to be active during their 
resting phase, but this was not seen in the SCN and PVN. It is well documented that shift work 
promotes changes in feeding pattern, resulting in increased food intake during the normal rest 
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gene expression in WAT and hypothalamus. In Chapter 3 we investigate the importance of a 
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