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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. 
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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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promotes changes in feeding pattern, resulting in increased food intake during the normal rest 
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Abstract   

It is assumed that in mammals the circadian rhythms of peripheral clocks are synchronized to the 
environment via neural, humoral and/or behavioral outputs of the central pacemaker in the 
suprachiasmatic nucleus of the hypothalamus (SCN). With regard to the humoral outputs, the 
daily rhythm of the adrenal hormone corticosterone is considered as an important candidate. To 
examine whether adrenal hormones are necessary for the maintenance of daily rhythms in gene 
expression in white adipose tissue (WAT), we used RT-PCR to check rhythmic as well as 24h 
mean gene expression in WAT from adrenalectomized (ADX) and sham-operated rats. In 
addition, we investigated the effect of adrenalectomy on gene expression in the hypothalamic 
SCN and paraventricular nucleus (PVN). Adrenalectomy hardly affected daily rhythms of clock 
gene expression in WAT. On the other hand, >80% of the rhythmic metabolic/adipokine genes in 
WAT lost their daily rhythmicity in ADX rats. Likewise, in the hypothalamus adrenalectomy had 
no major effects on daily rhythms in gene expression, but it did change the expression level of 
some of the neuropeptide genes. Together, these data indicate that adrenal hormones are 
important for the maintenance of daily rhythms in metabolic/adipokine gene expression in WAT, 
without playing a major role in clock gene expression in either WAT or hypothalamus.  
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Introduction 

The daily cycle of light and darkness has a profound influence on the behavior of most living 
organisms. Therefore, many living organisms have developed a highly conserved circadian clock 
system to adjust their daily activities to these day/night changes. The mammalian circadian clock 
system consists of 2 main components: 1) the central master clock, located in the 
suprachiasmatic nucleus (SCN) of the hypothalamus (Ralph et al., 1990) and connected to the 
environment via the retino-hypothalamic-tract (RHT), and 2) the peripheral clocks, that are 
found in most organs and tissues (Yamazaki et al., 2000; Yoo et al., 2004) and influence organ-
specific activity. The molecular mechanism of the circadian clock involves two interlocking, 
regulatory feedback loops: a core loop, consisting of the heterodimer BMAL1 (brain and muscle 
aryl hydrocarbon receptor nuclear translocator (ARNT)-like protein 1) and CLOCK, which can 
stimulate the transcription of the Per (period) and Cry (cryptochrome) genes by binding to the E-
box sequence in their promoters. PER and CRY interact with each other and form a heterodimer 
that inhibits the transcriptional activity of the BMAL1-CLOCK heterodimer (Okamura et al., 
2002). In the second, so-called accessory loop the BMAL1-CLOCK dimer also binds to the E-
boxes in the promoter of Rev-erb and Ror (retinoic acid–related orphan receptor).  REV-ERB 
and RORalpha compete for the RORE (retinoic acid-related orphan receptor response element) 
in the BMAL1 promoter. ROR stimulates the expression of BMAL, while REV-ERB has an 
inhibitory effect on BMAL transcription (Guillaumond et al., 2005). By binding to the E-box and 
RORE sequences in the promotor region of other genes this regulatory mechanism also 
contributes to the daily rhythmicity of many other, so-called clock-controlled genes. 

The circadian rhythm of the peripheral clocks has to be synchronized with the environmental 
light/dark-cycle through the central SCN clock, since these peripheral clocks are not light 
sensitive themselves. This synchronization is thought to occur through neural, hormonal and/or 
behavioral connections (Balsalobre et al., 2000; Oishi et al., 1998a; Stokkan et al., 2001), but the 
details of these connections are far from being elucidated. 

Glucocorticoid hormones (mainly cortisol in humans and corticosterone in rodents) are essential 
for physiological organ function, acting on every organ and tissue and affecting physiological 
homeostasis in a cell- and gene-specific manner. The pronounced daily rhythm of glucocorticoid 
release is controlled by SCN, via its neural projections towards the paraventricular nucleus of the 
hypothalamus (PVN) (Kalsbeek et al., 2006). Glucocorticoid (GR) and mineralocorticoid (MR) 
receptors can be found in most peripheral organs. Moreover, several researchers have shown that 
glucocorticoids can phase shift molecular rhythms within a number of peripheral tissues, such as 
liver, kidney and heart (Balsalobre et al., 2000; Sujino et al., 2012). Therefore, adrenal hormones 
and in particular glucocorticoids are considered as an important endocrine pathway for the SCN 
to synchronize peripheral clocks. 

In the last decade white adipose tissue (WAT) has come to be known as an important endocrine 
organ, presenting a highly rhythmic behavior (Ando et al., 2005). It is heavily involved in the 
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regulation of energy metabolism especially by secreting adipokines that regulate appetite, food 
intake, glucose disposal and energy expenditure. It seems likely that each adipokine should be 
secreted at the right time and in the right order for the adipose tissue to function in an effective 
way. Indeed, recently, evidence has been presented that links disruption of daily rhythms in 
adipokine release to metabolic diseases, such as obesity and diabetes (Ando et al., 2005; Calvani 
et al., 2004; Saad et al., 1998). In order to further our understanding of the role of glucocorticoids 
in the regulation of daily rhythms in WAT activity, we investigated the effect of adrenalectomy 
on the daily rhythm of gene expressions in WAT.  

The negative feedback of glucocorticoids on the corticotropin-releasing hormone (CRH) and 
arginine vasopressin (AVP) containing neurons in the PVN is well known (Ferrini et al., 1997; 
Swanson & Simmons, 1989; Young et al., 1986). However, some studies reported that 
glucocorticoids may also change neuropeptide expressions in the SCN (Isobe et al., 2004; Larsen 
et al., 1994), although it is unclear whether glucocorticoids can feedback to the SCN (Rosenfeld 
et al., 1988). In order to check whether glucocorticoids could affect peripheral rhythms via their 
effects on hypothalamic neuropeptide expression, we also investigated the effects of 
adrenalectomy on gene expression in the PVN and SCN. 

To examine the influence of the adrenal hormones on gene expression in WAT, PVN and SCN, 
we analyzed the mRNA expression of various clock, metabolic/adipokine and neuropeptide 
genes in adipose and hypothalamic tissue collected at 4 different time points along the light/dark-
cycle from adrenalectomized and sham-operated male rats. 

Materials and Methods 

Animals 

All experiments were performed with adult male Wistar rats (Harlan, Horst, The Netherlands). 
Animals (n=64) were group housed (4 rats/cage) in the animal facility. Thirty two rats with a 12h 
light/12h dark cycle (light on at 7:00) and another 32 rats with a 12h dark/12h light cycle (light 
on at 19:00). All rats were kept under constant temperature (21±2ºC) and humidity (60%±5) 
conditions. Food and water were available ad libitum. All experiments were approved by the 
animal care committee of the Royal Netherlands Academy of Arts and Sciences and in 
accordance with international ethical standards (Portaluppi et al., 2010). 

Surgical procedures 

After habituation to their respective L/D or D/L schedule, rats were anesthetized using a mixture 
of Hypnorm (0.8 ml/kg, i.m.) and Dormicum (0.3 ml/kg, s.c.) and received an adrenalectomy 
(ADX) or sham-operated surgery. In ADX rats, bilateral adrenal glands were removed via a 
dorsal incision of the skin and a small cut through the muscle layer. Sham-operated rats received 
a similar surgical procedure but without removal of the adrenal glands. Separate bottles with 
water and saline solution (0.9%NaCl) were provided ad libitum to all rats after surgery.  

   35 
 

Tissue samples collection 

Animals were anesthetized with 80% CO2 and sacrificed by decapitation at four time points (ZT2, 
ZT8, ZT14 and ZT20) 23 days after surgery. After decapitation, trunk blood was collected. The 
brain was removed, snap frozen on dry ice and stored at -80 ºC. Epididymal white adipose tissue 
(eWAT) was collected and frozen in liquid nitrogen, followed by storage at -80 ºC.  

Brain sections were cut with a cryostat into 200μm slices starting from the most anterior 
appearance of the SCN. Hypothalamic slices containing SCN and/or PVN were placed on a plate 
covered with RNAlater (Ambion) and punched with a 1-mm diameter needle to isolate PVN and 
SCN tissue. SCN punches were taken bilaterally and adjacent to the ventral third ventricle above 
the optic chiasm (approximately from bregma -0.48 to bregma -0.96). For the PVN, punches 
were taken bilaterally between the dorsal part of the third ventricle and the fornix (approximately 
from bregma -0.96 to bregma -2.04). 

RNA extraction and cDNA synthesis 

SCN and PVN tissue was homogenized by MagNA Lyser Green Beads (Roche) with Tissue 
Lysis Buffer (Roche) before RNA extraction. RNA was extracted from SCN and PVN using 
MagNA Pure LC RNA Isolation kit III- Tissue (Roche) by MagNA Pure LC (Roche). 

eWAT was homogenized by MagNA Lyser Green Beads (Roche) with QIAzol® lysis reagent 
(QIAGEN), RNA was extracted by RNeasy mini Kit (QIAGEN) and included a DNase step 
according to the manufacturer’s instructions. 

RNA was reverse transcribed using Transcriptor First cDNA Synthesis Kit (Roche) with  
oligo-dT primers (30min at 55 ºC, 5min at 85 ºC). Additional reverse transcriptase minus (-RT) 
controls were run to check genomic DNA contamination. 

Real-Time PCR (RT-PCR) 

Gene expression was measured by quantitative RT-PCR using the following reaction system: 2 
μl cDNA was incubated in a final volume of 20μl reaction containing 1×SYBR-Green master 
mix and 50ng of each primer (forward and reverse). Quantitative RT-PCR (qRT-PCR) was 
performed in Lightcycler®480 (Roche), the information of primers for each gene is represented 
in Table 1. The relative amount of each gene in eWAT was normalized against the reference 
gene hypoxanthine phosphoribosyltransferase (HPRT). The relative amount of each gene in SCN 
and PVN was normalized against the reference gene heat shock protein 90 alpha (HSP90α). 
Reference gene expression was not significantly changed by the treatments and time. 

Statistical analysis 

Data are presented as mean±SEM (standard error of the mean). Statistical analysis was 
performed using SPSS version 19.0. One way or two way ANOVAs were performed to detect 
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genes in adipose and hypothalamic tissue collected at 4 different time points along the light/dark-
cycle from adrenalectomized and sham-operated male rats. 

Materials and Methods 

Animals 

All experiments were performed with adult male Wistar rats (Harlan, Horst, The Netherlands). 
Animals (n=64) were group housed (4 rats/cage) in the animal facility. Thirty two rats with a 12h 
light/12h dark cycle (light on at 7:00) and another 32 rats with a 12h dark/12h light cycle (light 
on at 19:00). All rats were kept under constant temperature (21±2ºC) and humidity (60%±5) 
conditions. Food and water were available ad libitum. All experiments were approved by the 
animal care committee of the Royal Netherlands Academy of Arts and Sciences and in 
accordance with international ethical standards (Portaluppi et al., 2010). 

Surgical procedures 

After habituation to their respective L/D or D/L schedule, rats were anesthetized using a mixture 
of Hypnorm (0.8 ml/kg, i.m.) and Dormicum (0.3 ml/kg, s.c.) and received an adrenalectomy 
(ADX) or sham-operated surgery. In ADX rats, bilateral adrenal glands were removed via a 
dorsal incision of the skin and a small cut through the muscle layer. Sham-operated rats received 
a similar surgical procedure but without removal of the adrenal glands. Separate bottles with 
water and saline solution (0.9%NaCl) were provided ad libitum to all rats after surgery.  
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Tissue samples collection 

Animals were anesthetized with 80% CO2 and sacrificed by decapitation at four time points (ZT2, 
ZT8, ZT14 and ZT20) 23 days after surgery. After decapitation, trunk blood was collected. The 
brain was removed, snap frozen on dry ice and stored at -80 ºC. Epididymal white adipose tissue 
(eWAT) was collected and frozen in liquid nitrogen, followed by storage at -80 ºC.  

Brain sections were cut with a cryostat into 200μm slices starting from the most anterior 
appearance of the SCN. Hypothalamic slices containing SCN and/or PVN were placed on a plate 
covered with RNAlater (Ambion) and punched with a 1-mm diameter needle to isolate PVN and 
SCN tissue. SCN punches were taken bilaterally and adjacent to the ventral third ventricle above 
the optic chiasm (approximately from bregma -0.48 to bregma -0.96). For the PVN, punches 
were taken bilaterally between the dorsal part of the third ventricle and the fornix (approximately 
from bregma -0.96 to bregma -2.04). 

RNA extraction and cDNA synthesis 

SCN and PVN tissue was homogenized by MagNA Lyser Green Beads (Roche) with Tissue 
Lysis Buffer (Roche) before RNA extraction. RNA was extracted from SCN and PVN using 
MagNA Pure LC RNA Isolation kit III- Tissue (Roche) by MagNA Pure LC (Roche). 

eWAT was homogenized by MagNA Lyser Green Beads (Roche) with QIAzol® lysis reagent 
(QIAGEN), RNA was extracted by RNeasy mini Kit (QIAGEN) and included a DNase step 
according to the manufacturer’s instructions. 

RNA was reverse transcribed using Transcriptor First cDNA Synthesis Kit (Roche) with  
oligo-dT primers (30min at 55 ºC, 5min at 85 ºC). Additional reverse transcriptase minus (-RT) 
controls were run to check genomic DNA contamination. 

Real-Time PCR (RT-PCR) 

Gene expression was measured by quantitative RT-PCR using the following reaction system: 2 
μl cDNA was incubated in a final volume of 20μl reaction containing 1×SYBR-Green master 
mix and 50ng of each primer (forward and reverse). Quantitative RT-PCR (qRT-PCR) was 
performed in Lightcycler®480 (Roche), the information of primers for each gene is represented 
in Table 1. The relative amount of each gene in eWAT was normalized against the reference 
gene hypoxanthine phosphoribosyltransferase (HPRT). The relative amount of each gene in SCN 
and PVN was normalized against the reference gene heat shock protein 90 alpha (HSP90α). 
Reference gene expression was not significantly changed by the treatments and time. 

Statistical analysis 

Data are presented as mean±SEM (standard error of the mean). Statistical analysis was 
performed using SPSS version 19.0. One way or two way ANOVAs were performed to detect 
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the effects of Time (4 levels: ZT2, ZT8, ZT14 and ZT20), Treatment (sham-operated vs ADX) or 
Interaction. P values are considered statistically significant at p<0.05.  In addition, to test the 
daily rhythmicity of gene expression, data were analyzed using the Circwave 1.4 software. P 
values reported are the result of the F-test, and the 24h rhythm was confirmed if p<0.05. 

 

Table 1 Information of gene primers 

Type Gene Forward Primer Reverse Primer Tm 

Clock Genes and 
Clock-Controlled Genes 

 

Bmal1 CCGATGACGAACTGAAACACCT TGCAGTGTCCGAGGAAGATAGC 55 
Cry1 AAGTCATCGTGCGCATTTCA TCATCATGGTCGTCGGACAGA 55 
Cry2 TGGATAAGCACT TGGAACGGA A TGTACAAGTCCCACAGGCGGT A 60 
Per1 GTGGGCTTGACACCTCTTCT TGCTTTAGATCGGCAGTGGT 60 
Per2 CACCCTGAAAAGAAAGTGCGA CAACGCCAAGGAGCTCAAGT 55 

Rev-erbα ACAGCTGACACCACCCAGATC CATGGGCATAGGTGAAGATTTCT 55 
Dbp CCTTTGAACCTGATCCGGCT TGCCTTCTTCATGATTGGCTG 55 

Metabolic Genes 

Pparα TCACACAATGCAATCCGTTT GGCCTTGACCTTGTTCATGT 55 
Pparγ CAGGAAAGACAACAGACAAATCA GGGGGTGATATGTTTGAACTTG 55 
Fas CTTGGGTGCCGATTACAACC GCCCTCCCGTACACTCACTC 55 
Lpl CAAAACAACCAGGCCTTCGA AGCAATTCCCCGATGTCCA 55 
Hsl CACACAGCATGGATTTACGCA ACCTGCAAAGACGTTGGACAG 55 

Acc2 GACGAAGGCGAG TCAGGTAT GAAGCCTCTCCTGCAATCAT 55 
Glut4 GGGCTGTGAGTGAGTGCTTTC CAGCGAGGCAAGGCTAGA 55 
Srebf1 ACAAGATTGTGGAGCTCAAGG TGCGCAAGACAGCAGATTTA 60 
Cpt1b GTGCTGGAGGTGGCTTTGGT TGCTTGACGGATGTGGTTCC 57 
Leptin GCTCTCTGCAGGACATTCTTCA GCCCGGTGGTCTTGGAA 55 

Adiponectin AATCCTGCCCAGTCATGAAG CATCTCCTGGGTCACCCTTA 60 
Resistin ATCAAGACTTCAGCTCCCTACTG GTGACGGTTGTGCCTTCTG 60 
Visfatin ACAGATACTGTGGCGGGAATTGCT TCGACACTATCAGGTGTCTCAG 60 

Gr ACCTGGATGACCAAATGACCC GGAGCAAAGCAGAGCAGGTTT 55 
Mr AGAGCCGTGGAAGGGCA AGTTCTTTCGCCGAATCTTATCA 55 

Lipin1 TCACTACCCAGTACCAGGGC TGAGTCCAATCCTTTCCCAG 55 

Neuropeptide Genes 

Vip CCCAAGGAGGCACCGAGATGGA GCCAGGCCAGCGACTGTGAG 65 
Oxt TGCGCAAGTGTCTTCCCTGCG AGCCATCCGGGCTACAGCAGA 65 
Crh AAAGGGGAAAGGCAAAGAAA GTTTAGGGGCGCTCTCTTCT 55 
Trh TCTGCAGAGTCTCCACTTCG AGAGCCAGCAGCAACCAA 55 
Avp TGCCTGCTACTTCCAGAACTGC AGGGGAGACACTGTCTCAGCTC 60 

Housekeeping Genes 
Hprt GCAGTACAGCCCCAAAATGG AACAAAGTCTGGCCTGTATCCAA 55 
Hsp90α CGGGCCCACCCTGCTCTGTA ACCGAATCTTGTCCAGGGCATCA 60 

Abbreviations used: Rev-erbα: Rev-verbalpha (official full name: nuclear receptor subfamily 1, group D, 
member 1 (Nr1d1)). Dbp: albumin D-box binding protein. Pparα: peroxisome proliferator activated 
receptor alpha (official abbreviation: Ppara). Pparγ: peroxisome proliferator-activated receptor gamma 
(official abbreviation: Pparg). Fas: fatty acid synthase (official abbreviation: Fasn). Lpl: Lipoprotein 
lipase. Hsl: hormone sensitive lipase (official full name: lipase, hormone sensitive (Lipe)). Acc2: acetyl-
Coenzyme A carboxylase 2 (official full name: acetyl-CoA carboxylase beta (Acacb)). Glut4:  glucose 
transporter 4 (official full name: solute carrier family 2 (facilitated glucose transporter), member 4 
(Slc2a4)). Srebf1: sterol regulatory element binding transcription factor 1. Cpt1b: carnitine 
palmitoyltransferase 1b. Visfatin also called Nampt: nicotinamide phosphoribosyltransferase 
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Results 

Effects of adrenalectomy on body weight and food intake 

Plasma corticosterone concentrations in ADX rats above 40 ng/ml (the average concentration of 
corticosterone at ZT2 in sham-operated animals) were considered to represent an incomplete 
adrenalectomy (n=7, out of 32). The results from these animals were therefore discarded from 
further analysis. Bilateral adrenalectomy resulted in a significant decrease in weight gain. ADX 
rats only gained about 30 grams over 3 weeks compared to about 75 grams in Sham-operated 
animals (Table 2).  Bilateral adrenalectomy also affected food intake: ADX rats ate less than 
sham-operated animals in the dark period, but no difference was observed during the light period 
(Fig.1D), i.e., both groups presented a clear day/night rhythm in food intake.  

Effects of adrenalectomy on corticosterone, insulin and triglyceride levels in plasma 

Plasma corticosterone levels were decreased and lost their significant effect of Time, after 
adrenalectomy (Fig.1A and Table 3). Also plasma insulin levels were lower and lost their 
significant effect of Time, after adrenalectomy (Fig.1B and Table 3). TG levels in plasma were 
slightly decreased in ADX rats, especially during the light period (Fig.1C and Table 3). 

 

Table 2 Effects of adrenalectomy on body weight 
 

group Body weight (g) Body weight gain(g) Before surgery 3 weeks post surgery 
Sham 256.6±3.1 331.6±3.0 75.0±2.3 
ADX 254.9±3.6 284.6±3.0* 29.8±3.3* 

Results are presented as mean ±SEM.* indicates p<0.001 relative to Sham. 
 

  
Table 3 Effects of adrenalectomy on plasma corticosterone, insulin and TG concentrations 

 Treatment 
Time 

Interaction 
Sham ADX 

corticosterone <0.001 0.002 0.436 0.005 

insulin <0.001 0.008 0.684 0.004 

TG 0.006 0.274 0.162 0.125 

Results are presented as p value. Significant effects are in bold 
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Fig.1. Effects of adrenalectomy on plasma corticosterone (A), insulin (B) and TG (C) levels  and 24-h 
food intake (D). Results are presented as mean ±SEM.   * p<0.05; ** p<0.01;  *** p<0.001. White bars – 
Sham-operated animals (n=32, 8 rats/ time point), black bars – ADX animals (n=25,ZT2 (n=5), ZT8 
(n=7), ZT14 (n=7), ZT20 (n=6)). For ANOVA analysis see Table 3. 

Effects of adrenalectomy on gene expression in the SCN and PVN 

In the SCN, five clock genes, as well as Gr, Mr and two neuropeptide genes (Vip and Avp) 
involved in efferent projections to other brain areas were analyzed. According to the ANOVA 
results, Avp, Cry1, Cry2, Per1 and Per2 mRNA levels showed a significant effect of Time (Fig.2 
and Table 4). Four out of the 9 genes studied showed a significant effect of adrenalectomy on 
their daily mean expression level. Gr and Mr 24-h mean expression was up-regulated in ADX 
rats compared to sham-operated rats. Cry2 24-h mean expression was up-regulated and lost its 
significant effect of Time, because of the bilateral adrenalectomy. On the other hand, bilateral 
adrenalectomy resulted in the appearance of a significant effect of Time in Vip mRNA 
expression, but did not change its average expression level. Per1, Cry2 and Vip showed a 
significant Interaction effect. For the Vip gene, this was due to a slight decrease during the light 
period and a slight increase during the dark period. For the Cry2 gene this was caused by an up-
regulation at the end of both the light period and dark period. For the Per1 gene, this was due to a 
significant decrease at ZT14. Bilateral adrenalectomy did not affect the expression pattern of any 
of the other genes tested, i.e., Per2, Bmal1, Avp and Cry1. 
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According to the results of the Circwave analysis (Table S1), only the Avp, Cry1 and Per2 gene 
showed a significant daily rhythm in the sham-operated animals. The expression of these three 
genes remained rhythmic after adrenalectomy. Per1, Bmal1 and Vip gene expression did not 
show a significant daily rhythm in sham-operated animals, but the expression of these three 
genes did show a significant daily rhythm in ADX animals. The Cry2, Gr and Mr genes did not 
show a significant daily rhythm in either sham-operated or ADX animals. 

 

 

Fig.2. The mRNA expression pattern of 9 genes in the SCN. Data are expressed as the mean ±SEM. 
mRNA values were normalized to HSP90α. * p<0.05; ** p<0.01; *** p<0.001. White bars – Sham-
operated animals, black bars – ADX animals. For ANOVA analysis see Table 4. For Circwave V1.4 
analysis see Table S1. 

 
 
 
 
 
 



   38 
 

 

Fig.1. Effects of adrenalectomy on plasma corticosterone (A), insulin (B) and TG (C) levels  and 24-h 
food intake (D). Results are presented as mean ±SEM.   * p<0.05; ** p<0.01;  *** p<0.001. White bars – 
Sham-operated animals (n=32, 8 rats/ time point), black bars – ADX animals (n=25,ZT2 (n=5), ZT8 
(n=7), ZT14 (n=7), ZT20 (n=6)). For ANOVA analysis see Table 3. 

Effects of adrenalectomy on gene expression in the SCN and PVN 

In the SCN, five clock genes, as well as Gr, Mr and two neuropeptide genes (Vip and Avp) 
involved in efferent projections to other brain areas were analyzed. According to the ANOVA 
results, Avp, Cry1, Cry2, Per1 and Per2 mRNA levels showed a significant effect of Time (Fig.2 
and Table 4). Four out of the 9 genes studied showed a significant effect of adrenalectomy on 
their daily mean expression level. Gr and Mr 24-h mean expression was up-regulated in ADX 
rats compared to sham-operated rats. Cry2 24-h mean expression was up-regulated and lost its 
significant effect of Time, because of the bilateral adrenalectomy. On the other hand, bilateral 
adrenalectomy resulted in the appearance of a significant effect of Time in Vip mRNA 
expression, but did not change its average expression level. Per1, Cry2 and Vip showed a 
significant Interaction effect. For the Vip gene, this was due to a slight decrease during the light 
period and a slight increase during the dark period. For the Cry2 gene this was caused by an up-
regulation at the end of both the light period and dark period. For the Per1 gene, this was due to a 
significant decrease at ZT14. Bilateral adrenalectomy did not affect the expression pattern of any 
of the other genes tested, i.e., Per2, Bmal1, Avp and Cry1. 
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According to the results of the Circwave analysis (Table S1), only the Avp, Cry1 and Per2 gene 
showed a significant daily rhythm in the sham-operated animals. The expression of these three 
genes remained rhythmic after adrenalectomy. Per1, Bmal1 and Vip gene expression did not 
show a significant daily rhythm in sham-operated animals, but the expression of these three 
genes did show a significant daily rhythm in ADX animals. The Cry2, Gr and Mr genes did not 
show a significant daily rhythm in either sham-operated or ADX animals. 

 

 

Fig.2. The mRNA expression pattern of 9 genes in the SCN. Data are expressed as the mean ±SEM. 
mRNA values were normalized to HSP90α. * p<0.05; ** p<0.01; *** p<0.001. White bars – Sham-
operated animals, black bars – ADX animals. For ANOVA analysis see Table 4. For Circwave V1.4 
analysis see Table S1. 
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Table 4 Effects of adrenalectomy on gene expression rhythms in the SCN 
 

Gene Mean (24h) Treatment Time Time Interaction Sham ADX Sham ADX 
Avp 0.780 1.040 0.215 <0.001 0.011 0.006 0.096 
Vip 0.191 0.208 0.597 0.249 0.577 0.023 0.033 
Gr 0.021 0.026 0.009 0.937 0.494 0.734 0.470 
Mr 0.003 0.004 0.025 0.894 0.710 0.525 0.340 

Bmal1 0.190 0.195 0.693 0.132 0.658 0.067 0.404 
Cry1 0.203 0.221 0.199 <0.001 <0.001 0.002 0.597 
Cry2 0.149 0.174 0.013 0.075 0.001 0.498 0.019 
Per1 0.173 0.150 0.078 <0.001 0.008 0.001 0.037 
Per2 0.062 0.07 0.442 <0.001 0.001 0.001 0.690 

Columns 2 and 3 show mRNA values normalized to Hsp. Columns 4-8 show significance levels for the 
effects of Treatment, Time and Interaction. Results in 4-8 are presented as p value. Significant effects are 
in bold. 

 
In the PVN we studied 6 genes involved in corticosterone release and 1 clock gene. According to 
the result of ANOVA analysis (Fig.3 and Table 5), only Per1 mRNA expression showed a 
significant effect of Time. Gr, Mr and Crh 24-h mean expression were up-regulated in ADX rats 
compared to sham-operated rats, whereas Oxt 24-h mean expression was down-regulated. After 
bilateral adrenalectomy none of the 7 genes investigated showed a significant effect of Time. 
Bilateral adrenalectomy did not change the expression level of Avp and Trh. 

According to the result of the Circwave analysis (Table S2), only the Per1 gene showed a daily 
rhythm in sham-operated animals. The Per1 gene lost its daily rhythmicity after adrenalectomy. 

 

Table 5 Effects of adrenalectomy on gene expression rhythms in the PVN 
 

Gene Mean (24h) Treatment Time Time Interaction Sham ADX Sham ADX 
Avp 39.9 38.4 0.651 0.348 0.755 0.459 0.984 
Crh 0.648 1.41 <0.001 0.965 0.674 0.868 0.661 
Gr 0.071 0.083 0.018 0.078 0.188 0.407 0.888 
Mr 0.00267 0.00317 0.030 0.208 0.104 0.683 0.573 
Oxt 81.48 66.28 0.029 0.712 0.962 0.491 0.973 
Per1 0.018 0.016 0.115 <0.001 <0.001 0.111 0.003 
Trh 0.844 0.835 0.852 0.934 0.986 0.901 0.929 

Columns 2 and 3 show mRNA values normalized to Hsp. Columns 4-8 show significance levels for the 
effects of Treatment, Time and Interaction. Results in 4-8 are presented as p value. Significant effects are 
in bold.  
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Fig.3. The mRNA expression pattern of 6 genes in the PVN (TRH data are not shown). Data are 
expressed as the mean ± SEM. mRNA values were normalized to HSP90α. * p<0.05; ** p<0.01.  White 
bars – Sham-operated animals, black bars – ADX animals. For ANOVA analysis see Table 5. For 
Circwave V1.4 analysis see Table S2. 

 

Effects of adrenalectomy on clock and clock-controlled gene expression in eWAT 

As expected Time showed a significant effect in all 7 clock genes studied in eWAT (Table 6). 
Per1 average expression level was strongly down-regulated in ADX rats compared to sham-
operated rats. Both Per1 and Rev-erbα showed a significant Interaction effect. For the Per1 
expression this was due to the strong down-regulation, but for the REV-ERBα this resulted from 
the expression levels changing at 3 time points. Cry2 expression was slightly up-regulated in the 
ADX rats (Fig.4 and Table 6).  

Circwave analysis showed that the expression of all 7 clock genes displayed a significant daily 
rhythm in sham-operated animals (Table S3), the rhythmicity of these 7 genes was not changed 
in ADX animals, but the amplitude of all 7 genes expression was decreased after adrenalectomy. 

 



   40 
 

Table 4 Effects of adrenalectomy on gene expression rhythms in the SCN 
 

Gene Mean (24h) Treatment Time Time Interaction Sham ADX Sham ADX 
Avp 0.780 1.040 0.215 <0.001 0.011 0.006 0.096 
Vip 0.191 0.208 0.597 0.249 0.577 0.023 0.033 
Gr 0.021 0.026 0.009 0.937 0.494 0.734 0.470 
Mr 0.003 0.004 0.025 0.894 0.710 0.525 0.340 

Bmal1 0.190 0.195 0.693 0.132 0.658 0.067 0.404 
Cry1 0.203 0.221 0.199 <0.001 <0.001 0.002 0.597 
Cry2 0.149 0.174 0.013 0.075 0.001 0.498 0.019 
Per1 0.173 0.150 0.078 <0.001 0.008 0.001 0.037 
Per2 0.062 0.07 0.442 <0.001 0.001 0.001 0.690 

Columns 2 and 3 show mRNA values normalized to Hsp. Columns 4-8 show significance levels for the 
effects of Treatment, Time and Interaction. Results in 4-8 are presented as p value. Significant effects are 
in bold. 

 
In the PVN we studied 6 genes involved in corticosterone release and 1 clock gene. According to 
the result of ANOVA analysis (Fig.3 and Table 5), only Per1 mRNA expression showed a 
significant effect of Time. Gr, Mr and Crh 24-h mean expression were up-regulated in ADX rats 
compared to sham-operated rats, whereas Oxt 24-h mean expression was down-regulated. After 
bilateral adrenalectomy none of the 7 genes investigated showed a significant effect of Time. 
Bilateral adrenalectomy did not change the expression level of Avp and Trh. 

According to the result of the Circwave analysis (Table S2), only the Per1 gene showed a daily 
rhythm in sham-operated animals. The Per1 gene lost its daily rhythmicity after adrenalectomy. 

 

Table 5 Effects of adrenalectomy on gene expression rhythms in the PVN 
 

Gene Mean (24h) Treatment Time Time Interaction Sham ADX Sham ADX 
Avp 39.9 38.4 0.651 0.348 0.755 0.459 0.984 
Crh 0.648 1.41 <0.001 0.965 0.674 0.868 0.661 
Gr 0.071 0.083 0.018 0.078 0.188 0.407 0.888 
Mr 0.00267 0.00317 0.030 0.208 0.104 0.683 0.573 
Oxt 81.48 66.28 0.029 0.712 0.962 0.491 0.973 

Per1 0.018 0.016 0.115 <0.001 <0.001 0.111 0.003 
Trh 0.844 0.835 0.852 0.934 0.986 0.901 0.929 

Columns 2 and 3 show mRNA values normalized to Hsp. Columns 4-8 show significance levels for the 
effects of Treatment, Time and Interaction. Results in 4-8 are presented as p value. Significant effects are 
in bold.  
 

   41 
 

 

Fig.3. The mRNA expression pattern of 6 genes in the PVN (TRH data are not shown). Data are 
expressed as the mean ± SEM. mRNA values were normalized to HSP90α. * p<0.05; ** p<0.01.  White 
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operated rats. Both Per1 and Rev-erbα showed a significant Interaction effect. For the Per1 
expression this was due to the strong down-regulation, but for the REV-ERBα this resulted from 
the expression levels changing at 3 time points. Cry2 expression was slightly up-regulated in the 
ADX rats (Fig.4 and Table 6).  

Circwave analysis showed that the expression of all 7 clock genes displayed a significant daily 
rhythm in sham-operated animals (Table S3), the rhythmicity of these 7 genes was not changed 
in ADX animals, but the amplitude of all 7 genes expression was decreased after adrenalectomy. 
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Fig.4. The expression pattern of 6 clock genes in eWAT (DBP data are not shown). Data are expressed as 
the mean ± SEM. mRNA values were normalized to HPRT. * p<0.05; **p<0.01. White bars – Sham-
operated animals, black bars – ADX animals. For ANOVA analysis see Table 6. For Circwave V1.4 
analysis see Table S3. 
 
 

 

Table 6 Effects of adrenalectomy on clock gene expression rhythms in eWAT 
 

Gene Mean (24h) Treatment Time Time Interaction Sham ADX Sham ADX 
Bmal1 0.117 0.099 0.145 <0.001 <0.001 <0.001 0.164 
Cry1 0.105 0.101 0.620 <0.001 <0.001 <0.001 0.390 
Cry2 0.211 0.235 0.045 <0.001 0.003 0.053 0.569 
Per1 0.612 0.380 <0.001 <0.001 <0.001 0.001 0.003 
Per2 0.069 0.055 0.088 <0.001 <0.001 0.001 0.088 

Reverb 1.353 1.288 0.680 <0.001 <0.001 <0.001 0.014 
Dbp 1.830 1.852 0.939 <0.001 <0.001 <0.001 0.365 

Columns 2 and 3 show mRNA values normalized to HPRT. Columns 4-8 show significance levels for the 
effects of Treatment, Time and Interaction. Results in 4-8 are presented as p value. Significant effects are 
in bold.  

 
 

   43 
 

Effects of adrenalectomy on expression rhythms of metabolic/adipokine genes in eWAT 

We studied 16 metabolic/adipokine genes in the eWAT. According to the result of ANOVA 
analysis, eleven out of the 16 metabolic genes investigated showed a significant effect of Time in 
their expression in the sham-operated animals (Fig.5 and Table 7). In eWAT, the average 
expression of Hsl, Gr and Mr was up-regulated in ADX rats as compared to sham-operated rats; 
Leptin, Adiponection and Resistin 24-h mean expression was down regulated after bilateral 
adrenalectomy. Adiponectin and Lpl gene expression showed a weak effect of Time in sham-
operated rats (p=0.051 and p=0.064), but not anymore in ADX rats. For Cpt1b, Glut4, Pparα and 
Pparγ gene expression, the bilateral adrenalectomy also resulted in a loss of the significant effect 
of Time, but it did not affect the overall 24-hour expression level. Finally, bilateral 
adrenalectomy resulted in a significant down-regulation of Resistin and Adiponectin average 
expression. Bilateral adrenalectomy did not affect the expression pattern of the other 6 genes 
investigated, i.e., Fas, Lpl, Acc2a, Srebf1, Visfatin and Lipin1. Therefore, according to ANOVA 
adrenalectomy caused the disappearance of a significant effect of Time in 8 out of 11 genes. 

Analysis according the Circwave method produced very similar results, i.e., 13 of the 16 genes 
studied showed a significant daily rhythm (Lpl, Hsl, Acc2a, Glut4, Cpt1b, Leptin, Adiponectin, 
Visfatin, Gr, Mr, Lipin1, Pparα, Pparγ) (Table S4). All of these rhythmic genes lost their daily 
expression rhythm after adrenalectomy, except for Acc2a and Visfatin. Resistin gene expression 
showed a daily variation in the ADX animals but not in the sham-operated animals. Therefore, 
adrenalectomy caused the disappearance of daily rhythmicity in 11 out of the 13 rhythmic genes 
(85%). 

Discussion 

Glucorticoids are considered as an important output signal used by the SCN to entrain and 
synchronize the rhythms of peripheral oscillators. However, in the present study, we found that 
all 7 clock genes studied in eWAT did not lose their daily rhythm after adrenalectomy. These 
data indicate that the daily rhythmicity of the adrenal hormones is not very important for the 
maintenance of daily clock gene rhythms in eWAT. On the other hand, more than 80% of the 
rhythmic metabolic/adipokine genes in eWAT lost their daily rhythmicity after ADX. Together 
these data indicate that adrenal hormones are important to maintain rhythmic 
metabolic/adipokine gene expression in eWAT, but they also indicate that rhythmicity of 
peripheral clock genes is not sufficient to maintain tissue metabolism rhythmicity. 

All of the 7 clock genes we studied in eWAT still showed a significant daily rhythm after 
adrenalectomy. However, the amplitude of all the clock gene rhythms became smaller after 
adrenalectomy. This result indicates that adrenal hormones may primarily influence the  
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Fig.4. The expression pattern of 6 clock genes in eWAT (DBP data are not shown). Data are expressed as 
the mean ± SEM. mRNA values were normalized to HPRT. * p<0.05; **p<0.01. White bars – Sham-
operated animals, black bars – ADX animals. For ANOVA analysis see Table 6. For Circwave V1.4 
analysis see Table S3. 
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Fig5. The expression pattern of 15 metabolic/adipokine genes (Srebf1 data not shown). Data are 
expressed as the mean ± SEM. mRNA values were normalized to HPRT. * p<0.05; ** p<0.01; *** 
p<0.001. White bars – Sham-operated animals, black bars – ADX animals. For ANOVA analysis see 
Table 7. For Circwave V1.4 analysis see Table S4. 
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Table 7 Effects of adrenalectomy on metabolic/adipokine gene expression rhythms in eWAT 
 

Gene Mean (24h) Treatment Time Time Interaction Sham ADX Sham ADX 
Fas 3.833 4.769 0.168 0.595 0.388 0.687 0.563 
Lpl 23.321 24.318 0.464 0.051 0.064 0.514 0.504 
Hsl 1.200 1.364 0.016 0.025 0.019 0.546 0.326 

Acc2a 0.006 0.006 0.972 <0.001 0.037 0.007 0.931 
Glut4 1.630 1.772 0.337 0.490 0.003 0.940 0.593 
Srebf1 0.132 0.116 0.090 0.422 0.130 0.906 0.323 
Cpt1b 0.366 0.395 0.196 0.092 0.014 0.716 0.761 
Leptin 1.335 0.540 <0.001 0.092 0.046 0.654 0.227 

Adiponectin 68.536 58.900 <0.001 0.123 0.051 0.845 0.297 
Resistin 10.607 8.038 0.001 0.013 0.238 0.055 0.988 
Visfatin 9.527 10.483 0.093 <0.001 <0.001 0.009 0.329 

Gr 0.134 0.170 <0.001 <0.001 0.001 0.080 0.233 
Mr 0.010 0.015 <0.001 0.003 0.026 0.138 0.984 

Lipin1 0.226 0.240 0.293 0.003 0.030 0.046 0.187 
Pparα 0.132 0.138 0.403 0.015 0.001 0.767 0.033 
Pparγ 21.309 21.201 0.924 <0.001 <0.001 0.129 0.150 

Columns 2 and 3 show mRNA values normalized to HPRT. Columns 4-8 show significance levels for the 
effects of Treatment, Time and Interaction. Results in 4-8 are presented as p value. Significant effects are 
in bold.  
 
 

amplitude of clock gene rhythms, while their absence does not obliterate the rhythmicity of clock 
genes. Adrenal hormones are thus not necessary to sustain the daily rhythm of clock genes in 
eWAT, which indicates that the SCN synchronizes the daily rhythm of clock genes in eWAT via 
other ways than the daily corticosterone rhythm.  

In addition to the 7 clock genes we studied 16 other eWAT genes involved in adipocyte 
development and energy metabolism. Thirteen out of these 16 genes showed a significant daily 
rhythm in their expression pattern. Eleven out of these 13 genes lost their daily rhythm after 
adrenalectomy. These genes are involved in adipocyte differentiation, fatty acid and glucose 
uptake, fatty acid oxidation and triglyceride hydrolysis. 

According to studies in mice and rats, PPARα, PPARr, LIPIN1, GR and MR are important for 
adipogenesis. Previously it has been reported that PPARγ is an important regulator of adipocyte 
differentiation, as it stimulates the differentiation from pre-adipocyte to adipocyte (Brun et al., 
1997; Chen et al., 2007). Recently, it was found that PPARα is also a necessary regulator of 
adipocyte differentiation increasing the rate of adipocyte formation (Goto et al., 2011). Koh et al. 
(2008) have demonstrated that LIPIN1 is required for the adipocyte differentiation. 
Corticosterone is also required for the differentiation of adipocytes, and its stimulatory action on 
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eWAT, which indicates that the SCN synchronizes the daily rhythm of clock genes in eWAT via 
other ways than the daily corticosterone rhythm.  

In addition to the 7 clock genes we studied 16 other eWAT genes involved in adipocyte 
development and energy metabolism. Thirteen out of these 16 genes showed a significant daily 
rhythm in their expression pattern. Eleven out of these 13 genes lost their daily rhythm after 
adrenalectomy. These genes are involved in adipocyte differentiation, fatty acid and glucose 
uptake, fatty acid oxidation and triglyceride hydrolysis. 

According to studies in mice and rats, PPARα, PPARr, LIPIN1, GR and MR are important for 
adipogenesis. Previously it has been reported that PPARγ is an important regulator of adipocyte 
differentiation, as it stimulates the differentiation from pre-adipocyte to adipocyte (Brun et al., 
1997; Chen et al., 2007). Recently, it was found that PPARα is also a necessary regulator of 
adipocyte differentiation increasing the rate of adipocyte formation (Goto et al., 2011). Koh et al. 
(2008) have demonstrated that LIPIN1 is required for the adipocyte differentiation. 
Corticosterone is also required for the differentiation of adipocytes, and its stimulatory action on 

45



46   46 
 

adipocyte differentiation is mediated by the GR or MR (Caprio et al., 2007). Our results show 
that Pparα, Pparγ, Lipin1, Gr and Mr all lose their daily rhythm after adrenalectomy. Some 
studies found that adrenal hormones have a stimulatory effect on PPARγ expression levels 
(García-Bueno et al., 2008). Lemberger et al. (1994) reported that Pparα gene expression is 
stimulated by corticosterone and follows the diurnal rhythm of circulating corticosterone. Zhang 
et al. (2008) reported that glucocorticoids have a stimulatory effect on Lipin1 gene expression 
and a GRE is present in the Lipin1 promoter. In addition, the changes in Gr and Mr expression 
after glucocorticoid withdrawal are well known (Han et al., 2007; Holmes et al., 1995; Noguchi 
et al., 2010; Svec et al., 1989). All together this makes the observed changes in Pparα, Pparγ, 
Lipin1, Mr and Gr gene expression after ADX not unexpected and suggests that adrenal 
hormones may be important to maintain the diurnal rhythm of adipocyte differentiation in the 
eWAT. 

LPL hydrolyzes plasma TGs from chylomicrons and very low density lipoproteins (VLDL) and 
provides the released fatty acids to the adipocytes for storage and re-esterification. Mice studies 
(Kim et al., 2013; Koh et al., 2008) have shown that LIPIN1 induces Pparγ transcriptional 
activity and affects the function of PPARγ. PPARγ directly stimulates the expression of genes 
which are important for fatty acid uptake, such as Lpl, adipocyte fatty acid binding protein (aP2) 
and fatty acid transporter protein. Our results show that Pparγ, Lipin1 and Lpl gene expression 
lose their daily rhythm after adrenalectomy. Glucose is an important substrate for the formation 
of glycerol and fatty acid in adipose tissue, so the uptake of glucose into adipose tissue is 
important for fat storage. GLUT4 is one of the most important transporters for glucose uptake in 
adipose tissue and is also one of the genes that lost its daily expression rhythm without adrenal 
hormones. Piroli et al. (2007) reported that corticosterone inhibits the translocation of GLUT4. 
Taken together the data suggest that adrenal hormones may be an important link in the 
mechanism necessary to maintain the daily rhythmicity of fatty acid and glucose uptake in the 
eWAT. 

Fatty acid oxidation in mitochondria is an important mechanism to provide energy for the body. 
CPT1b is one of the enzymes necessary to transfer long-chain fatty acid into mitochondria as a 
substrate for β-oxidation. ACC2 is located at the mitochondrial surface and catalyzes the acetyl-
CoA to form malonyl-CoA, which inhibits the activity of CPT1b. Increased levels of ACC2 
inhibit CPT1b activity and fatty acid oxidation (Wakil & Abu-Elheiga., 2009). Both LEPTIN and 
ADIPONECTIN can inhibit activity of ACC2 and increase fatty acid oxidation (Minokoshi et al., 
2002; Yamauchi et al., 2002). Another important gene involved in fatty acid oxidation is Pparα. 
PPARα stimulates the expression of Cpt1b and other genes involved in fatty acid oxidation and 
increases fatty acid oxidation (Goto et al., 2011; Zhou et al., 1999). HSL is one of the key 
enzymes for intra-adipocyte lipolysis as it governs the breakdown of TGs and the reduction of fat 
stores. As all of these genes lost their daily rhythm except for Acc2, the implication is that 
adrenal hormones are also required to maintain the daily expression rhythm of genes that are 
involved in fatty acid oxidation and release.  
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Corticosterone is the best known and most studied rhythmically produced adrenal hormone. 
Several studies (Balsalobre et al., 2000; De Vos et al., 1998; Torra et al., 2000) have shown that 
corticosterone can affect the expression and daily rhythmicity of different genes in peripheral 
tissues, such as Per1, Per2, Rev-erb, Leptin. Therefore, corticosterone absence may contribute to 
the changes in gene expression pattern in WAT observed in the current study. Other studies 
(Campbell et al., 2011; Sakoda et al., 2000; Slavin et al, 1994; Xu et al., 2009) showed the effect 
of corticosterone on adipocyte differentiation, lipolysis and glucose uptake in a concentration 
dependent fashion. Our study showed that the genes involved in these functions lost their daily 
rhythm after adrenalectomy, therefore we speculate that the daily rhythm of glucocorticoid 
release is very important for the maintenance of a daily expression pattern in some of the 
metabolic genes in WAT. Besides corticosterone, the adrenal glands also produce many other 
hormones, such as aldosterone, catecholamines and androgens that may be released in a daily 
rhythm as well. Thus, based on the current set of experiments we cannot yet assign the effects 
observed to corticosterone alone, but also have to consider a possible contribution of other 
adrenal hormones. Also it is not clear yet whether it is the absence of corticosterone per se or the 
absence of its rhythmic release that is responsible for the effects observed. Therefore, for a 
definitive answer additional experiments using continuous and rhythmic corticosterone 
replacement regimens have to be performed. 

Many studies (Dzirbíková et al., 2011; Yambe et al., 2002) found that Avp mRNA levels in the 
SCN show a 24-h rhythmic profile. In correspondence with these results, we also found Avp 
mRNA expression to show a daily rhythm. Avp gene expression did not lose its rhythmicity after 
adrenalectomy, indicating that the daily AVP rhythm in the SCN is generated independently 
from the daily rhythm in adrenal hormones. AVP release from the SCN has an inhibitory effect 
on the HPA-axis, probably via gamma amino butyric acid (GABA)-ergic interneurons in the 
subparaventricular nucleus (subPVN) and dorsomedial nucleus of the hypothalamus (DMH) 
(Hermes et al., 2000; Kalsbeek et al., 2008). On the other hand, only a few studies indicated that 
circulating corticosterone levels may also affect AVP expression in the SCN (Isobe & Isobe, 
1998; Larsen et al., 1994). Our results only show a trend towards increased AVP mRNA 
expression in the SCN after adrenalectomy.  

Gozes et al. (1994) reported that Vip expression in the SCN was down regulated by 
adrenalectomy. In the present study we did not find a change in the 24-h average amount of Vip 
mRNA after adrenalectomy. However, we did find VIP expression to be reduced during the light 
period in ADX as compared to sham-operated rats, and higher in the dark period in ADX 
compared to sham-operated rats. Together these changes resulted in an increased daily 
rhythmicity of Vip expression in the ADX rats. Gozes et al. (1994) sacrificed all animals during 
the light period, 10 days after the operation, whereas we sacrificed our rats at 4 different time 
points 23 days after the operation. These experimental differences might explain why our results 
are a little different, although both studies agree in showing a reduced expression of VIP during 
the light period after adrenalectomy. 
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Whether GR and MR are expressed in the SCN is still a controversial topic. Many studies 
investigated the expression of GR and MR in the brain, but did not report GR or MR expression 
in the SCN (Aronsson et al., 1988; Sousa et al., 1989; Sutanto et al., 1988). Two studies found 
GR expression only to be present in the SCN during the early neonatal period (Rosenfeld et al., 
1988; Yi et al., 1994). In contrast, studies using immunohistochemistry to check GR or MR 
protein expression did find some signals in the SCN (Cintra et al., 1994a, 1994b; Morimoto et al., 
1996). Morimoto et al. (1996) used in situ hybridization to check Gr and Mr mRNA expression 
and with this method found a signal in the SCN as well. Also in the current study, using qRT-
PCR, we found Gr and Mr mRNA expression in the SCN. Because qRT-PCR is more sensitive 
than in situ hybridization (Bates et al., 1997), we assume that GR and MR mRNA are expressed 
at low levels also in the SCN. This idea is supported by the fact that the average expression level 
of GR and MR mRNA was up-regulated in the SCN after adrenalectomy.  

In the SCN, Cry1 and Per2 gene expression showed a significant daily variation in sham-
operated animals, similar to what was found in other studies (Asai et al., 2001; Girotti M et al., 
2009). Adrenalectomy did not affect the rhythmicity of these 2 genes in any way. However, 
surprisingly, we failed to find significant daily rhythms in Per1 and Bmal1 expression in sham-
operated animals. The primary reasons for the results of Per1 and Bmal1 being different from 
what we expected are: 1) Most studies used D/D conditions at the time of sacrifice, we sacrificed 
our animals under L/D condition; 2) Most studies checked the daily rhythm of clock gene 
expression in the SCN by using in situ hybridization, whereas we used brain punches and  q-PCR; 
3) Most studies used more than 4 time points to check the daily rhythmicity of clock genes, but 
we just used 4 time points. Indeed when using the same conditions, i.e., L/D and brain punches, 
but sampling 8 time points we do find significant rhythms in Per1 and Bmal1 expression 
(Supplemental Table S5-S7 and Supplemental Figure S1-S2). Surprisingly, in the ADX animals 
we did find a significant daily rhythm in Bmal1 and Per1 gene expression in the SCN, indicating 
that adrenalectomy increases the daily rhythmicity of these two clock genes. In fact, ADX 
strengthened the amplitude of all genes that showed a daily rhythm in the SCN of ADX animals.  
Interestingly, several clock genes are under the negative control of glucocorticoids (Surjit et al., 
2011; Torra et al., 2000; Wuarin & Schibler, 1990), indicating that a removal of glucocorticoids 
may enhance their intrinsic rhythmicity and consequently that of related genes. However, this 
does not explain why similar ADX-induced changes were not observed in the PVN and eWAT. 
On the other hand, it is well known that even within the brain glucocorticoids can have 
differential effects on Per2 rhythms in separate nuclei (Segall et al., 2006). 

In the SCN, the expression of Cry2 did not show a significant daily rhythm in sham-operated and 
ADX animals. The expression level of Cry2 was slightly increased after adrenalectomy. AMP 
activated protein kinase (AMPK) is a mediator of metabolic signals and it sends this metabolic 
information also to clock genes, therefore it is considered as one of the factors that may affect the 
expression level of the Cry2 gene after adrenalectomy. Corticosterone stimulates AMPK activity 
in the hypothalamus (Christ-Crain et al., 2008) and AMPK activation increases CRY protein 
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degradation (Lamia et al., 2009), hence the AMPK activity may be affected after adrenalectomy, 
leading to changes in the CRY2 expression. 

In conclusion, we found that the expression pattern of Avp, Per2 and Cry1 in the SCN was not 
changed after adrenalectomy. The level of Cry2 mRNA was increased in the SCN after 
adrenalectomy. The level of Gr and Mr mRNA were increased in both the SCN and PVN 
because of the adrenalectomy. In the PVN the levels of Crh and Oxt mRNA showed the expected 
changes with a significant increase and decrease, respectively, in the ADX animals. These data 
indicate that the SCN might be rather “protected” from changes in the adrenal hormones, but is 
certainly not completely blind to these changes.  

The inhibitory effect of corticosterone on CRH synthesis in PVN neurons is well known (Ma  et 
al., 2001; Young et al., 1986), thus the upregulation of Crh expression in the ADX groups is 
completely in line with our expectations. Using in situ hybridization Cai & Wise. (1996) found a 
daily rhythm in Crh mRNA expression in the dorsomedial PVN (dmPVN), but not in the whole 
PVN. In our study, we used qPCR to check the punched PVN, and did not find a significant daily 
variation in Crh mRNA expression. It is well known that the CRH neurons in PVN can be 
subdivided into several groups based on their anatomic location, projections and function (Cai & 
Wise, 1996; Swanson & Kuypers, 1980; Swanson & Simmons, 1989). The CRH neurons in the 
dmPVN project to the median eminence and release the CRH into the portal circulation to 
stimulate ACTH secretion. Other CRH neurons in the PVN project to the spinal cord and brain 
stem and possibly regulate the activity of the ANS. Apparently the rhythmic nature of the CRH 
neurons in the dmPVN is overwhelmed by the non-rhythmic nature of other CRH neurons in the 
PVN.  

AVP in the PVN is produced in two types of neurons: the magnocellular (mPVN) and the 
parvocellular (pPVN) neurons. The magnocellular AVP neurons respond to osmotic stimuli, 
such as dehydration and salt loading, by releasing AVP via the posterior pituitary to function as 
an antidiuretic hormone. In part of the parvocellular neurons AVP is amongst others co-
expressed with CRH. Itoi et al. (1987) showed that corticosterone suppresses the 
immunoreactivity of AVP in the pPVN, but not in the mPVN. Some other studies showed that 
the expression of Avp in the pPVN is upregulated by adrenalectomy, but unchanged in the 
mPVN (Ferrini et al., 1997; Swanson & Simmons, 1989). However, AVP expression in the 
pPVN is much lower than in the mPVN (Kiss et al., 1984), thus although Avp expression in the 
pPVN may be up-regulated after adrenalectomy in our study, using PVN punches, this pPVN 
increase will be masked by the much higher expression in mPVN. In addition, we did not find a 
significant daily fluctuation in the expression of AVP in the PVN, similar to earlier studies 
(Dzirbíková et al., 2011; Kalsbeek et al., 1995).  

Oxt mRNA levels in the PVN did not show a daily rhythm. This finding is consistent with other 
studies that reported no daily rhythmicity in Oxt mRNA expression in the PVN and supraoptic 
nucleus (SON) (Burbach et al., 1988; Dzirbíková et al., 2011). The lack of daily rhythmicity in 
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the OXT system in the PVN is also supported by a microdialysis study (Kalsbeek et al., 1995). 
OXT from the magnocellular neurons of the PVN and SON is released from the posterior 
pituitary in the general circulation in response to a variety of stimuli (Kasting, 1988). More and 
more studies indicate that OXT release from the PVN also plays an important role in the stress 
response (Nishioka et al., 1998; Wotjak er al., 2001) and in feeding behaviour (Arletti et al., 
1990). Because OXT secretion is increased by stressful stimuli, and the upstream region of the 
rat OXT gene contains a consensus sequence of the corticosterone enhancer region (Mohr & 
Schmitz, 1991), corticosterone may have a stimulatory effect on OXT gene expression. This 
would explain why Oxt mRNA levels are slightly decreased in the ADX rats in our study.   

Corticosterone has a modulatory effect on many brain functions. Besides the negative feedback 
action on the HPA axis, it also regulates the levels of neurotransmitter and neuronal excitability 
in many other brain areas (Meyer, 1985). All these functions of corticosterone in the brain are 
mediated by MRs and GRs. A number of studies found that GR and MR protein and mRNA 
expression in the brain was increased after adrenalectomy (Holmes et al., 1995). Other studies 
found that GR and MR protein and mRNA expression in the brain are reduced by stressful 
stimuli (Noguchi et al., 2010). In our study, Gr and Mr mRNA was up-regulated in both the SCN 
and PVN after adrenal removal, verifying the negative feedback of corticosterone on GR and 
MR expression. We did not find a significant daily rhythm in Gr or Mr mRNA expression in the 
SCN or PVN, even though some other studies found a circadian rhythm in GR and MR 
expression in the hippocampus (Herman et al., 1987).  

As to PER1 it has been shown in several instances now that its rhythmic expression in the brain 
is affected by changes in circulating levels of adrenal hormone (Gilhooley et al., 2011). 
Yamamoto et al. (2005) reported that a glucocorticoid-responsive element (GRE) exists in the 
PER1 promoter region. Indeed PER1 gene expression is up regulated by dexamethasone 
injections (Balsalobre et al., 2000). Thus, corticosterone seems to have a stimulatory effect on 
Per1 mRNA expression. Per1 gene expression in PVN showed a significant daily rhythm, with 
the peak expression at the early dark period (Dzirbíková et al., 2011; Girotti et al., 2009), nicely 
correlating with plasma corticosterone levels. In the adrenalectomized animals, Per1 expression 
remained low at ZT14, causing the Per1 gene to lose its circadian rhythm. Also in the eWAT the 
daily expression pattern of Per1 was changed by the ADX. Corticosterone thus seems to be an 
important signal for the maintenance of a strong circadian rhythmicity of PER1 gene expression.  

The pronounced effects of corticosterone on neuropeptide expression in the PVN, such as CRH 
and AVP, are well known (Itoi et al., 1987; Ma et al., 2001; Young et al., 1986). In addition, 
more recent studies (Gilhooley et al., 2011; Segall et al., 2006) have shown that the 
corticosterone rhythm is important for the maintenance of daily rhythms of Per1 and Per2 gene 
expression in several brain areas outside the SCN. Therefore, the absence of corticosterone in the 
ADX animals clearly has contributed to the currently observed changes in PVN gene expression.  
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Many studies have shown that a disturbed feeding rhythm changes the expression rhythm of 
peripheral (clock) genes (Balakrishnan et al., 2010; Salgado-Delgado et al., 2013). In our study, 
the daily rhythm of food intake was not changed after adrenalectomy. This indicates that the loss 
of gene expression rhythms in eWAT is not caused by a change in the daily food intake rhythm. 
However, Kobayashi et al. (2004) showed that the mRNA levels of clock genes in the fasting 
group recovered to those in ad libitum group after refeeding, indicating that the amount of food 
intake may have some effect on clock gene expression. Food intake of ADX animals was 
decreased during the dark period, resulting in a lower amplitude of the daily feeding rhythm. 
Therefore, we cannot exclude that the decrease in the amplitude of the daily feeding rhythm 
contributed to the changes in the amplitude of the daily clock gene expression rhythms.  

In summary, in this study we found that >80% of the genes that are important for adipose 
metabolism in eWAT lost their daily rhythm after adrenalectomy, but that the clock genes still 
kept their daily rhythmicity. This result is very similar to what Oishi et al. (2005) found in the 
liver and Fujihara et al. (2014) in bone after ADX. Together these results indicate that after 
adrenalectomy the daily rhythms of many metabolic genes are dissociated from that of clock 
genes in eWAT and liver. Apparently, the daily expression rhythm of many metabolic genes in 
eWAT and liver is synchronized by adrenal hormones without a necessary and obligatory role 
for the clock genes. Previously, we reported a similar finding for the autonomic nervous control 
of hepatic glucose metabolism, i.e., hepatic denervation caused a loss of the daily rhythm in 
plasma glucose concentrations, whereas hepatic clock gene rhythms were not affected (Cailotto 
et al., 2005, 2008). Thus many clock-controlled genes might be only clock-controlled in an 
indirect way. On the other hand, clock gene rhythms in eWAT and liver do not seem to depend 
solely on adrenal hormones or the autonomic nervous system to be synchronized with the 
environment, and thus may be synchronized via other (combinations of) hormonal, autonomic 
and behavioural pathways.  
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Fig.S1. The mRNA expression pattern of 9 genes in SCN in the 8 time point study. Data are expressed as 
the mean ± SEM. For statistics see Table S5. For rhythmicity analysis see Table S6. 
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Fig.S1. The mRNA expression pattern of 9 genes in SCN in the 8 time point study. Data are expressed as 
the mean ± SEM. For statistics see Table S5. For rhythmicity analysis see Table S6. 
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Fig.S2. The mRNA expression pattern of 7 genes in the PVN in the 8 time point study. Data are 
expressed as the mean ± SEM. For statistics see Table S5. For rhythmicity analysis see Table S7 
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Table S1 Circwave V1.4 analysis of gene expression in the SCN 
 

Gene Acrophase in ZT 
Difference of 
acrophases (vs 

Sham) 
Amplitude% 

Sham ADX ADX Sham ADX 
Avp 12.19 13.45 1.26 111.42 184.02 
Vip ns 16.35 — — 78.83 
Gr ns ns — — — 
Mr ns ns — — — 

Bmal1 ns 17.87 — — 34.77 
Cry1 15.36 12.35 -3.01 39.34 42.83 
Cry2 ns ns — — — 
Per1 ns 7.93 — — 52.34 
Per2 12.76 11.72 -1.04 74.27 92.80 

         ns = not rhythmic according to Circwave 
 
 

Table S2 Circwave V1.4 analysis of gene expression in the PVN 
 

Gene Acrophase in ZT 
Difference of 
acrophases (vs 

Sham) 
Amplitude% 

Sham ADX ADX Sham ADX 
Avp ns ns — — — 
Crh ns ns — — — 
Gr ns ns — — — 
Mr ns ns — — — 
Oxt ns ns — — — 
Per1 14.44 ns — 75.55 — 
Trh ns ns — — — 

         ns = not rhythmic according to Circwave 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   60 
 

 
 

 
 

 
Fig.S2. The mRNA expression pattern of 7 genes in the PVN in the 8 time point study. Data are 
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Table S3 Circwave V1.4 analysis of clock genes expression in eWAT 
 

Gene Acrophase in ZT 
Difference of 

acrophases (vs 
Sham) 

Amplitude% 

Sham ADX ADX Sham ADX 
Bmal1 0.81 22.73 -2.08 160.41 122.95 
Cry1 18.45 17.01 -0.92 101.29 72.54 
Cry2 13.08 12.84 -0.24 53.29 26.71 
Per1 12.84 11.2 -1.64 120.61 83 
Per2 14.58 14.59 -0.01 154.1 98.67 

Reverb 9.89 9.99 -0.1 221.90 125.20 
Dbp 12.46 11.61 -0.85 228.24 183.45 

         ns = not rhythmic according to Circwave 
 
 
 
 
 
 

Table S4 Circwave V1.4 analysis of metabolic/adipokine genes expression in eWAT 
 

Gene Acrophase in ZT 
Difference of 

acrophases (vs 
Sham) 

Amplitude% 

Sham ADX ADX Sham ADX 
Fas ns ns — — — 
Lpl 12.95 ns — 30.19 — 
Hsl 10.95 ns ns 38.02 — 

Acc2a 10.53 10.39 -0.14 61.73 73.97 
Glut4 5.05 ns — 34.41 — 
Srebf1 ns ns — — — 
Cpt1b 6.93 ns — 29.09 — 
Leptin 14.23 ns — 35.83 — 

Adiponectin 10.45 ns — 21.80 — 
Resistin ns 7.91 — — 48.51 
Visfatin 14.23 13.83 -0.4 59.95 47.24 

Gr 11.44 ns — 33.25 — 
Mr 9.32 ns — 46.21 — 

Lipin1 13.77 ns — 30.03 — 
Pparα 13.00 ns — 36.85 — 
Pparγ 12.88 ns — 63.52 — 

         ns = not rhythmic according to Circwave 
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Table S5 Statistical analysis of the effect of Time on gene expression in the SCN and PVN in the 
8 time point study 

 

GENE Area TIME 

Avp SCN 0.045 
Vip SCN 0.158 
Gr SCN 0.107 
Mr SCN 0.462 

Bmal1 SCN 0.134 
Per1 SCN 0.003 

Per1(without ZT2) SCN 0.028 
Per2 SCN 0.009 
Cry1 SCN 0.073 
Cry2 SCN 0.054 

   
Crh PVN 0.273 
Avp PVN 0.044 
Oxt PVN 0.529 
Trh PVN 0.944 
Gr PVN 0.844 
Mr PVN 0.012 

Per1 PVN <0.001 
Column 3 shows significance levels for the effect of Time. Significant effects are in bold. 

 
 
 
 
 
 

Table S6 Circwave V1.4 analysis of gene expression in the SCN in the 8 time point study 
 

Gene Acrophase in ZT Amplitude% 
Avp 15.93 75.37 
Vip ns — 
Gr 20.25 33.29 
Mr ns — 

Bmal1 22.46 37.07 
Cry1 19.05 29.15 
Cry2 ns — 
Per1 ns — 
Per2 15.83 67.43 

Per1(without ZT2) 15.32 54.74 
ns = not rhythmic according to Circwave 
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Table S7 Circwave V1.4 analysis of gene expression in the PVN in the 8 time point study 

 
Gene Acrophase in ZT Amplitude% 
Avp ns — 
Crh ns — 
Gr ns — 
Mr ns — 
Oxt ns — 
Per1 15.18 56.42 
Trh ns — 

ns = not rhythmic according to Circwave 
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Abstract 

The master clock in the hypothalamic suprachiasmatic nucleus (SCN) is assumed to synchronize 
the tissue-specific rhythms of the peripheral clocks with the environmental day/night changes via 
neural, humoral and/or behavioral connections. The feeding rhythm is considered an important 
Zeitgeber for peripheral clocks, as daytime feeding reverses (clock) gene rhythms in the 
periphery, but not in the SCN.  In this study, we investigated the necessity of a daily feeding 
rhythm for maintaining gene expression rhythms in epididymal white adipose tissue (eWAT). 
We showed that 7 out of 9 rhythmic metabolic/adipokine genes, but not clock genes, lost their 
rhythmicity upon exposure to 6-meals-a-day feeding. Previously we showed comparable effects 
of adrenalectomy on eWAT, therefore, subsequently we investigated the effect of simultaneous 
disruption of these humoral and behavioral signaling pathways, by exposing adrenalectomized 
animals to 6-meals-a-day feeding. Interestingly, under these conditions all the clock genes and 
10 out of 11 rhythmic metabolic/adipokine genes lost their rhythmicity. These data indicate that 
adrenal hormones and feeding rhythm are indispensable for maintaining daily rhythms in 
metabolic/adipokine gene, but not clock gene, expression in eWAT. On the other hand at least 
one of these two signals should be present in order for eWAT clock gene rhythms to be 
maintained. 
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Introduction 

The daily cycle of light and darkness is an important signal for many living organisms to 
synchronize their behavior with the environment they are living in. Therefore, most living 
organisms have developed a circadian timing system that is sensitive to light information and 
enables them to adjust their bodily activity to the environmental cycle of light and darkness. In 
mammals this circadian timing system consists of two main components: 1) the central master 
clock, located in the suprachiasmatic nuleus of the hypothalamus (SCN) and 2) peripheral clocks, 
which are found in most organs and tissues (1,2). Within individual cells the circadian clock 
system is driven by clock genes (Clock, Bmal (brain and muscle aryl hydrocarbon receptor 
nuclear translocator (ARNT)–like), Per (period), Cry (cryptochrome), Reverb and Ror (retinoic 
acid–related orphan receptor)), with their interactions resulting in gene expression rhythms with 
a cycle of ~24 hours. The SCN receives light information from the environment via the 
retinohypothalamic tract, which adjusts the phase of the circadian oscillators in the SCN to the 
prevailing photoperiod. The peripheral oscillators are not light sensitive, therefore the circadian 
rhythms of these peripheral clocks have to be synchronized with the environmental day/night 
changes through the SCN. Until now, the accepted model is that this synchronization occurs via 
neural, hormonal, and behavioral (such as locomotor activity, body temperature and feeding 
behavior) connections.  

In regard to the behavioral connections, feeding behavior is thought to be an important entraining 
signal for the peripheral clocks. In many mice and rat studies, it has been shown that daytime-
restricted feeding inverts the daily rhythm of gene expression in peripheral organs, such as liver, 
heart and kidney, but not that of (clock) gene expression in the SCN (3-5). Some studies (3,6) 
showed that the daily expression rhythm of the clock-controlled output gene, D-site binding 
protein (DBP), in rat liver was completely reversed with diurnal nutrition. These studies thus 
indicate that the daily feeding rhythm could be an important connection for the SCN to 
synchronize the circadian rhythm of peripheral clock genes and clock-controlled genes.  

The pronounced daily rhythm of glucocorticoid secretion is regulated by the SCN, via its neural 
projections towards the paraventricular nucleus of the hypothalamus (PVN). Glucocorticoid (GR) 
and mineralocorticoid (MR) receptors can be found in most organs and tissues. Therefore, 
adrenal hormones and in particular glucocorticoids have always been considered as an important 
hormonal candidate to synchronize daily rhythms in the periphery. However, despite the fact that 
indeed glucocorticoids turned out to be an important signal for the maintenance of daily rhythms 
in metabolic gene expression, as for now most experiments (7-12) showed that glucocorticoids 
are not the only signal responsible for the synchronization of daily rhythms in clock gene 
expression in the periphery. 

White adipose tissue (WAT) is one of the largest organs in the body, making up percentages of 
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Abstract 

The master clock in the hypothalamic suprachiasmatic nucleus (SCN) is assumed to synchronize 
the tissue-specific rhythms of the peripheral clocks with the environmental day/night changes via 
neural, humoral and/or behavioral connections. The feeding rhythm is considered an important 
Zeitgeber for peripheral clocks, as daytime feeding reverses (clock) gene rhythms in the 
periphery, but not in the SCN.  In this study, we investigated the necessity of a daily feeding 
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We showed that 7 out of 9 rhythmic metabolic/adipokine genes, but not clock genes, lost their 
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Introduction 
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nuclear translocator (ARNT)–like), Per (period), Cry (cryptochrome), Reverb and Ror (retinoic 
acid–related orphan receptor)), with their interactions resulting in gene expression rhythms with 
a cycle of ~24 hours. The SCN receives light information from the environment via the 
retinohypothalamic tract, which adjusts the phase of the circadian oscillators in the SCN to the 
prevailing photoperiod. The peripheral oscillators are not light sensitive, therefore the circadian 
rhythms of these peripheral clocks have to be synchronized with the environmental day/night 
changes through the SCN. Until now, the accepted model is that this synchronization occurs via 
neural, hormonal, and behavioral (such as locomotor activity, body temperature and feeding 
behavior) connections.  
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body weight from 5% in lean men to over 50% in the morbidly obese (13). WAT, besides 
functioning as mechanical and thermal protection of vital organs and as an important long-term 
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energy store, secretes several proteins, so-called adipokines. These adipokines regulate appetite, 
food intake, glucose disposal and energy expenditure (14,14-17). Each adipokine should be 
secreted at the correct time and in the correct order for an effective functioning of this adipose 
tissue output. Recently, more and more evidence links the disruption of daily rhythms in 
adipokine secretion to metabolic diseases, such as obesity and type 2 diabetes (18-20). Thus, it is 
important to understand how the SCN synchronizes the daily rhythms in WAT. 

In order to further our understanding of how the SCN synchronizes daily rhythms of gene 
expression in eWAT, we investigated the effects of 6-meals-a-day feeding and 6-meals-a-day 
feeding combined with adrenalectomy on daily gene expression rhythms in eWAT. 

Materials and Methods 

Animals 

All experiments were performed with adult male Wistar rats (Charles River, Germany). Animals 
(n=120) were in the animal facility with a 12h light/12h dark cycle (lights on at 7:00). All rats 
were kept under constant conditions of temperature (21±2ºC) and humidity (60±5%). Water was 
available ad libitum (AL) in the whole experiment. All experiments were approved by the animal 
care committee of the Royal Netherlands Academy of Arts and Science. 

Experiment 1: Intact rats on an AL- or a 6-meals-a-day feeding regimen  

Animals (n=64, 8 weeks old) were housed in separate cages, 32 animals were entrained to a 6-
meals-a-day feeding schedule (with 1 meal every 4 hours, (6M group)) (21). Animals had access 
to food during three 12-min-bins equally spaced over the light period (i.e., ZT2, ZT6 and ZT10) 
and three 11-min-bins equally spaced over the dark period (i.e., ZT14, ZT18 and ZT22). Rats 
needed ~10 days to adapt to this feeding schedule. Adaptation was considered completed when 
rats consumed the same amount of food during the day and night. For another 32 single-housed 
rats, food was available ad libitum (AL group). 

Experiment 2: Adrenalectomized rats on a 6-meals-a-day feeding regimen and sham-
operated rats on AL feeding 

Animals (n=56, 7 weeks old) were housed in separate cages, 32 animals were entrained to a 6-
meals-a-day feeding schedule, similar to the 6M group described above. For another 24 rats, 
food was available AL. After 10 days the 32 rats on the 6-meals-a-day feeding schedule received 
an adrenalectomy (ADX) surgery (6M+ADX group). At the same day the 24 AL fed rats 
received a sham adrenalectomy surgery (AL+Sham group). The procedure of ADX and sham 
surgery was the same as reported before (12). Plasma corticosterone concentrations in ADX rats 
above 5 ng/ml (the limit of the assay) were considered to represent an incomplete adrenalectomy. 
Separate bottles with water and saline solution (0.9%NaCl) were provided ad libitum to the 
6M+ADX rats after surgery.  
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Tissue samples collection 

Animals were anesthetized with 72% CO2 and sacrificed by decapitation at four time points (ZT2, 
ZT8, ZT14 and ZT20). In experiment 1, animals had been on the AL- or 6-meals feeding 
schedule for 28 days. In experiment 2, animals were decapitated 25 days after 
(adrenalectomy/sham) surgery. After decapitation, trunk blood and eWAT were collected and 
stored at -80 ºC.  

RNA extraction and cDNA synthesis 

eWAT was homogenized by MagNA Lyser Green Beads (Roche) with QIAzol® lysis reagent 
(QIAGEN), RNA was extracted by RNeasy mini Kit (QIAGEN) and included a DNase step 
according to the manufacturer’s instructions. 

RNA was reverse transcribed using Transcriptor First cDNA Synthesis Kit (Roche) with oligo-
dT primers (30min at 55 ºC, 5min at 85 ºC). Additional reverse transcriptase minus (-RT) 
controls were run to check genomic DNA contamination. 

Real-Time PCR (RT-PCR) 

Gene expression was measured by quantitative RT-PCR using the following reaction system: 2 
μl cDNA was incubated in a final volume of 10μl reaction containing 1×SensiFAST SYBR NO-
ROX Mix and 25ng of each primer (forward and reverse). Quantitative RT-PCR (qRT-PCR) was 
performed in Lightcycler®480 (Roche), the information of primers for each gene is represented 
in Table 7. The relative amount of each gene in eWAT was normalized against the housekeeping 
gene hypoxanthine phosphoribosyltransferase (HPRT).  

Plasma measurements  

Plasma corticosterone and insulin concentrations were measured in duplicate by 
radioimmunoassay kits (Corticosterone: ICN biomedical, Costa Mesa, CA; Insulin: LINCO 
Research, St.Charles, MO, USA). Plasma triglyceride levels were determined by a kit from 
Roche (Mannheim, Germany).  

Statistical analysis 

Data are presented as mean ± SEM (standard error of the mean). Statistical analysis was 
performed using SPSS version 19.0. One way or two way ANOVAs were performed to detect 
the effects of Time (4 levels: ZT2, ZT8, ZT14 and ZT20), Treatment (AL vs 6M or AL+Sham 
vs6M+ADX) or Interaction. Independent T-test was performed to detect the effect of Treatment 
between groups at single time points. P values are considered statistically significant at p<0.05.In 
addition, data were analyzed using the Circwave 1.4 software (Dr. R. 
Hut,http://www.euclock.org) (22)  to test the daily rhythmicity of gene expression. This program 
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can be seen as an extension of the cosinor analyses. P values reported are the result of the F-test, 
and the 24h rhythm was confirmed if p<0.05. 

Table 1 Information on gene primers 
 

Gene Forward Primer Reverse Primer 

Clock 
Gene 

Bmal1 CCGATGACGAACTGAAACACCT TGCAGTGTCCGAGGAAGATAGC 
Cry1 AAGTCATCGTGCGCATTTCA TCATCATGGTCGTCGGACAGA 
Cry2 TGGATAAGCACT TGGAACGGAA TGTACAAGTCCCACAGGCGGTA 
Per1 CGCACTTCGGGAGCTCAAACTTC GTCCATGGCACAGGGCTCACC 
Per2 CACCCTGAAAAGAAAGTGCGA CAACGCCAAGGAGCTCAAGT 

Rev-erbα ACAGCTGACACCACCCAGATC CATGGGCATAGGTGAAGATTTCT 
Dbp CCTTTGAACCTGATCCGGCT TGCCTTCTTCATGATTGGCTG 

Metabolic 
/Adipokine 

Gene 

Pparα TCACACAATGCAATCCGTTT GGCCTTGACCTTGTTCATGT 
Pparγ CAGGAAAGACAACAGACAAATCA GGGGGTGATATGTTTGAACTTG 
Fas CTTGGGTGCCGATTACAACC GCCCTCCCGTACACTCACTC 
Lpl CAAAACAACCAGGCCTTCGA AGCAATTCCCCGATGTCCA 
Hsl CACACAGCATGGATTTACGCA ACCTGCAAAGACGTTGGACAG 

Acc2 GCACGAGATTGCTTTCCTAG GCTTCCGCTCCAGGGTAGAGT 
Glut4 GGGCTGTGAGTGAGTGCTTTC CAGCGAGGCAAGGCTAGA 
Srebf1 GGAGCCATGGATTGCACATT AGGAAGGCTTCCAGAGAGGA 
Cpt1b GTGCTGGAGGTGGCTTTGGT TGCTTGACGGATGTGGTTCC 
Leptin GCTCTCTGCAGGACATTCTTCA GCCCGGTGGTCTTGGAA 

Adiponectin AATCCTGCCCAGTCATGAAG CATCTCCTGGGTCACCCTTA 
Resistin ATCAAGACTTCAGCTCCCTACTG GTGACGGTTGTGCCTTCTG 
Visfatin ACAGATACTGTGGCGGGAATTGCT TCGACACTATCAGGTGTCTCAG 

Gr ACCTGGATGACCAAATGACCC GGAGCAAAGCAGAGCAGGTTT 
Mr AGAGCCGTGGAAGGGCA AGTTCTTTCGCCGAATCTTATCA 

Lipin1 TCACTACCCAGTACCAGGGC TGAGTCCAATCCTTTCCCAG 
Housekeeping 

Gene Hprt GCAGTACAGCCCCAAAATGG AACAAAGTCTGGCCTGTATCCAA 

  
Abbreviations used: Rev-erbα: Rev-verbalpha (official full name: nuclear receptor subfamily 1, group D, 
member 1 (Nr1d1)). Dbp: albumin D-box binding protein. Pparα: peroxisome proliferator activated 
receptor alpha (official abbreviation: Ppara). Pparγ: peroxisome proliferator-activated receptor gamma 
(official abbreviation: Pparg). Fas: fatty acid synthase (official abbreviation: Fasn). Lpl: Lipoprotein 
lipase. Hsl: hormone sensitive lipase (official full name: lipase, hormone sensitive (Lipe)). Acc2: acetyl-
Coenzyme A carboxylase 2 (official full name: acetyl-CoA carboxylase beta (Acacb)). Glut4:  glucose 
transporter 4 (official full name: solute carrier family 2 (facilitated glucose transporter), member 4 
(Slc2a4)). Srebf1: sterol regulatory element binding transcription factor 1. Cpt1b: carnitine 
palmitoyltransferase 1b. Visfatin also called Nampt: nicotinamide phosphoribosyltransferase. 

Results 

Effects of 6-meals-a-day feeding and 6-meals-a-day feeding combined with adrenalectomy 
on body weight, food intake, plasma corticosterone, plasma insulin and plasma triglyceride 
concentrations 

Eight of the 32 ADX animals showed plasma corticosterone concentrations above 5 ng/ml, 
therefore the results from these animals were discarded from further analysis. 6-Meals-a-day 
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feeding (6M) and 6M feeding combined with adrenalectomy resulted in a significant decrease in 
body weight gain (Fig.1). In our previous study (10,12) we showed that bilateral adrenalectomy 
on its own resulted in a significant decrease in weight gain in ADX animals compared to Sham-
operated animals (ADX rats gain 30 gram and Sham rats gain 75 gram in 3 week).  6M feeding 
and 6M feeding combined with adrenalectomy also affected food intake. The total food intake 
during the whole day was less in the 6M and 6M+ADX animals compared to their respective 
control group. As intended by the protocol 6M animals and 6M+ADX animals ate more in the  

 

 

Fig.1. Effects of a 6-meals-a-day (6M) feeding schedule and 6M feeding combined with adrenalectomy 
on 24-h food intake and total body weight increase. Note the clear daily feeding rhythm in the AL and 
AL+Sham animals, but the equal amounts of light and dark food intake in the 6M and 6M+ADX animals.  
Results are presented as mean ± SEM. * p<0.05; ** p<0.01; *** p<0.001. White bars – AL animals 
(n=32), Dark grey bars – 6M animals (n=32), Striped white bars – AL+Sham animals (n=24), Black bars 
– 6M+ADX animals (n=24). 
 
light period and less in the dark period as compared to their respective control groups (AL and 
AL+Sham). In the 6M and 6M+ADX groups food intake during the light period did not differ 
significantly from food intake in the dark period, in contrast to their respective AL and 
AL+Sham controls. ADX animals ate less than Sham-operated animals in the dark period, but no 
difference was observed during the light period (10,12). 6M feeding increased plasma 
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corticosterone and plasma triglyceride concentrations at one time point and decreased plasma 
insulin concentration at one time point (Fig.S1). 6M feeding combined with adrenalectomy 
resulted in a significant decrease in plasma corticosterone, insulin and triglyceride concentrations 
(Fig.S1). 

Effects of 6-meals-a-day feeding on clock gene expression in eWAT 

As expected a significant Time effect was found in the AL rats for all clock genes studied, except 
for Cry2 (Fig.2 and Table 2). However, the effect of Time was also significant for these 6 clock 
genes in the 6M animals. The 24h mean mRNA expression levels of Cry1, DBP and Reverbα 
were decreased in 6M as compared to AL rats. Bmal1, Dbp and Reverbα showed a significant 
Interaction effect. For Bmal1 and Reverbα, this resulted from the expression levels significantly 
changing at 2 time points. For Dbp, a significant decrease at ZT8 and ZT14 and a significant 
increase at ZT20 were apparent in the 6M animals. 

 

Fig.2. The expression pattern of 7 clock genes in eWAT of animals on a 6-meals-a-day feeding schedule. 
Data are expressed as the mean ± SEM. mRNA values were normalized to HPRT. * p<0.05; **p<0.01; 
*** p<0.001.  White bars – AL animals (n=32), Dark grey bars – 6M animals (n=32). For ANOVA 
analysis see Table 1. For Circwave V1.4 analysis see Table 2. 
 
Analysis according to the Circwave method produced very similar results, i.e., the expression of 
all 7 clock genes presented a significant daily rhythm in AL animals, except for Cry2 (Table 4) 
and these clock genes were still rhythmic in 6M rats. For 4 genes (Bmal1, Cry1, DBP and 
Reverbα) the amplitude of their daily expression rhythm was decreased during 6M feeding, 
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whereas the amplitude of Per1 expression was increased in 6M animals. The amplitude of the 
daily Per2 expression rhythm was not changed in 6M compared to AL animals. 

Effects of 6-meals-a-day feeding on metabolic/adipokine gene expression in eWAT 

We studied the expression level of 16 metabolic/adipokine genes in the eWAT. According to the 
results of the ANOVA analysis, four genes (Visfatin, Mr, Pparα and Pparγ) showed a significant 
effect of Time in the AL animals and three genes (Acc2, Gr and Lipin1) showed a borderline 
significant effect of Time (p=0.071, p=0.070 and p=0.055) (Fig.3 and Table 2). For Visfatin, Mr, 
Pparα, Acc2 and Gr gene expression, 6M feeding resulted in a loss of the effect of Time. The 
average expression level of 9 genes (Lpl, Fas, Glut4, Cpt1b, Adiponectin, Resistin, Visfatin,  

Table 2 Effects of a 6-meals-a-day feeding on gene expression in eWAT 
 

Gene Treatment Time Time Interaction AL 6M 

Clock  
genes 

Bmal1   0.278 <0.001 <0.001 <0.001   0.001 
Cry1   0.001 <0.001 <0.001 <0.001   0.225 
Cry2   0.131   0.023   0.303   0.101   0.767 
Per1   0.073 <0.001   0.002 <0.001   0.613 
Per2   0.909 <0.001 <0.001 <0.001   0.962 

Reverbα   0.011 <0.001 <0.001 <0.001   0.002 
Dbp <0.001 <0.001 <0.001 <0.001 <0.001 

Metabolic 
/Adipokine 

 genes 

Fas <0.001 0.229 0.117 0.634 0.909 
Lpl 0.005 0.311 0.428 0.352 0.424 
Hsl 0.344 0.190 0.901 0.128 0.476 

Acc2a 0.094 0.141 0.071 0.746 0.309 
Glut4 0.001 0.151 0.145 0.677 0.949 
Srebf1 0.026 0.592 0.906 0.148 0.495 
Cpt1b 0.002 0.127 0.098 0.521 0.463 
Leptin 0.090 0.017 0.823 0.012 0.115 

Adiponectin 0.002 0.125 0.097 0.643 0.359 
Resistin 0.035 0.093 0.112 0.008 0.004 
Visfatin 0.001 <0.001 <0.001 0.194 0.102 

Gr 0.279 0.084 0.070 0.738 0.591 
Mr 0.008 0.236 0.005 0.857 0.064 

Lipin1 <0.001 0.031 0.055 0.098 0.282 
Pparα 0.002 0.014 0.009 0.401 0.880 
Pparγ 0.062 <0.001 <0.001 0.003 0.028 

Columns 3-7 show significance levels for the effects of Treatment, Time and 
Interaction. Results in 3-7 are presented as p value. Significant effects are in bold 
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corticosterone and plasma triglyceride concentrations at one time point and decreased plasma 
insulin concentration at one time point (Fig.S1). 6M feeding combined with adrenalectomy 
resulted in a significant decrease in plasma corticosterone, insulin and triglyceride concentrations 
(Fig.S1). 

Effects of 6-meals-a-day feeding on clock gene expression in eWAT 

As expected a significant Time effect was found in the AL rats for all clock genes studied, except 
for Cry2 (Fig.2 and Table 2). However, the effect of Time was also significant for these 6 clock 
genes in the 6M animals. The 24h mean mRNA expression levels of Cry1, DBP and Reverbα 
were decreased in 6M as compared to AL rats. Bmal1, Dbp and Reverbα showed a significant 
Interaction effect. For Bmal1 and Reverbα, this resulted from the expression levels significantly 
changing at 2 time points. For Dbp, a significant decrease at ZT8 and ZT14 and a significant 
increase at ZT20 were apparent in the 6M animals. 

 

Fig.2. The expression pattern of 7 clock genes in eWAT of animals on a 6-meals-a-day feeding schedule. 
Data are expressed as the mean ± SEM. mRNA values were normalized to HPRT. * p<0.05; **p<0.01; 
*** p<0.001.  White bars – AL animals (n=32), Dark grey bars – 6M animals (n=32). For ANOVA 
analysis see Table 1. For Circwave V1.4 analysis see Table 2. 
 
Analysis according to the Circwave method produced very similar results, i.e., the expression of 
all 7 clock genes presented a significant daily rhythm in AL animals, except for Cry2 (Table 4) 
and these clock genes were still rhythmic in 6M rats. For 4 genes (Bmal1, Cry1, DBP and 
Reverbα) the amplitude of their daily expression rhythm was decreased during 6M feeding, 
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whereas the amplitude of Per1 expression was increased in 6M animals. The amplitude of the 
daily Per2 expression rhythm was not changed in 6M compared to AL animals. 

Effects of 6-meals-a-day feeding on metabolic/adipokine gene expression in eWAT 

We studied the expression level of 16 metabolic/adipokine genes in the eWAT. According to the 
results of the ANOVA analysis, four genes (Visfatin, Mr, Pparα and Pparγ) showed a significant 
effect of Time in the AL animals and three genes (Acc2, Gr and Lipin1) showed a borderline 
significant effect of Time (p=0.071, p=0.070 and p=0.055) (Fig.3 and Table 2). For Visfatin, Mr, 
Pparα, Acc2 and Gr gene expression, 6M feeding resulted in a loss of the effect of Time. The 
average expression level of 9 genes (Lpl, Fas, Glut4, Cpt1b, Adiponectin, Resistin, Visfatin,  

Table 2 Effects of a 6-meals-a-day feeding on gene expression in eWAT 
 

Gene Treatment Time Time Interaction AL 6M 

Clock  
genes 

Bmal1   0.278 <0.001 <0.001 <0.001   0.001 
Cry1   0.001 <0.001 <0.001 <0.001   0.225 
Cry2   0.131   0.023   0.303   0.101   0.767 
Per1   0.073 <0.001   0.002 <0.001   0.613 
Per2   0.909 <0.001 <0.001 <0.001   0.962 

Reverbα   0.011 <0.001 <0.001 <0.001   0.002 
Dbp <0.001 <0.001 <0.001 <0.001 <0.001 

Metabolic 
/Adipokine 

 genes 

Fas <0.001 0.229 0.117 0.634 0.909 
Lpl 0.005 0.311 0.428 0.352 0.424 
Hsl 0.344 0.190 0.901 0.128 0.476 

Acc2a 0.094 0.141 0.071 0.746 0.309 
Glut4 0.001 0.151 0.145 0.677 0.949 
Srebf1 0.026 0.592 0.906 0.148 0.495 
Cpt1b 0.002 0.127 0.098 0.521 0.463 
Leptin 0.090 0.017 0.823 0.012 0.115 

Adiponectin 0.002 0.125 0.097 0.643 0.359 
Resistin 0.035 0.093 0.112 0.008 0.004 
Visfatin 0.001 <0.001 <0.001 0.194 0.102 

Gr 0.279 0.084 0.070 0.738 0.591 
Mr 0.008 0.236 0.005 0.857 0.064 

Lipin1 <0.001 0.031 0.055 0.098 0.282 
Pparα 0.002 0.014 0.009 0.401 0.880 
Pparγ 0.062 <0.001 <0.001 0.003 0.028 

Columns 3-7 show significance levels for the effects of Treatment, Time and 
Interaction. Results in 3-7 are presented as p value. Significant effects are in bold 
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Table 3 Circwave V1.4 analysis on Experiment 1 clock gene expression rhythms in eWAT  
 

Gene Acrophase in ZT 
Difference of 

acrophases (vs 
AL) 

Amplitude% 

AL 6M 6M AL 6M 
Bmal1 0.02 0.63 0.61 214.53 148.50 
Cry1 20.20 20.28 0.08 138.90 123.10 
Cry2 ns ns — — — 
Per1 13.50 14.61 1.11 89.35 106.61 
Per2 14.54 14.41 -0.13 131.82 131.01 

Reverbα   8.80 10.20 2.40 217.94 190.17 
Dbp 11.01 11.82 0.81 209.79 149.17 

         ns = not rhythmic according to Circwave 
 
Lipin1 and Pparα) was up-regulated in 6M rats as compared to AL rats, with Fas showing 
a >100% increase. Mr and Srebf1 24-h mean expression was down regulated during 6M feeding. 
The Resistin and Pparγ gene expression showed a significant Interaction effect. For Resistin this 
resulted from a significantly increased expression level at ZT14. The expression level of Pparγ 
was increased a little at both ZT8 and ZT20. 

According to the Circwave analysis, 9 of the 16 genes studied showed a significant daily rhythm 
(Acc2a, Cpt1b, Adiponectin, Visfatin, Gr, Mr, Lipin1, Pparα and Pparγ) (Table 5). Seven of 
these rhythmic genes lost their daily expression rhythm during 6M feeding. Only the Lipin1 and 
Pparγ expression rhythm was not changed in 6M rats. On the other hand, Resistin and Leptin 
gene expression showed a daily variation in 6M, but not in AL animals. 6M feeding thus caused 
the disappearance of daily rhythmicity in 7 out of 9 rhythmic genes (~78%). 

Effects of adrenalectomy on clock gene and metabolic/adipokine gene expression in eWAT 

In our previous paper we reported the effects of adrenalectomy on clock gene and 
metabolic/adipokine gene expression in eWAT (12)). In short, adrenalectomy did not remove 
clock gene rhythms in eWAT, but >80% of the metabolic/adipokine genes investigated in eWAT 
lost their rhythmicity. These results thus were very similar to those reported above for the effect 
of 6M feeding. We also showed that the average expression of Hsl, Gr and Mr was up-regulated 
and Leptin, Adiponection and Resistin was down regulated after bilateral adrenalectomy. 

Effects of 6-meals-a-day feeding combined with adrenalectomy on clock gene expression in 
eWAT 

The daily expression level of all 7 clock genes studied in eWAT of AL+Sham animals showed a 
significant effect of Time. However, this significant effect had disappeared in all 7 clock genes in 
the eWAT of 6M+ADX animals (Fig.4 and Table 3). Bmal1, Per1, Per2, Dbp and Reverbα 
showed a significant Interaction effect. For Per1 and Per2, this was due to the strong down-
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regulation at ZT14. For Reverbα this resulted from the increased expression levels at 2 time 
points and decreased expression levels at the other 2 time points. For Dbp the expression level 
significantly changed at 3 time points and for Bmal1 its expression level significantly decreased 
at ZT2 and increased at ZT14.  

Likewise, Circwave analysis indicated that the expression of all 7 clock genes studied showed a 
significant daily rhythm in AL+Sham animals (Table 6), which was lost in 6M+ADX animals. 
Therefore, 6M feeding combined with adrenalectomy resulted in the abolishment of all clock 
gene rhythms (100%) in eWAT. 

 
Table 4 Circwave V1.4 analysis of Experiment 1 metabolic/adipokine gene expression rhythms 

in eWAT 
 

Gene Acrophase in ZT 
Difference of 
acrophases (vs 

AL) 
Amplitude% 

AL 6M 6M AL 6M 
Fas ns ns — — — 
Lpl ns ns — — — 
Hsl ns ns — — — 

Acc2a 10.81 ns — 62.3 — 
Glut4 ns ns — — — 
Srebf1 ns ns — — — 
Cpt1b 5.43 ns — 36.71 — 
Leptin ns 11.39 — — 51.04 

Adiponectin 5.64 ns — 25.79 — 
Resistin ns 11.17 — — 37.55 
Visfatin 16.06 ns — 51.10 — 

Gr 12.04 ns — 36.29 — 
Mr 9.75 ns — 46.65 — 

Lipin1 14.21 11.22 -2.99 36.26 42.85 
Pparα 12.55 ns — 36.09 — 
Pparγ 12.49 11.40 -1.09 39.02 36.79 

         ns = not rhythmic according to Circwave 
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Lipin1 and Pparα) was up-regulated in 6M rats as compared to AL rats, with Fas showing 
a >100% increase. Mr and Srebf1 24-h mean expression was down regulated during 6M feeding. 
The Resistin and Pparγ gene expression showed a significant Interaction effect. For Resistin this 
resulted from a significantly increased expression level at ZT14. The expression level of Pparγ 
was increased a little at both ZT8 and ZT20. 

According to the Circwave analysis, 9 of the 16 genes studied showed a significant daily rhythm 
(Acc2a, Cpt1b, Adiponectin, Visfatin, Gr, Mr, Lipin1, Pparα and Pparγ) (Table 5). Seven of 
these rhythmic genes lost their daily expression rhythm during 6M feeding. Only the Lipin1 and 
Pparγ expression rhythm was not changed in 6M rats. On the other hand, Resistin and Leptin 
gene expression showed a daily variation in 6M, but not in AL animals. 6M feeding thus caused 
the disappearance of daily rhythmicity in 7 out of 9 rhythmic genes (~78%). 

Effects of adrenalectomy on clock gene and metabolic/adipokine gene expression in eWAT 

In our previous paper we reported the effects of adrenalectomy on clock gene and 
metabolic/adipokine gene expression in eWAT (12)). In short, adrenalectomy did not remove 
clock gene rhythms in eWAT, but >80% of the metabolic/adipokine genes investigated in eWAT 
lost their rhythmicity. These results thus were very similar to those reported above for the effect 
of 6M feeding. We also showed that the average expression of Hsl, Gr and Mr was up-regulated 
and Leptin, Adiponection and Resistin was down regulated after bilateral adrenalectomy. 

Effects of 6-meals-a-day feeding combined with adrenalectomy on clock gene expression in 
eWAT 

The daily expression level of all 7 clock genes studied in eWAT of AL+Sham animals showed a 
significant effect of Time. However, this significant effect had disappeared in all 7 clock genes in 
the eWAT of 6M+ADX animals (Fig.4 and Table 3). Bmal1, Per1, Per2, Dbp and Reverbα 
showed a significant Interaction effect. For Per1 and Per2, this was due to the strong down-
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regulation at ZT14. For Reverbα this resulted from the increased expression levels at 2 time 
points and decreased expression levels at the other 2 time points. For Dbp the expression level 
significantly changed at 3 time points and for Bmal1 its expression level significantly decreased 
at ZT2 and increased at ZT14.  

Likewise, Circwave analysis indicated that the expression of all 7 clock genes studied showed a 
significant daily rhythm in AL+Sham animals (Table 6), which was lost in 6M+ADX animals. 
Therefore, 6M feeding combined with adrenalectomy resulted in the abolishment of all clock 
gene rhythms (100%) in eWAT. 
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Fig.3. The expression pattern of 16 metabolic/adipokine genes in animals on a 6-meals-a-day feeding 
schedule. Data are expressed as the mean ± SEM. mRNA values were normalized to HPRT. * p<0.05; ** 
p<0.01; *** p<0.001. White bars – AL animals (n=32), Dark grey bars – 6M animals (n=32). For 
ANOVA analysis see Table 1. For Circwave V1.4 analysis see Table 3. 
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Fig.4. The expression pattern of 7 clock genes in eWAT of animals on a 6-meals-a-day feeding schedule 
combined with adrenalectomy. Data are expressed as the mean ± SEM. mRNA values were normalized to 
HPRT. * p<0.05; ** p<0.01; *** p<0.001.  Striped white bars – AL+Sham animals (n=24), Black bars – 
6M+ ADX animals (n=24). For ANOVA analysis see Table 4. For Circwave V1.4 analysis see Table 5. 

 
For the 6M+ADX animals in principal several different kinds of control groups are possible, 
such as: ad libitum fed animals, ad libitum fed animals with a sham ADX operation, animals on 
only 6-meals-a-day feeding, ADX animals or 6-meals-a-day fed animals with a sham ADX 
operation. We choose for an ad libitum control group, as we did in the separate ADX (12) and 
6M experiment (above), in order to be able to indicate how much our experimental procedure 
would disturb normal rhythmicity. In this case, as in the ADX experiment (12), we added the 
ADX sham operation to control for the effect of anesthesia. Additional control groups we 
considered unnecessary as this would have increased the number of animals enormously and 
would have made it impossible to run all samples on one PCR plate. Moreover, additional 
comparisons can be extracted from the other experiments. For instance, in Fig.S2 and Fig.S3 we 
compared the effects of ADX, 6M and 6M+ADX on clock gene and metabolic gene expression 
rhythms. Fig.S2 clearly shows that clock gene rhythms have only disappeared in the 6M+ADX, 
but not in the separate 6M and ADX groups. 

Effects of 6-meals-a-day feeding combined with adrenalectomy on metabolic/adipokine 
gene expression in eWAT 
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We studied 16 metabolic/adipokine genes in the eWAT, and seven out of these 16 genes showed 
a significant effect of Time in their expression level in the AL+Sham animals (Fig.5 and Table 3). 
All of these 7 genes lost their significant Time effect during 6M feeding plus adrenalectomy, 
except for Pparγ. The Treatment effect indicated also a significant effect on the 24-h mean 
expression level of 9 genes. The average expression level of Pparα, Hsl, Acc2, Glut4, Srebf1, Gr 
and Mr was increased because of 6M feeding combined with adrenalectomy, whereas 
Adiponectin and Leptin 24-h mean expression levels were down-regulated in the 6M+ADX rats 
as compared to AL+Sham rats. Fas, Leptin, Resistin, Visfatin, Pparα and Pparγ showed a 
significant Interaction effect. For Fas this resulted from a significant decrease in its expression 
level at ZT2, and a slight increase at ZT8 and ZT20. For Leptin this was due to a strong decrease 
at all 4 time points. For Resistin the expression level was significantly up-regulated at ZT20 and 
slightly down-regulated at ZT2. Visfatin showed a significant increase at ZT2 and ZT8 and a 

 
Table 5 Effects of a 6-meals-a-day feeding combined with adrenalectomy on gene expression in 

eWAT 
 

Gene Treatment Time Time Interaction AL+Sham 6M+ADX 

Clock  
gene 

Bmal1 0.022 <0.001 <0.001 0.239 <0.001 
Cry1 0.418 0.041   0.028 0.815   0.116 
Cry2 0.028 0.078   0.042 0.605   0.518 
Per1 0.333 0.008 <0.001 0.293   0.012 
Per2 0.357 <0.001 <0.001 0.800 <0.001 

Reverb 0.317 <0.001 <0.001 0.220 <0.001 
Dbp 0.755 <0.001 <0.001 0.903 <0.001 

Metabolic 
/Adipokine 

 gene 

Fas 0.121 0.017 0.462 0.029 0.038 
Lpl 0.929 0.095 0.497 0.218 0.651 
Hsl <0.001 0.003 0.075 0.034 0.472 

Acc2a 0.028 0.416 0.080 0.262 0.066 
Glut4 0.007 0.049 0.129 0.086 0.116 
Srebf1 0.002 0.146 0.273 0.066 0.060 
Cpt1b 0.927 0.142 0.072 0.377 0.168 
Leptin <0.001 0.091 0.053 0.143 0.040 

Adiponectin <0.001 0.115 0.068 0.496 0.601 
Resistin 0.329 0.033 0.016 0.098 0.022 
Visfatin 0.749 <0.001 <0.001 0.490 <0.001 

Gr <0.001 0.066 0.028 0.905 0.501 
Mr <0.001 0.397 0.028 0.103 0.248 

Lipin1 0.763 0.059 0.017 0.397 0.763 
Pparα 0.031 0.178 0.038 0.104 0.020 
Pparγ 0.117 <0.001 <0.001 <0.001 <0.001 

   Columns 3-7 show significance levels for the effects of Treatment, Time and 
     Interaction. Results in 3-7 are presented as p value. Significant effects are in bold.  
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Table 6 Circwave V1.4 analysis of Experiment 2 clock gene expression rhythms in eWAT  
 

Gene Acrophase in ZT 
Difference of 
acrophases (vs 

AL+Sham) 
Amplitude% 

AL+Sham 6M+ADX 6M+ADX AL+Sham 6M+ADX 
Bmal1   0.88 ns — 199.47 — 
Cry1 20.73 ns — 128.46 — 
Cry2 15.95 ns —   36.85 — 
Per1 14.32 ns — 118.53 — 
Per2 15.43 ns — 158.28 — 

Reverbα   9.68 ns — 260.92 — 
Dbp 11.16 ns — 214.64 — 

         ns = not rhythmic according to Circwave 
 

 

significant decrease at ZT20. Pparα showed an increased expression level at ZT8, whereas Pparγ 
showed a significant increase at ZT2 and ZT8 and a significant decrease at ZT14. 

Using Circwave analysis, eleven out of the 16 metabolic/adipokine genes investigated presented 
a significant daily rhythm in AL+Sham animals (Hsl, Acc2, Cpt1b, Leptin, Resistin, Visfatin, Gr, 
Mr, Lipin, Pparα and Pparγ) (Table 7). All of these 11 rhythmic genes lost their daily expression 
rhythm after 6M feeding combined with adrenalectomy, except for Hsl. Therefore, 6M feeding 
combined with adrenalectomy caused the disappearance of daily rhythmicity in 10 out of the 11 
rhythmic genes (>90%). 

Discussion 

Feeding behavior and adrenal glucocorticoid hormones are considered important pathways for 
the central pacemaker in the hypothalamic SCN to synchronize daily rhythms in the periphery. In 
the present study, we found that clock genes in eWAT did not lose their daily rhythm, but most 
metabolic genes (>75%) did, when no clear day-night rhythm in feeding behavior is present. 
These data thus show that a pronounced day-night rhythm in food intake is not obligatory to 
maintain daily clock gene rhythms in eWAT. On the other hand, a clear day-night rhythm in food 
intake is important to drive daily rhythms of most metabolic genes. These findings are very 
similar to those of previous experiments investigating the importance of adrenal hormones for 
the maintenance of (clock) gene expression rhythms in eWAT, liver and bone (8,10-12), as 
disruption of this endocrine signal resulted in the disappearance of the rhythmicity of many 
metabolic genes, but not that of clock genes. Remarkably, in the present study we found that the 
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We studied 16 metabolic/adipokine genes in the eWAT, and seven out of these 16 genes showed 
a significant effect of Time in their expression level in the AL+Sham animals (Fig.5 and Table 3). 
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significant Interaction effect. For Fas this resulted from a significant decrease in its expression 
level at ZT2, and a slight increase at ZT8 and ZT20. For Leptin this was due to a strong decrease 
at all 4 time points. For Resistin the expression level was significantly up-regulated at ZT20 and 
slightly down-regulated at ZT2. Visfatin showed a significant increase at ZT2 and ZT8 and a 
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Table 6 Circwave V1.4 analysis of Experiment 2 clock gene expression rhythms in eWAT  
 

Gene Acrophase in ZT 
Difference of 

acrophases (vs 
AL+Sham) 

Amplitude% 

AL+Sham 6M+ADX 6M+ADX AL+Sham 6M+ADX 
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significant decrease at ZT20. Pparα showed an increased expression level at ZT8, whereas Pparγ 
showed a significant increase at ZT2 and ZT8 and a significant decrease at ZT14. 

Using Circwave analysis, eleven out of the 16 metabolic/adipokine genes investigated presented 
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rhythm after 6M feeding combined with adrenalectomy, except for Hsl. Therefore, 6M feeding 
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rhythmic genes (>90%). 

Discussion 
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the present study, we found that clock genes in eWAT did not lose their daily rhythm, but most 
metabolic genes (>75%) did, when no clear day-night rhythm in feeding behavior is present. 
These data thus show that a pronounced day-night rhythm in food intake is not obligatory to 
maintain daily clock gene rhythms in eWAT. On the other hand, a clear day-night rhythm in food 
intake is important to drive daily rhythms of most metabolic genes. These findings are very 
similar to those of previous experiments investigating the importance of adrenal hormones for 
the maintenance of (clock) gene expression rhythms in eWAT, liver and bone (8,10-12), as 
disruption of this endocrine signal resulted in the disappearance of the rhythmicity of many 
metabolic genes, but not that of clock genes. Remarkably, in the present study we found that the 
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Fig.5. The expression pattern of 16 metabolic/adipokine genes in animals on a 6-meals-a-day feeding 
schedule combined with adrenalectomy. Data are expressed as the mean ± SEM. mRNA values were 
normalized to HPRT. * p<0.05; ** p<0.01; *** p<0.001. Striped white bars – AL+Sham animals (n=24), 
Black bars – 6M+ADX animals (n=24). For ANOVA analysis see Table 4. For Circwave V1.4 analysis 
see Table 6. 
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Table 7 Circwave V1.4 analysis of Experiment 2 metabolic/adipokine gene expression rhythms 
in eWAT 

 

Gene Acrophase in ZT 
Difference of 
acrophases (vs 

AL+Sham) 
Amplitude% 

AL+Sham 6M+ ADX 6M+ADX AL+Sham 6M+ADX  
Fas ns ns — — — 
Lpl ns ns — — — 
Hsl 14.13 13.45 -0.68 29.74 30.80 

Acc2a 13.90 ns — 72.88 — 
Glut4 ns ns — — — 
Srebf1 ns ns — — — 
Cpt1b 10.09 ns — 28.96 — 
Leptin 20.39 ns — 31.35 — 

Adiponectin ns ns — — — 
Resistin 3.51 ns — 55.22 — 
Visfatin 17.53 ns — 91.40 — 

Gr 15.98 ns — 21.17 — 
Mr 8.77 ns — 36.03 — 

Lipin1 18.18 ns — 33.51 — 
Pparα 17.65 ns — 43.11 — 
Pparγ 14.39 ns — 55.24 — 

         ns = not rhythmic according to Circwave 
 
 

simultaneous disruption of both the adrenal hormone and feeding rhythm completely abolished 
all clock gene and most metabolic gene (>90%) rhythms in eWAT. Together, these data indicate 
that although peripheral clock genes can maintain their rhythmicity when there is no clear daily 
rhythm in feeding behavior or adrenal hormones, in eWAT at least one of these two signals 
needs to be present in order for clock gene rhythms to stay synchronized with the environmental 
day/night cycles.  

Several studies (3-5,18) have shown that restricted feeding (RF) leads to a shift of the daily 
rhythm in clock gene expression in peripheral organs, such as liver, heart, and kidney. 
Interestingly, in the present study we show that the daily rhythm of clock gene expression in 
eWAT is not disturbed on a 6-meals-a-day feeding regimen, i.e., in the absence of clear day-
night rhythm in food intake. These results are very much similar to those previously reported by 
Cailotto et al (23) for the liver and Kuroda et al (24) for liver, kidney and submandibular gland. 
In the well-known RF studies animals have access to food only during a certain (limited) amount 
of time and the peripheral gene expression rhythms are synchronized with these (restricted) 
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feeding periods, whether they occur in the dark phase or in the light phase. However, in both 
conditions animals still have a clear day/night rhythm in food intake. In our experiment, the rats 
received their food in portions equally distributed over the day and night, with no differences in 
the total amounts of food eaten during the light or dark period, which totally abolished their daily 
feeding rhythm. Surprisingly, without such a clear day/night rhythm in food intake, clock gene 
expression rhythms in eWAT (present study), liver (23,24), kidney and submandibular gland (24) 
do not disappear or shift. In addition, Kuroda et al (24) showed that also differing meal 
frequencies (6M, 4M, 3M or 2M) did not change the phase of clock in the liver, kidney and 
submandibular gland. Therefore, access to food at equal intervals throughout the light/dark cycle, 
which abolishes the daily feeding rhythm, does not reset peripheral clock rhythms. It is well 
known that information about light (and darkness) is very important to set the circadian clocks in 
the SCN and periphery (1,25-27). Recently, Ikeda et al (28) showed that the length of the light 
period during the light/dark cycle affects the acrophase of Per2 in kidney, liver and salivary 
gland under the 6-meals-a-day feeding schedule. Thus, without a clear day/night rhythm in food 
intake, the peripheral clock still can synchronize with the environmental light/dark cycle. 
Apparently the SCN is able to send the light/dark information also via other rhythmic signals and 
this is sufficient to maintain peripheral clock gene rhythms. Taking all these findings together, it 
is clear that feeding rhythms are strong and important signals for SCN to set the phase of 
peripheral clock gene rhythms, but that they are not indispensable. 

Many studies have shown that the corticosterone rhythm is very important for the SCN to 
synchronize the daily rhythms in the periphery (7,29,30). On the other hand, previous studies 
(10-12,31) also showed that adrenalectomy did not abolish the daily clock gene rhythms in liver, 
eWAT, kidney, lung and salivary gland. In the present study, the amplitude of the daily 
corticosterone rhythm was somewhat increased in the 6M animals, however, the amplitude of 
some clock gene expression rhythms was decreased. This indicates that next to the corticosterone 
rhythm also the daily feeding rhythm is an important factor to synchronize the daily rhythms of 
clock gene expression and a stimulatory effect of the higher corticosterone rhythm most likely is 
negated by the inhibitory effect of the absence of clear day/night rhythm in food intake. 
Therefore, the adrenal hormones are important but not indispensable for the SCN to drive daily 
rhythms in the periphery. 

Although it has been stated many times that the master clock in the SCN synchronizes the 
peripheral clocks to the environmental light/dark cycle via neural, humoral and/or behavioral 
connections and in many experiments this hypothesis has been tested by manipulating one of 
these synchronizing stimuli, only very few studies have tested this hypothesis by removing more 
than one stimulus simultaneously. In the earlier mentioned study of Cailotto et al. (23) daily 
clock gene expression in the rat liver was studied after removal of both the daily feeding rhythm 
and the neural connection between the SCN and the liver. In that experiment, the simultaneous 
removal of rhythmic feeding and neural inputs did not abolish clock gene rhythms in the liver. In 
another experiment, Vujovic et al. (32) studied the importance of neural inputs for Per1 
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rhythmicity in the rat submaxillary salivary gland. Surprisingly, restricted daytime feeding did 
not shift the daily Per1 rhythm in the submaxillary gland. However, after sympathetic 
denervation of the submaxillary gland the Per1 rhythm did shift 12 hours upon restricted day 
time feeding. Recently, Ikeda et al. (28) studied Per2 rhythms in mice liver, kidney and salivary 
gland after restricted 6-meals feeding combined with or without adrenalectomy. The restricted 6-
meals feeding caused a phase-advance of the peripheral Per2 rhythms. However, combining the 
6-meals feeding schedule with adrenalectomy removed the Per2 rhythms in liver and kidney, but 
not in the salivary gland. Thus these results are very comparable to our current results, showing 
that 6-meals feeding combined with adrenalectomy abolished daily clock gene rhythms in eWAT. 
Together these results show that indeed the central clock may use more than one output signal to 
synchronize peripheral clock gene rhythms. However, the combination of required signals may 
differ for each organ. In the kidney, eWAT and liver at least adrenal hormones or rhythmic 
feeding signals need to be present in order for clock gene rhythms to be maintained 
(10,12,28)(current study). In addition, clock gene rhythms in the liver do not seem to be 
dependent on rhythmic signals via the autonomic nerves (23). On the other hand, in the salivary 
gland sympathetic input is more important for the maintenance of clock gene rhythms than 
feeding rhythms (32). The importance of autonomic nervous inputs in the kidney and eWAT is 
not known yet. 

In addition to the 7 clock genes we studied 16 genes involved in adipocyte development and 
energy metabolism. In the 6M and 6M+ADX rats most rhythmic metabolic genes, >75% 
and >90%, respectively, lost their daily rhythmicity. These genes are mainly involved in fatty 
acid oxidation, adipogenesis and corticosterone and insulin signaling.  

CPT1b, ACC2, LEPTIN and PPARα are involved in fatty acid oxidation (33-36). All of these 
four genes lost their daily expression rhythm after 6M+ADX. In the 6M study, Cpt1b, Acc2 and 
Pparα gene expression lost their daily rhythmicity. Recently we showed that Cpt1b, Pparα and 
Leptin lost their daily expression rhythm after adrenalectomy (10,12). Therefore, both a daily 
feeding rhythm and adrenal hormones are important to sustain a daily rhythm in fatty acid 
oxidation. 

According to other studies in mice and rats, PPARα, PPARγ, LIPIN1 and MR are important for 
adipogenesis (34,37-40). All these genes lost their rhythmicity in the 6-meals-a-day feeding plus 
adrenalectomy condition. In this study, we found that Pparα and Mr expression also lost their 
daily rhythmicity when only a 6M feeding condition was imposed. In our previous study (10,12), 
the expression of Pparα, Pparγ, Mr and Lipin1 lost their daily rhythmicity because of 
adrenalectomy. Therefore, especially adrenal hormones but also a clear daily feeding rhythm is 
required to keep the daily rhythm of adipogenesis. 

VISFATIN has several functions and is produced by a variety of cells (41). VISFATIN can 
induce insulin production and secretion and improve insulin sensitivity. In this study, we found 
that Visfatin lost its daily rhythm in 6M+ADX and 6M rats. On the other hand, adrenalectomy 
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alone had no effect on the Visfatin rhythm (12). Recently, Salgado-Delgado et al (5) also found 
the daily rhythm of Visfatin to be absent under daytime feeding conditions. Together, these data 
indicate that a normal feeding rhythm is required to maintain a daily rhythm in Visfatin 
expression, which in turn may be important for the daily rhythm in insulin sensitivity. 

Corticosterone is an important factor in adipose tissue biology, with its action on the adipose 
tissue being mediated by the GR and MR (38,42). In our study, we found that both genes lost 
their daily expression rhythm in 6M and 6M+ADX rats. Also adrenalectomy alone has been 
shown to abolish Gr and Mr rhythms (10,12). Thus, both adrenal hormones and daily feeding 
rhythms are important to maintain a daily rhythm of corticosterone responsiveness in adipose 
tissue. 

In this study, we found that most genes that are important for adipose metabolism in eWAT lost 
their daily rhythm under 6-meals-a-day feeding conditions, but that the clock genes still kept 
their daily rhythmicity. This means that in the absence of a clear feeding rhythm peripheral clock 
genes, although rhythmic, were not able to sustain a daily rhythm in the metabolic genes we 
studied. Salgado et al (5) reported that also under their day-time feeding condition, metabolic 
gene rhythms in the liver were uncoupled from the clock gene rhythms. Also Bray et al (43) 
reported that daytime feeding resulted in a reversal of clock gene rhythms and a loss of metabolic 
gene rhythms in eWAT. Together these studies indicate that changes in the daily feeding rhythm 
(abolishment, reversal, advance or delay) can induce a dissociation of metabolic gene rhythms 
from that of clock gene rhythms. Recently, it was reported that VISFATIN is a key rate-limiting 
enzyme in the NAD+ salvage pathway. NAD+ activates SIRT1 that is involved in the control of 
metabolic processes (44), such as gluconeogenesis, lipid metabolism and insulin sensitivity. It 
has been shown that the circadian clock controls the daily rhythm of VISFATIN and NAD+ 
(45,46) and NAD+ regulates the rhythmicity of SIRT1 (47). In turn, SIRT1 sends a negative 
feedback to the clock genes PER2, CLOCK and BMAL1 (48-50). Thus, the interaction between 
the circadian clock and the VISFATIN/NAD+/SIRT pathway provides an important link between 
the circadian system and the metabolic system. Therefore, the arrhythmicity of Visfatin in rats on 
a 6-meals-a-day feeding schedule may be an important contributor to the dissociation of 
metabolic and clock gene rhythms in these rats.  

Many studies (51-54) have shown that feeding status, i.e., fed or fasted, has a strong effect on 
metabolic gene expression levels, such as Fas, Lpl and Glut4. In our study, the 6M animals were 
slightly food deprived, but clearly not fasted. Nevertheless, we found some metabolic gene mean 
expression levels to be profoundly affected by the 6M feeding schedule. The affected genes are 
mainly involved in lipogenesis and fatty acid oxidation. LPL hydrolyzes plasma TGs and 
provides the released fatty acids to the adipocytes for storage and re-esterification. GLUT4 is the 
most important glucose transporter in adipose tissue, FAS is an important enzyme in de novo 
lipogenesis, as it catalyzes the conversion of malonyl-CoA to palmitate and LIPIN1 is an 
important enzyme for TG synthesis. The average expression level of all these 4 genes was 
increased in 6M rats, indicating that regular feeding may increase substrate supply (fatty acid and 
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glucose) and turnover of TG in the adipose tissue. The 24h mean expression level of CPT1b, 
ADIPONECTIN and PPARα was also increased in 6M animals, indicating that also fatty acid 
oxidation rate in the 6M animals may be higher than in AL feeding rats. On the other hand, in the 
present study we did not find a clear change in the average expression level of genes involved in 
TG hydrolysis, thus we speculate that regular feeding causes an increased fatty acid oxidation 
and especially TG synthesis. Remarkably, in a previous study we found significantly increased 
plasma leptin levels in 6M animals (55). 

In the 6M+ADX animals the average expression level of 9 genes was changed and the affected 
genes are mainly involved in lipogenesis, lipolysis and fatty acid oxidation. Seven (Hsl, Gr, Mr, 
Glut4, Srebf1c, Acc2 and Pparα) of these 9 genes increased their average expression level after 
6M+ADX treatment, while the 24h mean expression level of Leptin and Adiponectin was 
decreased. In our previous ADX study, we found that the average expression level of Hsl, Gr and 
Mr was increased after adrenalectomy, whereas the 24h mean Leptin and Adiponectin expression 
levels were decreased also in ADX-only animals. In the 6M study, we found that the Glut4 and 
Pparα expression levels were increased because of the 6M feeding schedule. Therefore, in the 
6M+ADX animals adrenalectomy is most likely responsible for the changes in the Hsl, Gr, Mr, 
Leptin and Adiponectin expression level (5/9, ~56%). The 6-meals-a-day feeding schedule is 
responsible for the increase in Glut4 and Pparα expression levels (2/9, ~22%), whereas the 
changes in Srebf1c and Acc2 result from the interaction effect of 6M feeding and adrenalectomy. 
Together, we conclude that 1) the effect of 6M+ADX on metabolic gene expression levels are 
mainly due to the adrenalectomy, 2) adrenal hormones strongly regulate the expression level of 
Hsl, Gr, Mr, Leptin and Adiponectin, and 3) feeding behavior strongly regulates the expression 
level of Glut4 and Pparα.  

In this study, we found that a 6-meals-a-day feeding schedule combined with adrenalectomy 
abolished the clock gene rhythms in eWAT, but we did not investigate whether this abolishment 
might be due to an impaired SCN clock function. Recently, however, Ikeda et al (28) showed in 
mice that 6M+ADX treatment affected clock gene rhythms in the periphery without affecting the 
SCN clock. Therefore, we assume that also in the current rat study the effect of 6M feeding 
combined with adrenalectomy on peripheral clocks is not due to changes in the SCN clock. 

Total food intake of 6M rats was relatively low, only ~80% compared to that of AL animals. 
This means that 6M animals are under mild caloric restriction (CR) conditions. Some studies 
(56-58) used the αMUPA (murine urokinase-like plasminogen activator (MUPA)) transgenic 
mice, that exhibit similarities to CR animals (such as reduced food intake, serum IGF-1 and 
glucose levels and enhanced apoptosis capacity in the liver), as a model to check the effect of CR 
on daily clock gene and clock gene-controlled rhythms under AL feeding conditions. They found 
that mPer1, mPer2, mCry1 and mClock exhibited higher levels in CR animals than in normal 
caloric intake animals. Also the amplitude of daily mPer1and mPer2 rhythms was higher in these 
animals. They also studied the daily rhythm of two outputs of the clock system: body 
temperature and feeding rhythm. They found the CR resulted in a higher amplitude of daily 
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Glut4, Srebf1c, Acc2 and Pparα) of these 9 genes increased their average expression level after 
6M+ADX treatment, while the 24h mean expression level of Leptin and Adiponectin was 
decreased. In our previous ADX study, we found that the average expression level of Hsl, Gr and 
Mr was increased after adrenalectomy, whereas the 24h mean Leptin and Adiponectin expression 
levels were decreased also in ADX-only animals. In the 6M study, we found that the Glut4 and 
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Together, we conclude that 1) the effect of 6M+ADX on metabolic gene expression levels are 
mainly due to the adrenalectomy, 2) adrenal hormones strongly regulate the expression level of 
Hsl, Gr, Mr, Leptin and Adiponectin, and 3) feeding behavior strongly regulates the expression 
level of Glut4 and Pparα.  

In this study, we found that a 6-meals-a-day feeding schedule combined with adrenalectomy 
abolished the clock gene rhythms in eWAT, but we did not investigate whether this abolishment 
might be due to an impaired SCN clock function. Recently, however, Ikeda et al (28) showed in 
mice that 6M+ADX treatment affected clock gene rhythms in the periphery without affecting the 
SCN clock. Therefore, we assume that also in the current rat study the effect of 6M feeding 
combined with adrenalectomy on peripheral clocks is not due to changes in the SCN clock. 

Total food intake of 6M rats was relatively low, only ~80% compared to that of AL animals. 
This means that 6M animals are under mild caloric restriction (CR) conditions. Some studies 
(56-58) used the αMUPA (murine urokinase-like plasminogen activator (MUPA)) transgenic 
mice, that exhibit similarities to CR animals (such as reduced food intake, serum IGF-1 and 
glucose levels and enhanced apoptosis capacity in the liver), as a model to check the effect of CR 
on daily clock gene and clock gene-controlled rhythms under AL feeding conditions. They found 
that mPer1, mPer2, mCry1 and mClock exhibited higher levels in CR animals than in normal 
caloric intake animals. Also the amplitude of daily mPer1and mPer2 rhythms was higher in these 
animals. They also studied the daily rhythm of two outputs of the clock system: body 
temperature and feeding rhythm. They found the CR resulted in a higher amplitude of daily 
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rhythms in feeding and body temperature as well. Therefore, CR seems to result in more 
pronounced and synchronized biological rhythms under AL feeding conditions.  Froy et al (56) 
found that the biological clock of αMUPA animals was shifted, when they were only allowed 
access to food at the end of night (ZT21-ZT24).  Froy et al. (58)  also used the αMUPA mice as a 
model to check the combined effects of restricted feeding (daytime feeding) and CR (RFCR) on 
biological rhythms. They found that the amplitude of clock gene expression in the RFCR mice 
was not changed compared to the AL control CR mice, but the acrophase of clock gene 
expression in the RFCR mice was shifted. This shift was the same as that in restricted feeding 
mice. Therefore the CR also did not affect the amplitude of clock gene expression when feeding 
rhythm is shifted. According to the above studies, we assume that the effects of 6M+ADX on 
clock gene expression rhythms in eWAT are not due to caloric restriction.  

In summary, in this study we found that >75% of the genes that are important for adipose 
metabolism in eWAT lost their daily rhythm when confronted with a 6-meals-a-day feeding 
schedule, but that clock genes maintained their daily rhythmicity. Previously, we found similar 
results in eWAT after adrenalectomy (10,12). These results indicate that similar to corticosterone 
also the daily feeding rhythm is required for the maintenance of daily metabolic gene, but not 
clock gene, rhythms in eWAT.  In this study, we also investigated the effect of a combination of 
adrenalectomy and 6-meals-a-day feeding on clock gene expression. We found that all daily 
clock gene rhythms were abolished in the 6M+ADX rats. This indicates that the peripheral 
rhythms in eWAT cannot be synchronized with the environmental day/night cycle anymore 
when a hormonal and a behavioral entraining pathway are disrupted simultaneously.  

In the present study, we checked the effect of 6M and 6M+ADX on the daily mRNA expression 
rhythms of clock genes and metabolic genes, but we did not investigate the metabolic and 
physiological consequences. In 6M+ADX animals, we found that all clock genes and most of the 
metabolic genes lost their daily rhythmicity. If indeed the disappearance of rhythms in clock 
gene and metabolic gene expression also results in the disappearance of rhythms in protein 
abundance, according to the chronodisruption or de-synchronization hypothesis it is to be 
expected that in the end this will result in negative results for physical and metabolic health.   

Overall, we conclude that 1) clock gene rhythms in eWAT do not depend solely on adrenal 
hormones or the daily feeding rhythm to be synchronized with the environmental light/dark cycle, 
but at least one of these two signals should be present in order for eWAT clock gene rhythms to 
be maintained, 2) both adrenal hormones and feeding rhythms are required to sustain metabolic 
gene rhythms in eWAT. 
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Supplemental data 
 

 

Fig.S1. Effects of 6M feeding and 6M feeding combined with adrenalectomy on plasma corticosterone, 
insulin and triglyceride concentrations. Results are presented as mean ± SEM.   * p<0.05; ** p<0.01; *** 
p<0.001. White bars – AL animals (n=32), Dark grey bars – 6M animals (n=32), Striped white bars – 
AL+Sham animals (n=24), Black bars – 6M+ADX animals (n=24). 
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Fig.S2. Expression pattern of 7 clock genes in eWAT of animals that were adrenalectomized, on a 6-
meals-a-day feeding schedule, or on a 6-meals-a-day feeding schedule combined with adrenalectomy. 
Data are expressed as the mean ± SEM. mRNA values were normalized to HPRT and then divided by the 
average levels at ZT14 of their own group.  Dark grey bars – 6M animals (n=32), Light grey bars – ADX 
animals (n=25), Black bars – 6M + ADX (n=24).  
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Fig.S3. Expression pattern of 16 metabolic/adipokine genes in eWAT of animals that were 
adrenalectomized, on a 6-meals-a-day feeding schedule, or on a 6-meals-a-day feeding schedule 
combined with adrenalectomy. Data are expressed as the mean ± SEM. mRNA values were normalized to 
HPRT and then divided by the average levels of their own group at ZT14.  Dark grey bars – 6M animals 
(n=32), Light grey bars – ADX animals (n=25), Black bars – 6M + ADX (n=24). 
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Abstract 

The master clock in the hypothalamic suprachiasmatic nucleus (SCN) is assumed to distribute 
rhythmic information to the periphery via neural, humoral and/or behavioral connections. Until 
now, feeding, corticosterone and neural inputs are considered important signals for 
synchronizing daily rhythms in the liver. In this study, we investigated the necessity of neural 
inputs as well as of the feeding and adrenal hormone rhythms for maintaining daily hepatic clock 
gene rhythms. Clock genes kept their daily rhythm when only one of these three signals was 
disrupted, or when we disrupted hepatic neuronal inputs together with the adrenal hormone 
rhythm or with the daily feeding rhythm. However, all clock genes studied lost their daily 
expression rhythm after simultaneous disruption of the feeding and adrenal hormone rhythm. 
These data indicate that either a daily rhythm of feeding or adrenal hormones should be present 
to synchronize clock gene rhythms in the liver with the SCN. 
 
Keyword:  Circadian, feeding, adrenalectomy, denervation, clock genes, liver 
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Introduction 

The daily cycle of light and darkness is an important signal for mammals to synchronize their 
behavioral and physiological rhythms with the environment they are living in. Therefore, 
mammals have developed a circadian timing system that enables them to adjust their activity to 
the environmental L/D cycle. In mammals this circadian timing system consists of two main 
components: 1) the central master clock, located in the suprachiasmatic nucleus of the 
hypothalamus (SCN) and 2) peripheral clocks, which are found in most organs and tissues (1,2). 
Within individual cells the circadian clock system is driven by two interlocking, regulatory 
feedback loops. This core loop consists of 7 main clock genes. Clock and Bmal1 (brain and 
muscle aryl hydrocarbon receptor nuclear translocator (ARNT)–like) form the positive limb, and 
Per1/2/3 (period1/2/3) and Cry1/2 (cryptochrome 1/2) form the negative limb. The other, 
accessory loop, consists of Bmal1, Rev-erb and Ror (retinoic acid–related orphan receptor). The 
interaction between the core loop and the accessory loop results in gene expression rhythms with 
a period of about 24 hours (i.e., circadian) (3-6). The SCN uses environmental light information 
to adjust its circadian rhythm to the exact 24-hour period of the environment. Many studies have 
shown that also the peripheral clocks show daily rhythms, but the coherency of these rhythms 
seems to depend strongly on the SCN as some studies showed that peripheral tissues lost their 
daily rhythmicity after an SCN lesion (1,2,7,8). However, more recent studies (9-12) showed that 
the peripheral clock genes may maintain their daily rhythmicity, although with a different 
amplitude, after an SCN lesion. These findings indicate that the rhythms of peripheral clocks 
apparently can also be synchronized with the environmental day/night changes through extra-
SCN pathways. Nevertheless, the accepted view is that this synchronization occurs via hormonal 
rhythms, neural connections and/or behavioural rhythms, such as feeding and body temperature 
(13,14).  

For the liver, Terazono et al (15) showed that electrical stimulation of the sympathetic nerves as 
well as injections of (nor)adrenalin and 6-hydroxydopamine (6-OHDA) modulated the daily 
rhythm of hepatic Per1 and Per2 expression, indicating that sympathetic nervous activity is 
involved in maintaining daily Per1 and Per2 gene expression rhythms in the liver. Balsalobre et 
al (16) showed that the daily rhythm of albumin D-box binding protein (Dbp) expression was 
delayed for 3~4 hours after injecting the glucocorticoid agonist dexamethasone, indicating that 
also the adrenal hormone corticosterone is involved in modulating daily clock gene expression 
rhythms in the liver. Finally, several studies (17-19) have shown that also restricted feeding can 
reset the daily rhythm of clock gene expression in the liver, indicating the daily feeding rhythm 
as another important signal for entraining clock gene rhythms in the liver. 

In order to get a further understanding of the relative importance of these different SCN outputs 
in the synchronization of daily clock gene rhythms in the liver, we investigated the separate 
effects of 6-meals-a-day feeding (this feeding schedule effectively removes the day/night rhythm 
in food intake (20)), total hepatic denervation, and adrenalectomy, as well as the combined 
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effects of each of the three possible combinations of two of these outputs, on daily gene 
expression rhythms in the liver. Our results show that the daily rhythm of clock genes was only 
lost in the animals subjected to the combination of 6-meals-a-day feeding and adrenalectomy. In 
all other experimental conditions tested, the animals still kept daily clock gene expression rhythmicity. 

Materials and Methods 

Animals 

All experiments were performed with adult male Wistar rats (Charles River, Germany). Animals 
were kept in the animal facility with a 12h light/12h dark cycle (lights on at 7:00) under constant 
conditions of temperature (21±2ºC) and humidity (60±5%). Water was available ad libitum (AL) 
during the whole experiment. All experiments were approved by the animal care committee of 
the Royal Netherlands Academy of Arts and Science. 

Six-meals-a-day feeding regimen 

Food pellets were available in metal food hoppers, which were attached in front of the perspex 
cages. Rats could gnaw off pieces of food through vertical stainless steel bars situated in front of 
the food hopper. Access to food could be prevented by a sliding door situated in front of the food 
hopper. Door opening and closing were activated by an electrical motor and controlled by a 
clock. Rats were entrained to a feeding schedule consisting of six meals spread equally over the 
light/ dark cycle (20). Food was available every 4 hours for 12 and 11 minutes during day-time 
and night-time meals, respectively. The hopper could be taken off from the cage for weighing so 
that the amount of food consumed during the day and night could be measured daily. When 
animals consumed the same amount of food during day and night, adaptation to the feeding 
schedule was considered completed.  

Surgical procedures 

General procedure 

Rats were anesthetized with 0.08 ml/100g body weight (BW) i.m. Hypnorm (Janssen 
Pharmaceutica, Beerse, Belgium) and 0.04 ml/100g BW s.c. Dormicum (Roche, Almere, the 
Netherlands). During surgery, the abdominal cavity was bathed regular with saline to keep the 
viscera wet. Post-operative care was provided by subcutaneous injection of the painkiller 
Buprecare after the operation. 

Total hepatic denervation  

Hepatic sympathectomy and parasympathectomy was performed as previously described (21). 
For hepatic For hepatic sympathectomy, a laparotomy was performed in the midline. The liver 
lobes were gently pushed up, and ligaments around the liver lobes were severed to free the bile 
duct and portal vein complex, which were isolated from each other. At the level of the hepatic 
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portal vein, the hepatic artery divides into the hepatic artery proper and the gastroduodenal artery. 
This cleavage occurs on the ventral surface of the portal vein. At this point, the arteries were 
separated via blunt dissection from the portal vein. Nerve bundles running along the hepatic 
artery proper were removed using microsurgical instruments under an operating microscope 
(25×magnification). Any connective tissue attachments between the hepatic artery and portal 
vein were also broken, eliminating any possible nerve crossings. This sympathetic denervation 
involves an impairment of both efferent and afferent nerves. For hepatic parasympathectomy, the 
fascia containing the hepatic branch of the vagus nerve were stretched by gently moving the 
stomach and the esophagus. With the aid of a binocular-operating microscope, the neural tissue 
was transected between the ventral vagus trunk and liver. Also, small branches running in the 
fascia between the stomach and the liver were transected.  

Adrenalectomy 

Adrenalectomy was performed as previously described. In short, in the left and right side a skin 
incision 2-3 cm long was made just caudal to the rib. A small cut was made through the muscle 
layer after skin incision. Cotton swabs were inserted through the incision into the peritoneal 
cavity and used to move the organs and tissue to locate the adrenal gland. Once the gland was 
located, two forceps were inserted into the peritoneal cavity and used to grasp the peri-adrenal fat 
and exteriorized. The vessels at the base of the adrenal gland were clamped with both forceps. 
The forceps were then used to tear away the gland and its surrounding tissue. The tissue stump 
was then returned into the abdomen. 

Total hepatic denervation plus Adrenalectomy 

The procedure of total hepatic denervation and adrenalectomy was the same as described above. 
The animals were subjected to these two surgeries at the same time. 

Experimental set-up 

Experiment 1: Effects of a six-meals-day feeding schedule on clock gene expression in the 
liver 

Animals (n=64) were housed in separate cages, 32 animals were entrained to a six-meal feeding 
schedule (6M group). Rats needed ~10 days to adapt to the six-meal feeding schedule. For the 
other 32 single-housed rats, food was available ad libitum (AL group). Three weeks after 
adaptation, animals were sacrificed at 4 time points (ZT2, ZT8, ZT14 and ZT20; ZT0 being the 
time of lights on). 

Experiment 2: Effects of adrenalectomy and hepatic denervation on clock gene expression in 
the liver 

Animals (n=60) were divided into three groups: the first group was adrenalectomized (ADX 
group) (n=20), the second group received a total hepatic denervation (HTx group) (n=20) and the 
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located, two forceps were inserted into the peritoneal cavity and used to grasp the peri-adrenal fat 
and exteriorized. The vessels at the base of the adrenal gland were clamped with both forceps. 
The forceps were then used to tear away the gland and its surrounding tissue. The tissue stump 
was then returned into the abdomen. 

Total hepatic denervation plus Adrenalectomy 

The procedure of total hepatic denervation and adrenalectomy was the same as described above. 
The animals were subjected to these two surgeries at the same time. 

Experimental set-up 

Experiment 1: Effects of a six-meals-day feeding schedule on clock gene expression in the 
liver 

Animals (n=64) were housed in separate cages, 32 animals were entrained to a six-meal feeding 
schedule (6M group). Rats needed ~10 days to adapt to the six-meal feeding schedule. For the 
other 32 single-housed rats, food was available ad libitum (AL group). Three weeks after 
adaptation, animals were sacrificed at 4 time points (ZT2, ZT8, ZT14 and ZT20; ZT0 being the 
time of lights on). 

Experiment 2: Effects of adrenalectomy and hepatic denervation on clock gene expression in 
the liver 

Animals (n=60) were divided into three groups: the first group was adrenalectomized (ADX 
group) (n=20), the second group received a total hepatic denervation (HTx group) (n=20) and the 
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third group was ADX/HTx-sham-operated (n=20). Separate bottles with water and saline 
solution (0.9%NaCl) were provided ad libitum to the rats after surgery. After four post-operative 
weeks, animals were sacrificed every six hours along the L/D cycle (ZT2, ZT8, ZT14 and ZT20). 

Experiment 3: Effects of total hepatic denervation combined with adrenalectomy on clock 
gene expression in the liver  

Rats were divided into two groups: one that received a total hepatic denervation plus 
adrenalectomy (HTx+ADX group) (n=40) and the other one that was HTx-Sham+ADX-Sham-
operated (n=25). Separate bottles with water and saline solution (0.9% NaCl) were provided ad 
libitum to the rats after surgery. Four weeks after surgery, animals were sacrificed every 6 hours 
along the L/D cycle at ZT2, ZT8, ZT14 and ZT20.  

Experiment 4: Effects of total hepatic denervation combined with 6-meals-a-day feeding on 
hepatic clock gene expression rhythms 

Rats (n=84) were housed in separate cages, 42 animals were entrained to a 6-meals-a-day 
feeding schedule, similar to the 6M group described above. For another 42 rats, food was 
available AL. After 10 days adaptation, rats on the 6-meals-a-day feeding schedule received a 
total hepatic denervation surgery (HTx+6M group). At the same time the 42 AL fed rats also 
received the HTx surgery (HTx+AL group). After two post-surgery weeks, animals were 
sacrificed every 4 hours along the L/D cycle at ZT2, ZT6, ZT10, ZT14, ZT18 and ZT22. 

Experiment 5: Effects of adrenalectomy combined with 6-meals-a-day feeding on hepatic 
clock gene expression rhythms 

Animals (n=56) were housed in separate cages, 32 animals were entrained to a 6-meals-a-day 
feeding schedule, similar to the 6M group described above. For another 24 rats, food was 
available AL. After 10 days the 32 rats on the 6-meals-a-day feeding schedule received an 
adrenalectomy (ADX) surgery (6M+ADX group). At the same day the 24 AL fed rats received a 
sham adrenalectomy surgery (AL+ADX-Sham-operated group). Separate bottles with water and 
saline solution (0.9%NaCl) were provided ad libitum to the 6M+ADX rats after surgery. Four 
weeks after surgery, rats were sacrificed every 6 hours along the L/D cycle at ZT2, ZT8, ZT14 
and ZT20. 

End of the experiments 

Animals were sacrificed by decapitation. Trunk blood and pieces of liver were collected and 
stored at -80 ºC until analysis. 

Plasma measurements 

Plasma corticosterone concentrations were measured in duplicate by a radioimmunoassay kit 
(ICN biomedical, Costa Mesa, CA). Plasma corticosterone concentrations in ADX rats above 5 
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ng/ml (the detection limit of the assay) were considered to represent an incomplete 
adrenalectomy.   

RNA extraction and cDNA synthesis 

Liver was homogenized by T10 basic UL TRA-TURRAX® homogenizer (IKA, Germay) with 
TRIzol (QIAGEN) and total RNA was isolated with Trizol protocol. RNA was purified by 
NucleoSpin® RNAII Kit (Macherey-Nagel) and included a DNase step according to the 
manufacturer’s instructions. 

RNA was reverse transcribed using Transcriptor First cDNA Synthesis Kit (Roche) with oligo-
dT primers (30min at 55 ºC, 5min at 85 ºC). Additional reverse transcriptase minus (-RT) 
controls were run to check genomic DNA contamination. 

Real-Time PCR (RT-PCR) 

Gene expression was measured by quantitative RT-PCR using the following reaction system: 2 
μl cDNA was incubated in a final volume of 10 μl reaction containing 1×SensiFAST SYBR NO-
ROX Mix and 25 ng of each primer (forward and reverse). Quantitative RT-PCR (qRT-PCR) 
was performed in Lightcycler®480 (Roche), the information of primers for each gene is 
represented in Table 1. The relative amount of each gene in the liver was normalized against the 
geometric mean of two housekeeping genes (for the 6M and 6M+ADX experiments, TATA box 
binding protein (Tbp) and Glyceraldehyde 3-phosphate dehydrogenase (Gapdh); for the ADX 
and HTx experiments, ribosomal protein, large, P0, (Rplp0) and 18S ribosomal RNA (18S rRNA) 
and for the HTx+ADX experiments, Tbp and histone H1 (H1)). 

 

Table 1 Information on gene primers 

Gene Forward Primer Reverse Primer 
Bmal1 CCGATGACGAACTGAAACACCT TGCAGTGTCCGAGGAAGATAGC 
Per1 CGCACTTCGGGAGCTCAAACTTC GTCCATGGCACAGGGCTCACC 
Per2 CACCCTGAAAAGAAAGTGCGA CAACGCCAAGGAGCTCAAGT 
Cry1 AAGTCATCGTGCGCATTTCA TCATCATGGTCGTCGGACAGA 
Cry2 TGGATAAGCACT TGGAACGGAA TGTACAAGTCCCACAGGCGGTA 
Dbp CCTTTGAACCTGATCCGGCT TGCCTTCTTCATGATTGGCTG 

Rev-erbα ACAGCTGACACCACCCAGATC CATGGGCATAGGTGAAGATTTCT 
Gapdh TGAACGGGAAGCTCACTGG TCCACCACCCTG TTG CTGTA 

Tbp TTCGTGCCAGAAATGCTGAA TGCACACCATTTTCCCAGAAC 
H1 GAACGCCGACTCCCAGATC CCCCTTTGGTTTGCTTGAGA 

Rplp0 GTGCTGGACATCACAGAGCA AGACAAAGCCAGGACCCTTT 
18S rRNA CTCTTCCACAGGAGGCCTACACG TGGCCAGAACCTGGCTATACTTCC 
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Statistical analysis 

Statistical analysis was performed using SPSS version 19.0. First a two way ANOVA was 
performed to detect the effects of Time (4 levels: ZT2, ZT8, ZT14 and ZT20), Treatment (control 
vs treatment groups) or Interaction. Post-hoc analysis was performed using one-way ANOVAs 
to analyze the effect of Time in the single treatment groups. Independent t-tests were used to 
analyze the significance of the Treatment effect on certain time points. P values were considered 
statistically significant at p<0.05. In addition, data were analyzed using the Circwave 1.4 
software to test the daily rhythmicity of gene expression. P values reported are the result of the 
F-test, and the 24h rhythm was confirmed if p<0.05.  

Results  

Experiment 1: Effects of six-meal feeding schedule on clock gene expression in the liver 

One way ANOVA showed a significant effect of Time for all clock genes studied in both AL and 
6M animals (Figs. 1 & 2 and Table S1). The 24h mean mRNA expression levels of Bmal1 and 
Cry1 were decreased in 6M as compared to AL rats. Interaction (Time × Treatment) showed a 
significant effect on Per2, Cry1 and Rev-erbα expression. For Per2, a significant increase at ZT8 
and a significant decrease at ZT14 were apparent in the 6M animals. For Cry1, the expression 
levels significantly decreased at ZT2, ZT14 and ZT20 in 6M rats. For Rev-erbα, the expression 
levels were decreased at ZT8 and increased at ZT20 for rats under the 6-meal feeding schedule.  

Circwave analysis showed very similar results, i.e., the expression pattern of all 6 clock genes 
presented a significant daily rhythm in AL animals, and these clock genes were still rhythmic in 
6M rats. However, for all clock genes, the amplitude of the daily expression rhythm was 
decreased >10% under 6M conditions (Table S6).  

Experiment 2: Effects of adrenalectomy and total hepatic denervation on clock gene 
expression in the liver 

1. Effects of adrenalectomy on clock gene expression in the liver 

Two out of the 20 ADX animals died shortly after surgery. Plasma corticosterone was ≥5 ng/ml 
in 1 ADX animal, therefore this animal was excluded from further analysis. The daily expression 
level of all 6 clock genes studied showed a significant effect of Time in livers of Sham-operated 
and ADX animals (Figs. 1 & 2 and Table S2). The 24h mean mRNA expression levels of Per1 
and Cry1 were decreased in ADX rats. Per1 and Rev-erbα showed a significant Interaction effect. 
For Per1, the expression levels were significant decreased at ZT14 and ZT20 in ADX rats. For 
Rev-erbα, a significantly increased expression level at ZT2 and a significantly decreased 
expression level at ZT14 were observed in the ADX animals. 
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Likewise, Circwave analysis indicated that the expression of all 6 clock genes studied showed a 
significant daily rhythm in Sham-operated and ADX animals. In ADX animals, the amplitude of 
the daily expression rhythm was decreased profoundly (~75%) for Per1 (Table S6).  

 

 

Fig.1. The expression pattern of Bmal1, Per1 and Per2 in the liver of animals that were on a 6-meals-a-
day feeding schedule (6M), adrenalectomized (ADX),  total hepatic denervated (HTx), total hepatic 
denervated with adrenalectomy (HTx+ADX) or on a 6-meals-a-day feeding schedule combined with 
adrenalectomy (6M+ADX). mRNA values were normalized to housekeeping genes. Tbp and Gapdh were 
used as housekeeping genes for 6M and 6M+ADX; Rplp0 and 18SrRNA were used as housekeeping 
genes for ADX and HTx; and Tbp and H1 were used as housekeeping genes for HTx+ADX. * p<0.05; ** 
p<0.01; *** p<0.001. Open circles – data points of control group (AL, ADX-Sham-operated, HTx-Sham-
operated, HTx+ADX-Sham-operated or AL+ADX-Sham-operated).  Solid line – Circwave calculated 
curve for control group. Solid circles – data points of experimental group (6M, ADX, HTx, HTx+ADX or 
6M+ADX). Dashed line – Circwave calculated curve for experimental group. For ANOVA analysis see 
Tables S1 – S5. For Circwave V1.4 analysis see Tables S6. 

 
2. Effects of total hepatic denervation on clock gene expression in the liver 
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Likewise, Circwave analysis indicated that the expression of all 6 clock genes studied showed a 
significant daily rhythm in Sham-operated and ADX animals. In ADX animals, the amplitude of 
the daily expression rhythm was decreased profoundly (~75%) for Per1 (Table S6).  
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Time showed significant effects for all clock genes studied in both Sham-operated and HTx 
animals (Figs. 1 & 2 and Table S3). The 24h mean mRNA expression level of Per1 was 
increased in HTx as compared to Sham-operated rats.  

Analysis according to the Circwave method produced very similar results, i.e., the expression of 
all 6 clock genes studied showed a significant daily rhythm in Sham-operated and HTx animals. 
In HTx animals, the amplitude of the daily expression rhythm was increased ~45% for Per2. 
(Table S6).  

Experiment 3: Effects of total hepatic denervation combined with adrenalectomy on clock 
gene expression in the liver 

One of 40 HTx+ADX animals died shortly after surgery. Plasma corticosterone concentration 
was ≥5 ng/ml in 1 HTx+ADX, therefore this animal was excluded from further analysis. Time 
showed a significant effect for all clock genes studied in both HTx-Sham+ADX-Sham-operated 
and HTx+ADX animals (Figs. 1 & 2 and Table S4). The average expression level of Per1, Per2 
and Cry1 was decreased in HTx+ADX animals, especially Per1 showed a profound drop. A 
significant Interaction effect was detected for four genes studied: Per1, Per2, Cry1 and Rev-erbα. 
Indeed, the expression levels of Per1 and Cry1 displayed lower values in the HTx+ADX than in 
the Sham-operated animals at ZT2 and ZT20. For Per2, the expression level was decreased at 
ZT20 in HTx+ADX animals resulting in a significant Interaction effect. Rev-erbα showed higher 
expression levels at ZT2 and ZT20 in HTx+ADX animals. 

Circwave analysis indicated that the expression pattern of all clock genes studied showed a 
significant daily rhythm in the HTx+ADX and HTx-Sham+ADX-Sham-operated group. The 
amplitude of the daily gene expression rhythm of Per1 was decreased by >80%, whereas for 
Per2 and Cry1, it was decreased ~30% (Table S6).  

Experiment 4: Effects of total hepatic denervation combined with 6-meals-a-day feeding on 
hepatic clock gene expression rhythms 

All 5 clock genes studied in that experiment (Per1, Per2, Per3, Cry1 & Dbp) showed significant 
rhythms in both the HTx+AL and HTx+6M animals (Fig.S1). Only Per1 showed a reduction in 
amplitude in the HTx+6M animals, whereas the amplitude of the Per2 rhythm was slightly 
increased in this group. 

Experiment 5: Effects of adrenalectomy combined with 6-meals-a-day feeding on clock gene 
expression rhythms in the liver 

In 7 ADX+6M rats the plasma corticosterone concentration was ≥5 ng/ml, these animals were 
excluded from further analysis resulting in ZT2 (n=5), ZT8 (n=7), ZT14 (n=5) and ZT20 (n=7) 
remaining animals in the different groups. As expected a significant Time effect was found in the 
AL+ADX-Sham-operated rats for all clock genes studied. However, this significant effect had 
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disappeared in all 6 clock genes in the liver of 6M+ADX animals (Figs. 1 & 2 and Table S5). 
The 24h mean mRNA expression levels of Per1 and Cry1 were decreased in 6M+ADX as 
compared to AL+ADX-Sham-operated rats. All clock genes showed a significant Interaction 
effect.  

Analysis according to the Circwave method produced very similar results, i.e., the expression 
pattern of all 6 clock genes studied presented a significant daily rhythm in AL+ADX-Sham- 

 

 

Fig.2. The expression pattern of Cry1, Dbp and Rev-erbα in the liver of animals that were on a 6-meals-a-
day feeding schedule (6M), adrenalectomized (ADX),  total hepatic denervated (HTx), total hepatic 
denervated with adrenalectomy (HTx+ADX) or on a 6-meals-a-day feeding schedule combined with 
adrenalectomy (6M+ADX). mRNA values were normalized to housekeeping genes. Tbp and Gapdh were 
used as housekeeping genes for 6M and 6M+ADX; Rplp0 and 18SrRNA were used as housekeeping 
genes for ADX and HTx; and Tbp and H1 were used as housekeeping genes for HTx+ADX. * p<0.05; ** 
p<0.01; *** p<0.001. Open circles – data points control group (AL, ADX-Sham-operated, HTx-Sham-
operated, HTx+ADX-Sham-operated or AL+ADX-Sham-operated). Solid line – Circwave calculated 
curve for control group. Solid circles – data points of experimental group (6M, ADX, HTx, HTx+ADX or 
6M+ADX). Dashed line – Circwave calculated curve for experimental group. For ANOVA analysis see 
Tables S1 – S5. For Circwave V1.4 analysis see Tables S6. 
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genes for ADX and HTx; and Tbp and H1 were used as housekeeping genes for HTx+ADX. * p<0.05; ** 
p<0.01; *** p<0.001. Open circles – data points control group (AL, ADX-Sham-operated, HTx-Sham-
operated, HTx+ADX-Sham-operated or AL+ADX-Sham-operated). Solid line – Circwave calculated 
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operated animals and all these clock genes had lost their daily expression rhythms in 6M+ADX 
rats. Therefore, 6M feeding combined with adrenalectomy resulted in the abolishment of all 
clock gene rhythms (100%) in the liver (Table S6). 

Discussion 

The daily feeding rhythm, adrenal glucocorticoids and the autonomic nervous system are 
considered as important output pathways to synchronize daily rhythms in the periphery. Indeed, 
in the present study, we found that clock genes in the liver lost their daily rhythmicity after 
simultaneous disruption of the adrenal hormone and feeding rhythms. However, we also found 
that clock genes in the liver still showed a significant daily rhythm in their expression when only 
one of these signals (adrenal hormones, feeding rhythm or neuronal connection) was removed, or 
when we disrupted hepatic neuronal inputs together with the adrenal hormone rhythms or 
together with the daily feeding rhythm. These data thus demonstrate that although peripheral 
clock genes in the liver can maintain their daily rhythmicity without an intact autonomic hepatic 
input, either a clear daily rhythm in feeding activity or adrenal hormones needs to be present in 
order for the SCN to be able to synchronize the daily rhythm of clock gene expression in the 
liver with the environmental light/dark cycles. 

Several studies (15-17,22) have shown that feeding rhythms, corticosterone and autonomic 
nervous system are important signals for the synchronization of peripheral rhythmicity, 
especially for the liver. In the present study we showed that the daily rhythm of clock gene 
expression in the liver is still intact under 6-meals-a-day feeding conditions, after adrenalectomy, 
after total hepatic denervation or after total hepatic denervation with adrenalectomy or 6-meals-
a-day feeding schedule. These results are similar to previous findings in liver (23-26), 
epididymal white adipose tissue (eWAT) (27,28), kidney (25,26), salivary gland (25) and lung 
(25). Together these findings demonstrate that feeding rhythm, adrenal hormones (in particular 
corticosterone) and neuronal inputs are not indispensable for synchronized daily clock gene 
rhythms. 

Both ADX and 6M decreased the amplitude of Per1, although ADX much more profoundly then 
6M. HTx slightly increased the Per1 amplitude. Therefore, the complete loss of the Per1 rhythm 
in the 6M+ADX animals is the result of a combined effect of 6M and ADX. On the other hand, 
in the HTx+6M and HTx+ADX animals the separate effects of respectively 6M and ADX were 
not sufficient to remove completely the Per1 rhythm, probably also due to the counteractive 
effect of HTx. The strong reduction in the amplitude of the Per1 rhythm in ADX animals is 
completely in line with the well-known stimulatory effect of glucocorticoids on Per1 expression 
via the glucocorticoid responsive element (GRE) in the promoter of Per1(29). It is well known 
that Visfatin/NAMPT (30-35) can affect the daily Per2, Clock and Bmal1 rhythms. Recently we 
showed that 6M and 6M+ADX abolished the daily rhythm of Visfatin/Nampt expression in 
eWAT (28). Thus 6M may reduce the Per1 amplitude via the Visfatin/NAMPT effect on clock 
genes. 
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We found that the daily rhythm of clock gene expression was lost after simultaneous disruption 
of the adrenal hormone and feeding rhythms, a result very much similar to what Ikeda et al (36) 
found in mouse liver and kidney and what Su et al found in white adipose tissue (28). In their 
mice study Ikeda et al (36) showed that 6M+ADX treatment affected clock gene rhythms in the 
periphery without affecting the SCN clock. In the same study it was shown that the 6M+ADX 
treatment did not abolish the daily rhythm of locomotor activity. Based on these results, we 
assume that also our results are not due to changes in the SCN clock.  

What causes the complete arhythmicity of the hepatic clock genes under the 6M+ADX condition? 
Why is the 6M+ADX combination so successful in obliterating peripheral clock gene rhythms, 
but not the combination of HTx+6M or HTx+ADX? Both ADX and 6M alone reduce the 
amplitude of Per1, therefore the daily rhythm of Per1 is most strongly affected under the 
6M+ADX condition. The loss of Per1 rhythmicity probably also contributes to the loss of 
rhythmicity in other clock genes. Moreover, although 6M did not obliterate any of the clock gene 
rhythms, it did decrease considerably the amplitude of all clock gene rhythms. Especially the 
amplitude of the Bmal1 rhythm was affected. Therefore, the effectiveness of the 6M and ADX 
combination possibly is explained by the convergent inhibitory effects of 6M and ADX on Per1 
rhythmicity and the overall reduction of clock gene amplitudes by 6M. In other words, the clock 
is halted by the simultaneous inhibitory effects of ADX and 6M on the opposite arms of the 
molecular clock i.e., respectively, the Per1 and Bmal1 rhythmicity.  

Based on the current and previous studies (23,36-38), we propose that the central clock uses 
more than one output signal to synchronize peripheral clock gene rhythms, and each organ may 
need different (combinations of) signals in order to maintain its rhythmicity. In the kidney, 
eWAT and liver at least rhythmic feeding or adrenal hormones need to be present in order for 
clock gene rhythms to be maintained (28,36). On the other hand, in the salivary gland 
sympathetic input is more important for the maintenance of clock gene rhythms than feeding 
rhythms and adrenal hormones (36,38). The importance of autonomic nervous inputs for clock 
gene rhythms in the kidney and eWAT is not known yet. 

In summary, we show that daily clock gene rhythms in the liver are maintained after disrupting 
the daily rhythm in feeding behavior, adrenal hormones or autonomic nervous activity, even 
though each treatment significantly reduced the amplitude of some clock gene rhythms. Similar 
results after the removal of a single rhythmic SCN output were previously published by others 
(23,26,27). Together these results clearly show that the feeding rhythm and adrenal hormones are 
important output pathways to synchronize daily clock gene expression in the liver with the 
environment, but that they are not indispensable. In this study, we also show that the daily 
rhythm of hepatic clock genes expression is maintained in HTx+ADX and HTx+6M animals, 
thus neuronal inputs are of less importance for maintenance of liver clock gene rhythms. 
However, in 6M+ADX animals all clock genes lose their daily expression rhythm. These data 
thus show that clock gene rhythms cannot be synchronized with the environmental light/dark 
changes anymore when both the rhythmic feeding behavior and adrenal hormone pathway are 
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disrupted. Therefore, we conclude that: 1) feeding behavior and adrenal hormones inputs are 
important pathways for the SCN to synchronize the daily rhythm of clock gene expression, but 
not indispensable, and 2) that at least a daily rhythm in feeding behavior or adrenal hormones 
should be present in order for the SCN or extra-SCN pathways (9-11) to be able to synchronize 
daily clock gene expression rhythms in the liver with environment. 
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Supplemental data 

 
Table S1 ANOVA analyze effects of the six-meal-a-day feeding schedule on clock gene 

expression in liver 

Gene One-way ANOVA (Time) Two-way ANOVA 
Ad libitum 6M schedule Time Treatment Interaction 

Bmal1 <0.001 <0.001 <0.001 0.008 0.057 
Per1 <0.001 0.004 <0.001 0.763 0.178 
Per2 <0.001 0.001 <0.001 0.072 0.021 
Cry1 <0.001 <0.001 <0.001 <0.001 0.001 
Dbp <0.001 <0.001 <0.001 0.141 0.105 

Rev-erbα <0.001 <0.001 <0.001 0.123 0.001 
 

Table S2 Effects of adrenalectomy on clock gene expression in liver 

Gene 
One-way ANOVA (Time) Two-way ANOVA 

ADX-Sham-
operated ADX Time Treatment Interaction 

Bmal1 <0.001 <0.001 <0.001 0.919 0.218 
Per1 <0.001 0.018 <0.001 <0.001 <0.001 
Per2 <0.001 <0.001 <0.001 0.439 0.876 
Cry1 <0.001 <0.001 <0.001 0.019 0.217 
Dbp <0.001 0.001 <0.001 0.758 0.395 

Rev-erbα 0.001 <0.001 <0.001 0.582 0.007 
 

Table S3 Effects of total hepatic denervation on clock gene expression in liver 

Gene 
One-way ANOVA (Time) Two-way ANOVA 

HTx-Sham-
operated HTx Time Treatment Interaction 

Bmal1 <0.001 <0.001 <0.001 0.770 0.845 
Per1 <0.001 <0.001 <0.001 0.045 0.760 
Per2 <0.001 <0.001 <0.001 0.080 0.102 
Cry1 <0.001 <0.001 <0.001 0.820 0.437 
Dbp <0.001 0.001 <0.001 0.726 0.990 

Rev-erbα 0.001 <0.001 <0.001 0.807 0.409 
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Table S4 Effects of total hepatic denervation combined with adrenalectomy on clock gene 
expression in liver 

Gene 
One-way ANOVA (Time) Two-way ANOVA 

HTx+ADX-
Sham-operated HTx+ADX Time Treatment Interaction 

Bmal1 <0.001 <0.001 <0.001 0.864 0.358 
Per1 <0.001 0.008 <0.001 <0.001 <0.001 
Per2 <0.001 <0.001 <0.001 0.002 0.045 
Cry1 <0.001 <0.001 <0.001 <0.001 0.001 
Dbp <0.001 <0.001 <0.001 0.062 0.067 

Rev-erbα <0.001 <0.001 <0.001 0.420 0.040 
 

Table S5 Effects of a six-meal feeding combined with adrenalectomy on clock gene expression 
in liver 

Gene 
One-way ANOVA (Time) Two-way ANOVA 

AL+ADX-
Sham-operated 6M+ADX Time Treatment Interaction 

Bmal1 <0.001 0.556 <0.001 0.231 <0.001 
Per1 <0.001 0.321 <0.001 <0.001 <0.001 
Per2 <0.001 0.130 <0.001 0.544 <0.001 
Cry1 <0.001 0.435 <0.001 <0.001 <0.001 
Dbp <0.001 0.778 <0.001 0.256 <0.001 

Rev-erbα <0.001 0.106 <0.001 0.673 <0.001 
 

Table S6 Circwave V1.4 analysis of the amplitude of clock gene expression in liver 

Gene 

6M exp ADX exp HTx exp HTx +ADX exp 6M+ADX exp 

% of AL 
group 

% of ADX-
Sham-operated 

group 

% of HTx -
Sham-operated 

group 

% of 
HTx+ADX-

Sham-operated 
group 

% of AL+ADX-
Sham-operated 

group 

Bmal1 63 116 95 106 0 
Per1 59 25 110 11 0 
Per2 50 98 146 73 0 
Cry1 54 92 113 63 0 
Dbp 70 96 90 129 0 

Rev-erbα 62 96 100 101 0 
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Fig.S1. The expression pattern of clock genes in the liver of total hepatic denervated animals (HTx) on an 
ad libitum feeding schedule (AL) or on a 6-meals-a-day feeding schedule (6M). Data are expressed as the 
mean ± SEM. mRNA values were normalized to two housekeeping genes (Tbp and ubiquitin conjugate 
enzyme (Ubi)). * p<0.05; Open circles – AL+HTx; Solid circles – 6M+HTx. 
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Fig.S1. The expression pattern of clock genes in the liver of total hepatic denervated animals (HTx) on an 
ad libitum feeding schedule (AL) or on a 6-meals-a-day feeding schedule (6M). Data are expressed as the 
mean ± SEM. mRNA values were normalized to two housekeeping genes (Tbp and ubiquitin conjugate 
enzyme (Ubi)). * p<0.05; Open circles – AL+HTx; Solid circles – 6M+HTx. 
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Abstract 

The plasma triglyceride (TG) concentration results from a balance between TG secretion and TG 
uptake. Several studies have demonstrated a daily rhythm in plasma TG levels, however, thus far 
it has not been investigated whether this daily rhythm of plasma TG results from a daily rhythm 
in TG secretion and/or TG clearance. Many studies have shown that feeding activity affects 
plasma TG concentrations, but it is not known whether a daily rhythm in feeding activity is 
necessary to maintain the day/night rhythm in plasma TG levels. In the present study we found 
that TG secretion in rats shows a significant day/night rhythm with its acrophase at the end of the 
dark period. Removal of the daily rhythm in feeding behavior by introducing a 6-meals-a-day 
(6M) feeding schedule abolished this day/night rhythm in TG secretion. Hepatic genes involved 
in TG secretion also lost their daily rhythmicity under 6M feeding conditions. On the other hand, 
we did not find a significant daily rhythm in TG uptake and 6M feeding did not affect TG uptake 
levels. Together these results indicate that: 1) the day/night rhythm in plasma TG levels is mainly 
the result of a daily rhythm in TG secretion and 2) a daily feeding rhythm is indispensable for 
maintaining the daily rhythm in TG secretion. 
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Introduction 

Hypertriglyceridemia is associated with metabolic syndrome, diabetes and obesity (1). Therefore, 
detailed knowledge about the molecular and biological mechanisms that regulate plasma 
triglyceride (TG) metabolism is necessary to provide better insight in the pathophysiology of 
these metabolic disorders. Recently, several studies (2-5) have shown that plasma triglyceride 
(TG) concentrations exhibit daily rhythmicity in both humans and laboratory rodents. Very low 
density lipoproteins (VLDLs) are lipoproteins secreted by the liver that transport hepatic lipids, 
mainly TGs, via the systemic circulation to the peripheral tissues. Because VLDLs carry most of 
the plasma TGs, VLDL secretion rate is a major determinant of the plasma TG concentration. A 
number of studies have shown that the genes involved in VLDL synthesis exhibit a clear daily 
rhythm (3,6-8). Moreover, a recent study by Kooijman et al. (9) showed that also TG uptake 
shows a clear daily rhythm in different organs. It is well known that both TG secretion and TG 
clearance are important for TG homeostasis, thus the daily rhythm in plasma TG concentrations 
most likely is due to a daily rhythm in TG secretion and/or TG clearance. However, until now, it 
is unknown whether such daily rhythms in TG secretion and/or TG clearance from plasma exist.  

Shift work in the long term leads to an increased risk for obesity and the development of other 
features of the metabolic syndrome (10,11). Romon et al (12) have shown that plasma TG levels 
are increased in shift workers. Feeding during the usual period of inactivity and sleep is thought 
to be one of the important contributors to the metabolic disorders of shift workers (13). Indeed, 
some studies (14,15) found that the postprandial plasma TG level increased to a larger extent 
when eating in the inactive than in the active period. Thus eating at the wrong time of day may 
be a possible contributing factor to the higher plasma TG levels in shift workers. Other studies 
(3,8,16,17) have shown that changes in the daily feeding rhythm shifted or abolished the daily 
rhythm of plasma TG. Therefore, the daily feeding rhythm is considered an important Zeitgeber 
for the maintenance of a daily rhythm of plasma TG levels.  

In this study, we investigated whether TG secretion and/or TG clearance from plasma show a 
daily rhythm and whether a daily feeding rhythm is necessary to maintain the daily rhythm in TG 
secretion and/or clearance. 

Materials and Methods  

Animals  

Experiments were performed with 10 weeks old adult male Wistar rats (Charles River, Germany). 
Animals were kept in a 12h/12h light/dark cycle (lights on at 07:00) and constant conditions of 
temperature (21±2ºC) and humidity (60±5%). Food and water was available ad libitum (AL), 
unless stated otherwise. All experiments were approved by the animal care committee of the 
Royal Netherlands Academy of Arts and Science.  
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Surgery procedures   

After 7 days of habituation, rats were anesthetized with a 0.14 ml/100g body weight (BW) i.m. 
Ketamine-Xylazine-Atropin mixture (Ketamine (Eurovet Animal Health, Bladel, The 
Netherlands): 45.7mg/ml; Xylazine (Bayer Health Care, Mijdrecht, The Netherlands): 2.3mg/ml; 
Atropin (Pharmachemine B.V., Haarlem, The Netherlands): 0.014mg/ml). Post-operative care 
was provided by a subcutaneous injection of Buprecare (AUV, Cuijk, The Netherland, 
0.005mg/100g BW) after the operation. 

A permanent catheter was placed into the right jugular vein for blood sampling. The catheter was 
tunneled subcutaneously and exited the skin at the top of the head. It was filled with a mixture of 
polyvinylpyrrolidone (PVP; Sigma-Aldrich Corp., St. Louis, MO), heparin (LEO Pharma, 
Ballerup, DK) and amoxicillin (Centrafarm, Etten-Leur, NL) and closed with a silicon cap. The 
catheter was fixed on the top of the head of animals using a bended piece of stainless steel tubing 
and dental cement. Experiments were only performed after recovery to pre-surgery body weight. 

Experimental procedures 

Sixteen to 18 hours before the actual experiment, animals were connected to a metal collar for 
overnight adaptation. The metal collar served to guide the blood sampling cannula during blood 
sampling and was kept out of reach from the rats by way of a counterbalanced arm. Food was 
removed 4h before the experiment (i.e., 4h before t=0). At the same time animals were also 
connected to the blood sampling line.  

To measure TG secretion we used the Tyloxapol technique. Tyloxapol is a drug that prevents TG 
uptake in tissue by blocking lipolytic activity and thus the breakdown of triglyceride-rich 
lipoproteins and consequently results in hyperlipidemia. TG clearance was blocked by an 
intravenous dose of 300 mg/kg Tyloxapol (Sigma-Aldrich, Germany) (18,19). After the 
intravenous injection of Tyloxapol we took blood samples at regular intervals. The rate of 
increase in plasma TG concentration provides a measure for the rate of TG production and 
secretion. In separate experiments we determined the rate of TG secretion at ZT2, ZT6, ZT10, 
ZT14, ZT18 and ZT22. 

TG tolerance tests (20), using an Intralipid solution (20%), were used to determine the rate of TG 
clearance. An intravenous dose of 3 ml/kg Intralipid was injected and blood samples were taken 
at regular intervals thereafter to determine the rate of TG clearance. We determined TG 
clearance at ZT5 and ZT17. 

Experiment 1: The daily rhythm of TG secretion  

Forty min before ZT2 (08:20) we intravenously injected Tyloxapol, after taking a baseline blood 
sample at t=-40 min. Subsequently blood samples (0.2 ml) were taken every 20 min until 160 
min after the Tyloxapol injection. For the other time points along the L/D-cycle (ZT6, ZT10, 
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ZT14, ZT18 and ZT22) the experimental procedure was the same as for ZT2, i.e., Tyloxapol was 
injected 40 min before the destined ZT point and regular blood samples were taken every 20 min 
thereafter. 

Experiment 2: Effect of a 6-meals-a-day feeding schedule on the daily rhythms in TG 
secretion, locomotor activity and body temperature 

Animals were housed in separate cages, and divided into two groups. For one group of animals, 
food was available ad libitum (AL group). The other group of animals was entrained to a 6-
meals-a-day feeding schedule (with 1 meal every 4 hours (6M group)) (21). Animals had access 
to food during three 12-min-bins equally spaced over the light period (i.e., ZT2, ZT6 and ZT10) 
and three 11-min-bins equally spaced over the dark period (i.e., ZT14, ZT18 and ZT22). Rats 
needed approximately 2 weeks to adapt to this feeding schedule. Adaptation was considered 
completed when rats consumed the same amount of food during the 12-h light and 12-h dark 
period. Animals received their jugular vein surgery after adaptation to the 6M feeding schedule. 
TG secretion measurements were performed at ZT10 and ZT20 in both groups after animals had 
recovered to their pre-surgery body weight. 

The rat cages were placed on a baseplate which in turn was placed on 4 parallel connected piezo-
electronic sensors (Murata, 27mm round disks). The voltage output of the sensors is proportional 
to relative changes in pressure, i.e., activity of the rat. The signals of the Piezo-electric 
stabilimeter (activity) were transmitted to a PC-based analog computer interface (CED1404 
Cambridge Electronic Design LTD), and transformed into absolute values, i.e., activity bouts. 
They were added up over a period of 5 minutes and stored into text files for later analysis. 

A temperature sensitive data logger (DST nano-T) (Star-Oddi, Gardabaer, Iceland) was 
implanted subcutaneously in the dorsal region caudally to the brown adipose tissue when animals 
received their jugular vein surgery. Body temperature changes were measured by the 
subcutaneous temperature sensitive data loggers every 15 min and analyzed after sacrifice. 

Experiment 3: The effect of a 6-meals-a-day feeding schedule on daily gene expression 
rhythms in the liver 

Animals were divided into an AL and 6M group. After having been on the AL- or 6M feeding 
schedule for 28 days animals were anesthetized with 72% CO2 and sacrificed by decapitation at 
ZT2, ZT8, ZT14 and ZT20. After decapitation, liver tissue was collected and stored at -80 ºC.  

Experiment 4: Daily changes in TG clearance and effects of a 6-meals-a-day feeding 
schedule on TG clearance 

Animals were housed in separate cages, and divided into two groups. One group of animals was 
fed ad libitum (AL group), the other group of animals was entrained to a 6-meals-a-day feeding 
schedule (with 1 meal every 4 hours (6M group)) (see above). Animals received their jugular 
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After 7 days of habituation, rats were anesthetized with a 0.14 ml/100g body weight (BW) i.m. 
Ketamine-Xylazine-Atropin mixture (Ketamine (Eurovet Animal Health, Bladel, The 
Netherlands): 45.7mg/ml; Xylazine (Bayer Health Care, Mijdrecht, The Netherlands): 2.3mg/ml; 
Atropin (Pharmachemine B.V., Haarlem, The Netherlands): 0.014mg/ml). Post-operative care 
was provided by a subcutaneous injection of Buprecare (AUV, Cuijk, The Netherland, 
0.005mg/100g BW) after the operation. 

A permanent catheter was placed into the right jugular vein for blood sampling. The catheter was 
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polyvinylpyrrolidone (PVP; Sigma-Aldrich Corp., St. Louis, MO), heparin (LEO Pharma, 
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Experimental procedures 
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removed 4h before the experiment (i.e., 4h before t=0). At the same time animals were also 
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ZT14, ZT18 and ZT22. 

TG tolerance tests (20), using an Intralipid solution (20%), were used to determine the rate of TG 
clearance. An intravenous dose of 3 ml/kg Intralipid was injected and blood samples were taken 
at regular intervals thereafter to determine the rate of TG clearance. We determined TG 
clearance at ZT5 and ZT17. 

Experiment 1: The daily rhythm of TG secretion  

Forty min before ZT2 (08:20) we intravenously injected Tyloxapol, after taking a baseline blood 
sample at t=-40 min. Subsequently blood samples (0.2 ml) were taken every 20 min until 160 
min after the Tyloxapol injection. For the other time points along the L/D-cycle (ZT6, ZT10, 

   125 
 

ZT14, ZT18 and ZT22) the experimental procedure was the same as for ZT2, i.e., Tyloxapol was 
injected 40 min before the destined ZT point and regular blood samples were taken every 20 min 
thereafter. 

Experiment 2: Effect of a 6-meals-a-day feeding schedule on the daily rhythms in TG 
secretion, locomotor activity and body temperature 

Animals were housed in separate cages, and divided into two groups. For one group of animals, 
food was available ad libitum (AL group). The other group of animals was entrained to a 6-
meals-a-day feeding schedule (with 1 meal every 4 hours (6M group)) (21). Animals had access 
to food during three 12-min-bins equally spaced over the light period (i.e., ZT2, ZT6 and ZT10) 
and three 11-min-bins equally spaced over the dark period (i.e., ZT14, ZT18 and ZT22). Rats 
needed approximately 2 weeks to adapt to this feeding schedule. Adaptation was considered 
completed when rats consumed the same amount of food during the 12-h light and 12-h dark 
period. Animals received their jugular vein surgery after adaptation to the 6M feeding schedule. 
TG secretion measurements were performed at ZT10 and ZT20 in both groups after animals had 
recovered to their pre-surgery body weight. 

The rat cages were placed on a baseplate which in turn was placed on 4 parallel connected piezo-
electronic sensors (Murata, 27mm round disks). The voltage output of the sensors is proportional 
to relative changes in pressure, i.e., activity of the rat. The signals of the Piezo-electric 
stabilimeter (activity) were transmitted to a PC-based analog computer interface (CED1404 
Cambridge Electronic Design LTD), and transformed into absolute values, i.e., activity bouts. 
They were added up over a period of 5 minutes and stored into text files for later analysis. 

A temperature sensitive data logger (DST nano-T) (Star-Oddi, Gardabaer, Iceland) was 
implanted subcutaneously in the dorsal region caudally to the brown adipose tissue when animals 
received their jugular vein surgery. Body temperature changes were measured by the 
subcutaneous temperature sensitive data loggers every 15 min and analyzed after sacrifice. 
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ZT2, ZT8, ZT14 and ZT20. After decapitation, liver tissue was collected and stored at -80 ºC.  

Experiment 4: Daily changes in TG clearance and effects of a 6-meals-a-day feeding 
schedule on TG clearance 

Animals were housed in separate cages, and divided into two groups. One group of animals was 
fed ad libitum (AL group), the other group of animals was entrained to a 6-meals-a-day feeding 
schedule (with 1 meal every 4 hours (6M group)) (see above). Animals received their jugular 
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vein surgery after adaptation to the 6M feeding schedule. TG clearance measurements were 
performed after animals had recovered to their pre-surgery body weight. 

To investigate the existence of daily changes in TG clearance and the importance of a daily 
feeding rhythm, we performed TG tolerance tests in the middle of the light and the middle of the 
dark period. A baseline blood sample (0.2 ml) was taken at ZT5 and ZT17 in both AL and 6M 
animals and immediately followed by a bolus injection of TG’s (20% Intralipid, 3ml/kg). 
Subsequently, blood samples were taken at t=5, 10, 20, 30, 40, 50 and 60 min.  

TG measurement  

Plasma TG was assayed using a kit from Roche (Mannheim, Germany). TG secretion rate at the 
different ZT points was determined by calculating the slope of the plasma TG rise over time by 
linear regression analysis. To measure the rate of TG clearance at the different ZT points, we 
first calculated the positive area under the plasma TG curve (AUC) after the bolus injection of 
Intralipid, using basal plasma TG as the baseline. Subsequently, the inverse of the AUC (1/AUC) 
was used as an indicator for the rate of TG clearance.   

RNA extraction and cDNA synthesis 

Liver tissue was homogenized with a T10 basic UL TRA-TURRAX® homogenizer (IKA, 
Germay) with TRIzol (QIAGEN) and total RNA was isolated with the Trizol protocol. Total 
RNA was purified by NucleoSpin® RNAII Kit (Macherey-Nagel) and included a DNase step 
according to the manufacturer’s instructions. 

RNA was reverse transcribed using Transcriptor First cDNA Synthesis Kit (Roche) with oligo-
dT primers (30min at 55 ºC, 5min at 85 ºC). Additional reverse transcriptase minus (-RT) 
controls were run to check genomic DNA contamination. 

Quantitative polymerase chain reaction (qPCR) 

Gene expression was measured by qPCR using the following reaction system: 2 μl cDNA was 
incubated in a final volume of 10 μl reaction containing 1×SensiFAST SYBR NO-ROX Mix and 
25 ng of each primer (forward and reverse). qRT-PCR was performed in a Lightcycler®480 
(Roche), primer information for each gene is shown in Table 1. The relative amount of each gene 
was normalized against the geometric mean of hypoxanthine guanine phosphoribosyl transferase 
(Hprt) and TATA box binding protein (Tbp). 

Statistical analysis 

Data are presented as mean±SEM (standard error of the mean). Statistical analysis was 
performed using SPSS version 20. One way ANOVA was performed to detect the effect of Time 
(6 levels: ZT2, ZT6, ZT10, ZT14, ZT18 and ZT22) on plasma TG and TG secretion. Two way 
ANOVA was performed to detect the effects of Time, Treatment (AL vs 6M) and Interaction on 
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TG secretion, relative gene expression, TG clearance, locomotor activity and body temperature. 
If the effect of Time, Treatment or Interaction was significant, we performed a post-hoc analysis. 
In addition, data were analyzed using the Circwave 1.4 software to test the daily rhythmicity of 
TG secretion, relative gene expression, locomotor activity and body temperature. P values 
reported are the result of the F-test. A 24h rhythm was confirmed if p<0.05. 

 
Table 1 – Information on gene primers 

 
Gene Forward Primer Reverse Primer 
Scd1 CTACAAGCCTGGCCTCCTGC GGCACCCAGGGAAACCAGGA 

Lipin1 TCACTACCCAGTACCAGGGC TGAGTCCAATCCTTTCCCAG 
ApoB CACCTAAGATCAACAGTCGCTTC TCGAAAGCCAGACCCACTT 
Mttp GCGAGTCTAAAACCCGAGTG CACTGTGATGTCGCTGGTTATT 
Arf TGGCGCCACTACTTCCAG TCGTTCACACGCTCTCTGTC 

Hprt GCAGTACAGCCCCAAAATGG AACAAAGTCTGGCCTGTATCCAA 
Tbp TTCGTGCCAGAAATGCTGAA TGCACACCATTTTCCCAGAAC 

Abbreviations used: Scd1: stearoyl-Coenzyme A desaturase 1. Apob: apolipoprotein B. Mttp: 
microsomal triglyceride transfer protein. Arf1: ADP-ribosylation factor 1. Hprt: also known as Hprt1, 
hypoxanthine phosphoribosyltransferase 1.Tbp: TATA box binding protein. 
 
 

Results  

Experiment 1: The daily rhythm of TG secretion  

We measured the basal level of plasma TG at ZT1, ZT5, ZT9, ZT13, ZT17 and ZT21 (Fig.1A). 
ANOVA did not reveal a significant effect of ZT Time for plasma TG levels (F=1.861, p=0.124), 
but Circwave analysis showed a significant daily rhythm in basal plasma TG levels, with an 
acrophase at ZT5.9. 

We calculated the TG secretion rate at ZT2, ZT6, ZT10, ZT14, ZT18 and ZT22 (Fig.1B). 
ANOVA showed a significant effect of ZT Time on TG secretion (F=4.691, p=0.002). TG 
secretion reached its lowest rate at ZT10 and its highest rate at ZT22. TG secretion rate at ZT10 
was significantly lower than the rate at ZT2, ZT18 and ZT 22 (p=0.015, p=0.001 and p<0.001). 
TG secretion rate at ZT18 was significantly higher than the rates at ZT6 and ZT10 (p=0.015 and 
p=0.001). TG secretion rate at ZT22 was significantly higher than the rates at ZT6, ZT10 and 
ZT14 (p=0.004, p<0.001 and p=0.029). Circwave confirmed the significant daily rhythm in TG 
secretion, with an acrophase of TG secretion at ZT21.2. 
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Fig.1. The daily rhythm of plasma TG (A) and TG secretion (B). Data are presented as mean±SEM. Grey 
area is the dark period.  
 
Experiment 2: Effect of a 6-meals-a-day feeding schedule on the daily rhythms in TG 
secretion, locomotor activity and body temperature 

We checked the effect of 6M on TG secretion at ZT10 and ZT20, i.e., according to the results of 
Experiment 1 the lowest and highest point of the daily rhythm in TG secretion. Basal TG levels 
(Fig.2A) showed no significant effects of Time (F=1.038, p=0.320) or Treatment (F=0.167, 
p=0.687), Interaction effect almost reached significance (F=4.517, p=0.054). For TG secretion 
(Fig.2B), we found a significant effect of Time (F=8.166, p=0.009), but no significant Interaction 
effect (F=0.828, p=0.373), whereas the Treatment effect just missed significance (F=3.844, 
p=0.063). Post-hoc analysis showed that only AL animals showed a significant day/night 
difference in TG secretion (p=0.05), but that this day/night difference was lost in 6M animals 
(p=0.126) (Fig.2B). In addition, TG secretion significantly differed between groups at ZT10 
(P=0.035), but not at ZT22 (p=0.527). 

General activity and body temperature of 6M and AL rats showed a significant day/night rhythm 
(Figs. 3A - D). Circwave confirmed the significant daily rhythm in locomotor activity in 6M and 
AL rats, with an acrophase of locomotor activity at ZT17.9 and ZT17.7, respectively. The 
amplitude of the locomotor activity rhythm in 6M animals was decreased to 89% of that in AL 
animals. Body temperature also showed a significant daily rhythm in the 6M and AL groups 
according to the Circwave analysis. The acrophase of body temperature was at ZT17.4 in the AL 
group and at ZT16.4 in the 6M group. The amplitude of the body temperature rhythm in 6M 
animals was 62% of that in AL animals.  

The 6M animals ate more than the AL animals during the light period, but ate less during the 
dark period (Fig. 3E). The AL animals showed a significant day/night rhythm in food intake, but 
no such rhythm was present in the 6M animals. 
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Fig.2. Effects of 6-meal-a-day feeding (6M) schedule on basal TG levels (A) and the daily TG secretion 
rhythm. Data are presented as mean±SEM. White bars – Ad libitum animals, Black bars – 6M animals. * 
indicates a significant difference between ZT10 and ZT22, p≤0.05. 
 
 

 
 
Fig.3. Effects of 6-meal-a-day feeding schedule (6M) on the 24 h profile of body temperature (A), the day 
/night rhythm of body temperature (B), the 24 h profile of locomotor activity (values are percentages of 
24h-mean) (C), the day /night rhythm of locomotor activity (values are percentages of 24h-mean) (D), 
and the day/night rhythm of food intake (E). Data are presented as mean±SEM. White bars and Grey line 
– Ad libitum animals, Black bars and Black line – 6M animals. * indicates a significant difference 
between night and day, p<0.05. # indicates a significant difference between 6M and AL animals, p<0.05.  
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Experiment 3: The effect of a 6-meals-a-day feeding schedule on daily gene expression 
rhythms in liver 

We checked 5 metabolic genes that are involved in TG synthesis and secretion (Fig.4). Two way 
ANOVA showed a significant Treatment (F=4.381, p=0.042) and Interaction (F=4.689, p=0.006) 
effect for the Scd1 expression level. One way ANOVA showed that Time had a significant effect 
on the expression level of Mttp and Scd1 in control animals and the expression level of Lipin1 in 
6M animals (Table 2).  

Circwave 1.4 analysis showed similar results (Table 3). Mttp, Scd1 and ApoB expression 
displayed a daily rhythm in control animals, but lost their daily rhythmicity under 6M feeding 
conditions. The expression of Lipin1 showed a clear daily rhythm in 6M rats, but not in control 
rats. 

Table 2 –Effects of 6-meal-a-day feeding on daily gene expression rhythm in 
liver 

 
Gene Time Two-way ANOVA 

Ad libitum 6M Time Treatment Interaction 
Scd1 0.041 0.185 0.912 0.042 0.006 

Lipin1 0.145 0.034 0.005 0.524 0.549 
ApoB 0.066 0.166 0.011 0.720 0.779 
Mttp 0.033 0.453 0.026 0.647 0.728 
Arf 0.703 0.521 0.652 0.075 0.535 

Significant differences are in bold 
 

Table 3 – Circwave V1.4 analysis of effect of 6-meal-a-day feeding on daily 
TG secretion related gene expression rhythms in liver 

 

Gene Acrophase in ZT 
AL 6M 

Scd1 22.3 ns 
Lipin1 ns 12.49 
ApoB 2.32 ns 
Mttp 21.21 ns 
Arf ns ns 

ns = not rhythmic according to Circwave 
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Fig.4. Effects of 6-meal-a-day (6M) feeding schedule on daily gene expression rhythm in liver. * p<0.05. 
Open circles – data points of ad libitum group.  Solid line – Circwave calculated curve for ad libitum 
group. Solid circles – data points of 6M group.  Dashed line – Circwave calculated curve for experimental 
6M group.  

Experiment 4: The daily rhythm of TG clearance and effect of 6-meals-a-day feeding 
schedule on the daily TG clearance 

Two way ANOVA indicated no significant effect of Time (F=0.169, p=0.683), Interaction 
(F=0.628, p=0.433) or Treatment (F=3.539, p=0.068) on basal TG levels (Fig.5A).   

We calculated the AUC for the TG plasma curve after the bolus injections of Intralipid at ZT5 
and ZT17. We transferred AUC to 1/AUC in order to have a larger TG clearance corresponding 
with a higher value (Fig.5B). Two way ANOVA indicated no significant effect of Time on TG 
clearance (F=0.004, p=0.948) (Fig.5B). Two way ANOVA also showed no effects of Treatment 
(F=2.734, p=0.106) or Interaction (F=0.833, p=0.367) on TG clearance (Fig.5B). 

Discussion  

In the present study we found that both plasma TG and TG secretion show a clear daily rhythm. 
Rhythms in plasma TG levels had been reported before, but this is the first time for a significant 
daily rhythm in TG secretion to be reported. TG secretion rates were lowest at the end of the 
light period and highest at the end of the night, i.e., approx. 7 hours out of phase with the rhythm  
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daily rhythm in TG secretion to be reported. TG secretion rates were lowest at the end of the 
light period and highest at the end of the night, i.e., approx. 7 hours out of phase with the rhythm  
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Fig.5. The day/night rhythm of basal TG level (A) and TG clearance (B) and effects of a 6-meal-a-day 
(6M) feeding schedule on the day/night TG clearance rhythm (B). Data are presented as mean±SEM.  

 

in plasma TG. It is well known that changes in feeding behavior affect the daily rhythm of 
plasma TG (3,8,16,17). In the present study, we showed that the daily rhythm in TG secretion 
was lost when no clear day/night rhythm in feeding behavior was present anymore. On the other 
hand, previously we showed that the daily rhythm of plasma TG was not abolished under 6-
meals-a-day conditions (22). Therefore, the present results indicate that the daily feeding rhythm 
is an important factor in the control of the daily rhythm of TG production, but is not the only 
factor that controls plasma TG levels and daily TG metabolism. 

In the present study we found that the 24h rhythm in plasma TG levels shows a peak in the 
middle of the light period and a trough in the middle of the dark period, however, the amplitude 
of the rhythm was not very pronounced. Circwave analysis indicated a significant rhythm, but 
the one way ANOVA did not indicate a significant effect of Time. Also in the two additonal 
experiments (Fig. 2A and Fig.5A) the day/night variation in basal TG levels was not significant. 
TG secretion on the other hand showed a clear daily rhythm with a peak at end of the dark period 
and a trough at the end of the light period. Comparing the daily plasma TG and TG secretion 
rhythm shows that plasma TG levels reach a peak 7h after TG secretion reaches peak levels and 
that plasma TG levels reach a trough 7h after TG secretion reaches its lowest level, i.e., the daily 
rhythm of plasma TG is 7h delayed as compared to the rhythm in TG secretion. Recently 
Kooijman et al. (9) reported that also TG uptake shows a significant rhythm in several tissues. 
However, since the phasing of this rhythm was different among organs, this possibly explains 
why we did not observe a clear day/night rhythm in systemic TG clearance in our study. On the 
other hand, for the TG clearance experiment we only studied two time points, so we also may 
have missed the acrophase and trough time points. Taking these findings together we speculate 
that the daily rhythm in plasma TG levels is generated by the daily rhythm in TG secretion, 
though with a 7h delay.  
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Recently, Pan et al (3) showed that the acute change in plasma TG levels after refeeding in 
fasting mice was mainly due to an increase in non-HDL (high density lipoprotein) apoB-
lipoproteins, such as VLDL (very low density lipoprotein). This indicates that food availability 
plays a major role in controlling plasma TG levels. Pan et al (3) also showed that day-time 
restricted feeding induced two peaks in the daily plasma TG rhythm. One peak was during the 
time of restricted feeding and the other peak was at the end of the night. Also other studies 
(8,16,23) showed that the daily rhythm in plasma TG was shifted in animals only able to feed 
during the light period. In the study of Shamsi et al. (17) day time feeding abolished the daily 
rhythm of plasma TG when animals were housed under a 16/8: light/dark cycle. The above 
findings indicate that the daily feeding rhythm is an important signal in the control of the daily 
rhythm in plasma TG. In the liver Mttp and ApoB, two enzymes important for TG secretion, 
show a clear daily rhythm in their expression and activity level (3,6). Some studies (3,6,8) 
reported restricted feeding shifts the daily expression rhythm of Mttp and ApoB, thus the daily 
feeding rhythm may also affect the daily rhythm in TG secretion. In the present study, we found 
that the rhythms in Mttp and Scd1 expression nicely coincided with the rhythm in TG production, 
the rhythm in ApoB expression was delayed with a few hours. The significant day/night rhythm 
in TG secretion was lost when the daily feeding rhythm was abolished. The liver is the main 
organ to secrete TG’s, and we found that the 6M schedule indeed abolished the daily rhythm of 
hepatic genes involved in TG secretion. In a previous study we found that during the 6M feeding 
schedule postprandial plasma TG levels increase most during the day time meals at ZT2 and ZT6 
(22). In the present study, we found that feeding according the 6M schedule increased TG 
secretion during the day time (ZT10). These findings are nicely in line with previous human data 
showing that nighttime meals caused higher plasma TG levels, i.e., feeding at the wrong time of 
day causes increased plasma TG levels (12,14,15). Together these findings clearly demonstrate 
that the daily rhythm in feeding activity is an important determinant of the daily rhythm in TG 
secretion.  

Escobar et al (23) found that plasma TG levels show a persistent circadian rhythmicity in rats 
after 96h fasting. Similarly, Fukagawa et al (24) also showed sustained daily plasma TG rhythms 
in fasted rats. These findings indicate that the circadian clock system can maintain a daily rhythm 
in plasma TG, in the absence of feeding activity. Pan et al (6,7) showed that the daily rhythm of 
plasma TG as well as the daily rhythms in MTTP activity, protein and mRNA level were lost in 
Clock mutant animals. It is well known (6) that daily rhythms of other clock genes are dampened 
or lost in Clock mutant animals. Although the daily feeding pattern was not determined in that 
study, locomotor activity rhythms were less affected in these animals under L/D cycle. This 
suggests that an intact circadian clock system is important for maintaining the daily rhythms of 
plasma TG and TG secretion. Pan et al (6,7) also showed that restricted feeding (in the inactive 
period) failed to entrain the daily rhythm in plasma TG and genes involved in TG secretion in 
Clock mutant animals, indicating that feeding activity requires an intact circadian clock system to 
regulate the daily TG rhythm. Our own studies (25-27) showed that daily clock gene rhythms in 
the liver were not abolished in 6M animals, indicating that the abolishment of the daily rhythms 
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in TG secretion and related gene expression are due to the arrhythmic feeding in the 6M animals 
and not to arrhythmic clock gene expression rhythms. Therefore, both the circadian clock system 
and a daily feeding rhythm are indispensable to maintain the daily rhythm in TG secretion, if one 
of these two signals is abolished TG secretion becomes arrhythmic.  

Some studies (3,6) showed that the daily rhythm of plasma TG levels and MTTP activity was 
abolished under constant light conditions, indicating that also the light-sensitive central clock 
(suprachiasmatic nucleus of the hypothalamus (SCN)) is important for regulating plasma TG 
levels and MTTP activity. However, in these conditions also feeding rhythms will be disturbed. 
Many studies (28-30) have shown that restricted feeding does not alter the daily rhythm of clock 
gene expression in the SCN. In the present study, we found that the daily rhythms of locomotor 
activity and body temperature were still intact in 6M animals, agreeing with the idea that the 
oscillator in the SCN is still intact under 6M conditions. Thus, arrhythmic feeding and not an 
arrhythmic SCN is the main factor responsible for abolishment of the daily rhythm in TG 
secretion and gene expression in the 6M animals. 

In summary, in the present study we found that plasma TG levels and TG secretion show a 
significant daily rhythm. The acrophase of TG secretion is at the end of night, and that of plasma 
TG is during the middle of the light period. We did not find a day/night rhythm in TG clearance, 
thus the daily rhythm in plasma TG seems to mainly result from the daily rhythm in TG secretion. 
We also found that arrhythmic feeding abolished the daily rhythm in TG secretion and related 
hepatic genes, indicating that the daily rhythm in feeding activity is an important determinant for 
maintaining the daily rhythm of TG production and secretion.  
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Abstract  

Neuropeptide Y (NPY) is an important neurotransmitter in the control of energy metabolism. 
Several studies have shown that obesity is associated with increased levels of NPY in the 
hypothalamus. We hypothesized that the central release of NPY has coordinated and integrated 
effects on energy metabolism in different tissues, resulting in increased energy storage and 
decreased energy expenditure (EE). We first investigated the acute effects of an 
intracerebroventricular (ICV) infusion of NPY on gene expression in liver, brown adipose tissue 
(BAT), soleus muscle (sMuscle), and subcutaneous and epididymal white adipose tissue (sWAT 
and eWAT). We found increased expression of genes involved in gluconeogenesis and 
triglyceride secretion in the liver already 2h after the start of the NPY administration. In BAT, 
the expression of thermogenic genes was decreased. In sWAT, the expression of genes involved 
in lipogenesis was increased, whereas in sMuscle the expression of lipolytic genes was decreased 
after ICV NPY. These findings indicate that the ICV infusion of NPY acutely and 
simultaneously increases lipogenesis and decreases lipolysis in different tissues. Subsequently, 
we investigated the acute effects of ICV NPY on locomotor activity, respiratory exchange ratio 
(RER), EE and body temperature. The ICV infusion of NPY increased locomotor activity, body 
temperature and EE as well as RER. Together, these results show that an acutely increased 
central availability of NPY results in a shift of metabolism towards lipid storage and an increased 
use of carbohydrates, while at the same time increasing activity, EE and body temperature.  
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Introduction 

Neuropeptide Y (NPY) is a 36-amino acid neuropeptide, which is widely expressed in the central 
(1) and peripheral nervous system (2). In the brain, NPY is found in many brain areas (3), 
including the hypothalamus, dentate gyrus, lateral thalamus and striatum, with highest 
concentrations in the arcuate nucleus of the hypothalamus (Arc). NPY is the most potent 
orexigenic neuropeptide known thus far. The stimulatory effect of NPY on feeding is seen after 
intracerebroventricular (ICV) infusion of NPY in the lateral (4) and third ventricle (3V) (5), as 
well as after local infusion in specific brain areas (6,7)  including the paraventricular nucleus of 
the hypothalamus (PVN) (8), the lateral hypothalamus (LH) (7), the nucleus accumbens (9) and 
the ventral tegmental area (9). Administration of NPY into the hypothalamus or ventricular 
system also strongly affects energy metabolism, as it increases hepatic glucose production 
(10,11), triglyceride production (12), white adipose tissue lipoprotein lipase activity (13), while 
decreasing  hepatic insulin sensitivity (10,11) and thermogenesis (13-15). These findings clearly 
show that central administration of NPY has profound metabolic effects throughout the body. 
Together these data indicate that the coordinated action of NPY is to promote energy storage and 
decrease energy expenditure.  

One characteristic of obesity is the excessive intake, synthesis and storage of lipids as fat. This 
overproduction of fat is associated with increased lipogenesis in different organs, such as liver 
and white adipose tissue (WAT) (16,17). Several studies found that obesity is associated with 
elevated levels of NPY in the hypothalamus (18-22). Therefore, it has been speculated that a 
derangement of the hypothalamic NPY system may play an important role in the development of 
obesity. However, most of the studies investigating the effects of NPY reported on isolated 
observations in single organs instead of whole body effects in all major metabolic organs.  

Liver, WAT, brown adipose tissue (BAT) and muscle are important organs when it comes to the 
regulation of energy metabolism. A disturbance of metabolic processes, such as thermogenesis, 
lipogenesis and fatty acid oxidation, in these organs may contribute to the pathology of obesity. 
In order to increase our understanding of how central NPY could be involved in the development 
of obesity, we investigated the acute effects of ICV NPY on energy metabolism at the whole 
animal level, as well as on gene expression in different metabolic tissues.    

In male Wistar rats we measured the acute effects of NPY administered in the 3V on locomotor 
activity, the respiratory exchange ratio (RER), energy expenditure (EE) and body temperature 
and collected liver, WAT, BAT, soleus muscle (sMuscle) and subcutaneous and epididymal 
white adipose tissue (sWAT and eWAT) from these rats two hours after the start of the infusion 
to check changes in gene expression. 

Materials and Methods 

Animals 
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Experiments were performed with 10 weeks old adult male Wistar rats (Charles River, Germany). 
Animals were kept in the animal facility with a 12h light/12h dark cycle (lights on at 7:00) under 
constant conditions of temperature (21±2ºC) and humidity (60±5%). Food and water was 
available ad libitum (AL), unless stated otherwise. All experiments were approved by the animal 
care committee of the Royal Netherlands Academy of Arts and Science. 

Surgical procedures 

After 7 days of habituation, rats were anesthetized with a 0.14 ml/100g body weight (BW) i.m. 
Ketamine-Xylazine-Atropin mixture: Ketamine (Eurovet Animal Health, Bladel, The 
Netherlands): 45.7mg/ml, Xylazine (Bayer Health Care, Mijdrecht, The Netherlands): 2.3mg/ml, 
Atropin (Pharmachemine B.V., Haarlem, The Netherlands): 0.014mg/ml. Post-operative care 
was provided by a subcutaneous injection of the painkiller Buprecare (AUV, Cuijk, The 
Netherland, 0.005mg/100g BW) after the operation. 

A permanent catheter was placed into the right jugular vein for blood sampling. The catheter was 
tunneled subcutaneously and exited at the top of the skull. It was filled with a mixture of 
polyvinylpyrrolidone (PVP; Sigma-Aldrich Corp., St. Louis, MO), heparin (LEO Pharma, 
Ballerup, DK) and amoxicillin (Centrafarm, Etten-Leur, NL). During the same surgery, a 
permanent silicon cannula was stereotaxically implanted into the third ventricle using a standard 
Kopf stereotaxic apparatus (coordinates: 0.2 mm antero-posterior to bregma in the midline and 
9.0 mm ventral to the brain surface;  toothbar was set at 5 mm). Catheter and cannula were fixed 
on top of the head of the animals using dental cement. A temperature sensitive data logger (DST 
nano-T) (Star-Oddi, Gardabaer, Iceland) was implanted subcutaneously at the back and 
measured body temperature every 15 min. Experiments were only performed after recovery of 
animals to their pre-surgery body weight.  

Experimental procedures 

Infusion procedure 

During the experiment, animals received an ICV infusion of NPY (1 μg/μl) or vehicle (Milli-Q 
water) for 2h. The first 5 min consisted of a bolus infusion at a rate of 1 μl/min rate. After the 
bolus infusion, the infusion rate was changed to 5 μl/h for the remaining 2h. 

Experiment 1: Effects of ICV NPY on plasma glucose and corticosterone levels and gene 
expression  

For adaptation, animals were connected to a metal collar, to guide the ICV infusion catheter, on 
the day before the experiment. On the experimental day, food was removed 4h before the start of 
the experiment (09:00 am). At the same time animals were connected to the blood sampling and 
infusion lines, which were attached to the metal collar and kept out of reach from the rats by 
ways of a counterbalanced arm. Experiments, meaning experimental ICV infusions, were started 
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at 01:00 pm. Animals were divided in two groups: NPY infusion (n=11) and vehicle infusion 
(n=8). The first blood samples were taken just before the start of the NPY/vehicle infusion (at 
01:00 pm). After the start of the ICV infusion blood samples were taken every 20 min for 2h. At 
the end of the 2h infusion period (at 03:00 pm), animals were sacrificed by a lethal intravenous 
injection of pentobarbital. Brain, liver, BAT, sWAT, eWAT and sMuscle were collected and 
stored at -80 ºC until analysis. 

Experiment 2: Effects of ICV NPY on energy metabolism in rats 

Two days before the experiment, animals were transferred to the calorimetry system for 
adaptation. On the experimental day, animals were connected to the metal collar and the ICV 
infusion line 4h before the experiment (09:00 am). Food and water were also removed at this 
time point. Rats were divided in two groups: NPY infused animals (n=12) and vehicle infused 
animals (n=11). Experimental ICV infusions started at 01:00 pm. After the 2h infusion period, 
animals stayed in the calorimetric cage for 2 more undisturbed hours. After these two hours, 
animals were disconnected from the metal collar and infusion lines and food and water were 
replaced (i.e., at 05:00 pm). Animals remained in the calorimetric cage for another day before 
being sacrificed.  

Food intake, locomotor activity, RER and EE were measured individually by an indirect 
calorimetry system (PhenoMaster / LabMaster, TSE Systems, Bad Homburg, Germany). 
Locomotor activity was assessed as distance travelled in cm per 15 min. O2 consumption (VO2) 
and CO2 production (VCO2) were assessed individually in every cage for 100 seconds every 15 
min. RER was calculated according to the formula: VCO2/VO2. EE was calculated according to 
the formula: (CVO2*VO2+CVCO2*VCO2)/1000 (the CVO2 and CVCO2 were pre-set values 
(CVO2=3.941, CVCO2=1.106)). Carbohydrate oxidation was calculated according to the formula: 
(4.585*VCO2-3.226*VO2)/60000 (23) and lipid oxidation was calculated according to the 
formula (1.695*VO2-1.701*VCO2)/60000 (23). Body temperature changes were measured by the 
subcutaneous temperature sensitive data loggers and analyzed after sacrifice. 

Cannula placement verification 

After the experiment, brains were cut with a cryostat into 25 µm sections. All sections were 
stained with Thionin and cannula placement was checked by microscope. Data from animals 
with an incorrect placement were excluded from the final analysis. 

Plasma measurements 

Plasma glucose concentration was determined during the experiment in blood spots using a 
glucometer (Freestyle, Abbott, Hoofddorp, The Netherlands). Plasma corticosterone and insulin 
concentrations were measured in duplicate by a radioimmunoassay kit (Corticosterone, ICN 
biomedical, Costa Mesa, CA; Insulin, Merck Millipore, Amsterdam, NL).  
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RNA extraction and cDNA synthesis 

Liver, eWAT, sWAT and BAT were homogenized by T10 basic UL TRA-TURRAX® 
homogenizer (IKA, Germay) with TRIzol (QIAGEN) and total RNA was isolated with Trizol 
protocol. sMuscle was homogenized by crush method, and total RNA was isolated with Trizol 
protocol. Total RNA was purified by NucleoSpin® RNAII Kit (Macherey-Nagel) and included a 
DNase step according to the manufacturer’s instructions. 

RNA was reverse transcribed using Transcriptor First cDNA Synthesis Kit (Roche) with oligo-
dT primers (30min at 55 ºC, 5min at 85 ºC). Additional reverse transcriptase minus (-RT) 
controls were run to check genomic DNA contamination. 

Reverse transcription polymerase chain reaction (RT-PCR) 

Gene expression was measured by quantitative RT-PCR using the following reaction system: 2 
μl cDNA was incubated in a final volume of 10 μl reaction containing 1×SensiFAST SYBR NO-
ROX Mix and 25 ng of each primer (forward and reverse). Quantitative RT-PCR (qRT-PCR) 
was performed in Lightcycler®480 (Roche), primer information for each gene is shown in Table 
1. The relative amount of each gene was normalized against the geometric mean of two 
housekeeping genes (for liver: hypoxanthine guanine phosphoribosyl transferase (Hprt) and 
TATA box binding protein (Tbp); for BAT, eWAT, sWAT and sMuscle: glyceraldehyde 3-
phosphate dehydrogenase (Gapdh) and Hprt)). 

Statistical analysis 

Data are presented as mean ± SEM (standard error of the mean). Statistical analysis was 
performed using SPSS version 22.0. Independent Student t-test’s were performed to compare 
gene expression. An ANOVA with repeated measures was performed to compare RER, 
carbohydrate oxidation, lipid oxidation, activity, heat production, temperature and plasma 
glucose, corticosterone and insulin levels. If appropriate, post-hoc analysis was performed using 
independent t-test’s with Bonferroni correction. 

 

 

 

 

 

 

 

   145 
 

Table 1 – Information on gene primers 
 

Gene Forward Primer Reverse Primer 

Clock 
genes 

Bmal1 CCGATGACGAACTGAAACACCT TGCAGTGTCCGAGGAAGATAGC 
Cry1 AAGTCATCGTGCGCATTTCA TCATCATGGTCGTCGGACAGA 
Cry2  TGGATAAGCACTTGGAACGGAA TGTACAAGTCCCACAGGCGGTA 
Per1 CGCACTTCGGGAGCTCAAACTTC GTCCATGGCACAGGGCTCACC 
Per2 CACCCTGAAAAGAAAGTGCGA CAACGCCAAGGAGCTCAAGT 

Rev-erbα ACAGCTGACACCACCCAGATC CATGGGCATAGGTGAAGATTTCT 
Dbp CCTTTGAACCTGATCCGGCT TGCCTTCTTCATGATTGGCTG 

Metabolic 
genes 

Lpl CAAAACAACCAGGCCTTCGA AGCAATTCCCCGATGTCCA 
Glut2 GTCCAGAAAGCCCCAGATACC TGCCCCTTAGTCTTTTCAAGCT 
Glut4 GGGCTGTGAGTGAGTGCTTTC CAGCGAGGCAAGGCTAGA 
Fabp4 AAATGTGCGACGCCTTTGTG CCAAGTCCCCTTCTACGCTG 
Acc1 GATGATCAAGGCCAGCTTGT CAGGCTACCATGCCAATCTC 
Fas CTTGGGTGCCGATTACAACC GCCCTCCCGTACACTCACTC 

Srebf1 GGAGCCATGGATTGCACATT AGGAAGGCTTCCAGAGAGGA 
Pparγ CAGGAAAGACAACAGACAAATCA GGGGGTGATATGTTTGAACTTG 
Pparβ CGCATGAAGCTCAAGTACG CTTCCAAAGCGGATAGCGTTGT 

Chrebp AGCATCGATCCGACACTCAC TGTTCAGCCGAATCTTGTCC 
Lipin1 TCACTACCCAGTACCAGGGC TGAGTCCAATCCTTTCCCAG 
Scd1 CTACAAGCCTGGCCTCCTGC GGCACCCAGGGAAACCAGGA 
Apob CACCTAAGATCAACAGTCGCTTC TCGAAAGCCAGACCCACTT 
Mttp GCGAGTCTAAAACCCGAGTG CACTGTGATGTCGCTGGTTATT 
Arf1 TGGCGCCACTACTTCCAG TCGTTCACACGCTCTCTGTC 

Cpt1a ACAATGGGACATTCCAGGAG AAAGACTGGCGCTGCTCA 
Cpt1b GTGCTGGAGGTGGCTTTGGT TGCTTGACGGATGTGGTTCC 
Acc2 GCACGAGATTGCTTTCCTAG GCTTCCGCTCCAGGGTAGAGT 

Pparα TCACACAATGCAATCCGTTT GGCCTTGACCTTGTTCATGT 
Pgc1α CAATGAATGCAGCGGTCTTA GTGTGAGGAGGGTCATCGTT 
Leptin GCTCTCTGCAGGACATTCTTCA GCCCGGTGGTCTTGGAA 

Adiponectin AATCCTGCCCAGTCATGAAG CATCTCCTGGGTCACCCTTA 
Visfatin ACAGATACTGTGGCGGGAATTGCT TCGACACTATCAGGTGTCTCAG 
Resistin ATCAAGACTTCAGCTCCCTACTG GTGACGGTTGTGCCTTCTG 

Atgl CTACCACATTGGAGTGGCC AGCAGGCAGGGTCTTCAGTA 
Hsl TCACGCTACATAAAGGCTGCT CCACCCGTAAAGAGGGAACT 

G6pase CCCATCTGGTTCCACATTCAA GGCGCTGTCCAAAAAGAATC 
Gk CAAGCTGCACCCGAGCTT TGATTCGATGAAGGTGATTTCG 

Pepck GTGTCCCCCTTGTCTACGAA GGTCGTGCATGATGACCTT 
Hmgcr CAACCTTCTACCTCAGCAAGC ACAGTGCCACACACAATTCG 
Cyp7a1 TTTGGGGAATTGCCGTGTTG CGGAATCAACCCGTTCTCCA 

Gr ACCTGGATGACCAAATGACCC GGAGCAAAGCAGAGCAGGTTT 
D1 GAAGTGCAACGTCTGGGATT CTGCCGAAGTTCAACACCA 
D2 TCCTGGAGCGTTTCTCCTT CATAAGCTACGTTGGCATTATTGT 

Thrα1 CATCTTTGAACTGGGCAAGT CTGAGGCTTTAGACTTCCTGATC 
Thrβ1 TGGGCGAGCTCTATATTCCA ACAGGTGATGCAGCGATAGT 
Adrb1 CACGCTGCCCTTTCGCTACC CACTTGGGGTCGTTGTAGCA  
Adrb2 CGCTTCACGTTCGTGCTGGC CGACCGCTATGAGCGTGTAG 
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Adrb3 CTTCCCAGCTAGCCCTGTT CCTTGCTAGATCTCCATGG 
Ucp1 AATCAGCTTTGCTTCCCTCA GCTTTGTGCTTGCATTCTGA 
Ucp2 GACTCTGTAAAGCAGTTCTACACCAA GGG CAC CTG TGG TGC TAC 
Ucp3 GCACTGCAGCCTGTTTTGCTGA ATAGTCAGGATGGTACCGAGCA 

House-
keeping 
genes 

Gapdh TGAACGGGAAGCTCACTGG TCCACCACCCTGTTGCTGTA 
Hprt GCAGTACAGCCCCAAAATGG AACAAAGTCTGGCCTGTATCCAA 
Tbp TTCGTGCCAGAAATGCTGAA TGCACACCATTTTCCCAGAAC 

 
Abbreviations used: Bmal1: also known as Arntl, Aryl hydrocarbon receptor nuclear translocator-like 
protein 1.  Per1: period circadian clock 1. Per2: period circadian clock2. Cry1: cryptochrome circadian 
clock 1. Cry2: cryptochrome circadian clock 2. Rev-erbα: also known as Nr1d1, nuclear receptor 
subfamily 1, group D, member 1. Dbp: D site of albumin promoter (albumin D-box) binding protein.   
Lpl: Lipoprotein lipase. Glut2: also known as Slc2a2, solute carrier family 2 (facilitated glucose 
transporter), member 2. Glut4: also known as Slc2a4, solute carrier family 2 (facilitated glucose 
transporter), member 4. Fabp 4: fatty acid binding protein 4. Acc1: also known as Acaca, acetyl-CoA 
carboxylase alpha. Fas: also known as Fasn, fatty acid synthase. Srebf1: sterol regulatory element binding 
transcription factor 1. Pparγ: also known as Pparg, peroxisome proliferator-activated receptor gamma. 
Pparβ: also known as Ppard, peroxisome proliferator-activated receptor delta. Chrebp: also known as 
Mlxipl, MLX interacting protein-like. Scd1: stearoyl-Coenzyme A desaturase 1.  Apob: apolipoprotein B.  
Mttp: microsomal triglyceride transfer protein. Arf1: ADP-ribosylation factor 1. Cpt1a: carnitine 
palmitoyltransferase 1a. Cpt1b: carnitine palmitoyltransferase 1b. Acc2: also known as Acacb, acetyl-CoA 
carboxylase beta.  Pparα: also known as Ppara, peroxisome proliferator activated receptor alpha. Pgc1α: 
also known as Ppargc1a, peroxisome proliferator-activated receptor gamma, coactivator 1 alpha. Visfatin 
also known as Nampt, nicotinamide phosphoribosyltransferase. Atgl: adipose triglyceride lipase.  Hsl: also 
known as Lipe, lipase, hormone sensitive. G6pase: also known as G6pc, glucose-6-phosphatase, catalytic 
subunit. Gk: glycerol kinase. Pepck: also known as Pck1, phosphoenolpyruvate carboxykinase 1. 
Hmgcr: 3-hydroxy-3-methylglutaryl-CoA reductase. Cyp7a1: cytochrome P450, family 7, subfamily a, 
polypeptide 1. Gr: glucocorticoid receptor.  D1: also known as Dio1, deiodinase, iodothyronine, type I. 
D2: also known as Dio2, deiodinase, iodothyronine, type II. Thrα1: Thyroid hormone receptor (TR) alpha 
1. Thrβ1: Thyroid hormone receptor (TR) beta 1. Adrb1: adrenoceptor beta 1. Adrb2: adrenoceptor beta 2. 
Adrb3: adrenoceptor beta 3. Ucp1: uncoupling protein 1. Ucp2: uncoupling protein 2. Ucp3: uncoupling 
protein 3. Gapdh: glyceraldehyde-3-phosphate dehydrogenase. Hprt: also known as Hprt1, hypoxanthine 
phosphoribosyltransferase 1.Tbp: TATA box binding protein.  
 
 
Results 

Experiment 1: Effects of ICV NPY on plasma glucose, corticosterone and insulin levels and 
gene expression  

Two (both NPY infused) out of the 19 animals operated upon had to be excluded from further 
analysis, because of a wrong probe placement.  

1. Effects of ICV NPY on glucose and corticosterone levels in plasma 
Four out of the 17 remaining animals had to be excluded from the plasma hormone analysis, 
because their catheter was blocked during the experiment. Plasma glucose levels were measured 
before and during the ICV NPY/vehicle infusion (Fig.1A). NPY (n=8) and vehicle (n=5) animals 
showed similar basal glucose levels before the ICV infusion. ANOVA analysis showed 
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significant effects of Time (p=0.009) and Treatment (p=0.033). The effect of Interaction was not 
significant (p=0.385). Plasma glucose levels in NPY infused animals were higher during the 
whole experiment, although post-hoc analysis did not reveal significant differences at any 
specific time point. 

Vehicle and NPY animals showed similar basal corticosterone levels (Fig.1B). ANOVA showed 
a significant effect of Treatment (p<0.001). The effects of Time (p=0.083) and Interaction 
(p=0.171) did not reach significance. The ICV infusion of NPY resulted in a significant increase 
in corticosterone levels at t=40 min (p=0.007) and t=80 min (p=0.023). 

Plasma insulin levels were measured before and during the ICV NPY/vehicle infusion (Fig.S1). 
NPY and vehicle animals showed similar basal insulin levels before the ICV infusion. ANOVA 
analysis showed a significant effects of Time (p<0.001). The effect of Treatment (p=0.051) and 
Interaction (p=0.059) just missed significance. 

 

 
Fig.1. Effects of ICV NPY on plasma glucose (A) and corticosterone (B) levels. Data are presented as 
mean ± SEM. * p<0.05; ** p<0.01. Open circles – ICV vehicle infusion rats (n=5), Closed circles – ICV 
NPY infusion rats (n=8).  

2. Effects of ICV NPY on metabolic gene expression in liver 

We studied 27 metabolic genes in the liver. ANOVA showed a significant effect of Treatment on 
the expression level of 8 metabolic genes (Table 2). The expression level of Fas, Lipin1, Mttp, 
Arf1, GK, Pgc1α, Pepck and Cyp7a1 was significantly increased after the ICV administration of 
NPY (Fig.2). The changes in the expression level of Acc1 (p=0.069; increase) and Pparα 
(p=0.087; decrease) just missed significance.  
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Fig.1. Effects of ICV NPY on plasma glucose (A) and corticosterone (B) levels. Data are presented as 
mean ± SEM. * p<0.05; ** p<0.01. Open circles – ICV vehicle infusion rats (n=5), Closed circles – ICV 
NPY infusion rats (n=8).  

2. Effects of ICV NPY on metabolic gene expression in liver 

We studied 27 metabolic genes in the liver. ANOVA showed a significant effect of Treatment on 
the expression level of 8 metabolic genes (Table 2). The expression level of Fas, Lipin1, Mttp, 
Arf1, GK, Pgc1α, Pepck and Cyp7a1 was significantly increased after the ICV administration of 
NPY (Fig.2). The changes in the expression level of Acc1 (p=0.069; increase) and Pparα 
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We analyzed the correlation in the NPY infused animals only. We found that Lipin1 expression 
was positively correlated with the corticosterone response (Fig.S2). Pepck expression was 
negatively correlated with the glucose response (Fig.S2).   

Fig.2. Effects of ICV NPY on metabolic gene expression in liver. Data are expressed as mean ± SEM. 
mRNA values were normalized to the geometric mean of two housekeeping genes (Hprt and Tbp). * 
p<0.05; ** p<0.01.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY infusion rats 
(n=9). For ANOVA analysis see Table 2.  Data for Pparγ, Scd1, Apo, Acc2, Hsl, Hmgcr and Gr are not 
shown, but were not affected by ICV NPY. 
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Table 2 – Acute effects of ICV NPY infusion on metabolic gene expression levels in liver, 
BAT, eWAT, sWAT and sMuscle 

Gene Tissue 
Liver BAT eWAT sWAT sMuscle 

Lpl 0.200 0.002 0.234 0.137 0.372 
Glut2 0.648 — — — — 
Glut4 — 0.591 0.674 0.763 0.655 
Fabp4 — — 0.651 0.731 — 
Acc1 0.069 0.214 0.996 0.466 0.075 
Fas 0.042 0.401 0.887 0.249 0.387 

Srebf1 0.455 0.002 0.219 0.104 0.401 
Pparγ 0.705 0.003 0.509 0.742 0.343 
Pparβ — 0.107 — — 0.928 

Chrebp — — — — 0.909 
Lipin1 0.004 0.483 0.658 <0.001 — 
Scd1 0.103 — 0.243 0.566 0.113 
Apob 0.771 — — — — 
Mttp 0.036 — — — — 
Arf1 0.020 — — — — 

Cpt1a 0.864 — — — — 
Cpt1b — 0.998 0.492 0.342 0.074 
Acc2 0.571 0.655 0.721 0.443 0.496 
Pparα 0.087 0.493 0.976 0.088 0.639 
Pgc1α 0.026 0.077 0.091 0.912 0.038 
Leptin — — 0.193 0.039 — 

Adiponectin — — 0.387 0.450 — 
Visfatin — — 0.507 0.005 — 
Resistin — — 0.772 0.224 — 

Atgl 0.411 0.814 0.555 0.528 0.027 
Hsl 0.720 0.228 0.896 0.341 0.095 

G6pase 0.154 — — — — 
Gk 0.048 — — — — 

Pepck 0.018 — — — — 
Hmgcr 0.345 — — — — 
Cyp7a1 0.028 — — — — 

Gr 0.491 0.327 0.040 0.587 0.099 
D1 0.624 — — — — 
D2 — 0.010 — — 0.567 

Thrα1 — 0.832 — — — 
Thrβ1 — 0.238 — — — 
Adrb1 0.331 0.008 — — — 
Adrb2 0.785 — — — 0.066 
Adrb3 — 0.859 0.005 0.305 — 
Ucp1 — 0.086 — — — 
Ucp2 0.215 — 0.526 0.051 0.984 
Ucp3 — <0.001 0.040 0.037 0.042 

Results are presented as p value. Significant effects are in bold 
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3. Effects of ICV NPY on metabolic gene expression in BAT 

Twenty two metabolic genes were studied in BAT (Table 2). The expression level of Lpl, D2, 
Adrb1 and Ucp3 was significantly decreased and that of Srebf1 and Pparγ was significantly 
increased, after the ICV NPY infusion (Fig.3). The decrease in Pgc1α (p=0.077) and Ucp1 
(p=0.086) expression in NPY rats just missed significance.  

The expression level of Ucp1 was positively correlated with that of Lpl (Fig.S2) and Ucp3 
expression was positively correlated with that of D2 (Fig.S2). 

 
Fig.3. Effects of ICV NPY on metabolic gene expression in BAT. Data are expressed as mean ± SEM. 
mRNA values were normalized to the geometric mean of two housekeeping genes (Hprt and Gapdh). * 
p<0.05; ** p<0.01; *** p<0.001.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY 
infusion rats (n=9). For ANOVA analysis see Table 2.  Data for Pparβ and Gr are not shown, but were 
not changes significantly by ICV NPY. 
 
4. Effects of ICV NPY on gene expression in eWAT 

We studied the expression level of 23 metabolic genes in eWAT (Table 2 and Fig.4). The ICV 
infusion of NPY decreased Adrb3 and Gr expression, but increased Ucp3 expression. The 
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decrease in the expression level of Pgc1α did not reach significance (p=0.091). We did not find 
any correlation between these gene expression responses. 

 
Fig.4. Effects of ICV NPY on metabolic gene expression in eWAT. Data are expressed as mean ± SEM. 
mRNA values were normalized to the geometric mean of two housekeeping genes (Hprt and Gapdh). * 
p<0.05; ** p<0.01.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY infusion rats 
(n=9). For ANOVA analysis see Table 2.  Data for Scd1, Acc2 and Hsl are not shown, but were not 
affected by ICV NPY. 
 
5. Effects of ICV NPY on gene expression in sWAT 

Twenty three metabolic genes were studied in sWAT (Table 2 and Fig.5). The expression level 
of Lipin1, Leptin, Visfatin and Ucp3 was higher in the NPY infused group as compared to the 
vehicle infused group. The increased expression of Ucp2 (p=0.051) and PPARα (p=0.086) just 
missed significance. The expression level of Leptin was positively correlated with that of Per1 
and Per2 (Fig.S2). 
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Fig.5. Effects of ICV NPY on metabolic gene expression in sWAT. Data are expressed as mean ± SEM. 
mRNA values were normalized to the geometric mean of two housekeeping genes (Hprt and Gapdh). * 
p<0.05; ** p<0.01; *** p<0.001.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY 
infusion rats (n=9). For ANOVA analysis see Table 2.  Data for Scd1, Acc2 and Hsl are not shown, but 
were not changed by ICV NPY. 
 
6. Effects of ICV NPY on gene expression in sMuscle 

In sMuscle, we studied the expression level of 19 metabolic genes. The Treatment effect was 
significant for 3 metabolic genes (Table 2). The expression level of Atgl and Ucp3 was 
significantly decreased and that of Pgc1α was significantly increased after the ICV infusion of 
NPY (Fig.6). The ICV infusion of NPY also tended to decrease the expression level of Acc1 
(p=0.075), Cpt1b (p=0.074), Hsl (p=0.095), Gr (p=0.099) and Adrb2 (p=0.066), but these 
decreases did not reach significance. No significant correlations between the different gene 
responses were found in the NPY animals. 

7. Effects of ICV NPY on clock gene expression in liver, BAT, eWAT, sWAT and sMuscle 

Seven clock genes were investigated in the 5 tissues studied (Table 3, Fig.7 and Fig.8). 
Depending on the tissue studied clock genes responded differently to the administration of NPY. 
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Also with regard to clock genes, liver and BAT were the most responsive tissues, with a 
significant change in expression in 4 and 3 clock genes, respectively. The expression level of 
Bmal1 was significantly increased in liver and was significant decreased in BAT after the ICV 
infusion of NPY. After NPY infusion, the expression level of Per1 was significantly increased in 
liver and sWAT. The Per2 expression level was increased in liver and sWAT (p=0.086) after the 
ICV infusion of NPY. The expression level of Cry1 was significantly decreased in BAT and was 
increased (p=0.078) in liver after the ICV NPY infusion. In sMuscle, the expression level of 
Cry2 was significantly decreased in NPY rats. Dbp expression was significantly decreased in the 
liver and was significantly increased in BAT after ICV infusion of NPY. In the liver, the Dbp 
expression level was negatively correlated with the plasma corticosterone response (Fig.S2). In 
eWAT and sMuscle, the expression level of Dbp was decreased after ICV infusion of NPY, but 
this decrease did not reach significance. The Reverbα expression level was significantly 
decreased in eWAT and sMuscle in NPY infused rats. 

 
Fig.6. Effects of ICV NPY on metabolic gene expression in sMuscle. Data are expressed as mean ± SEM. 
mRNA values were normalized to the geometric mean of two housekeeping genes (Hprt and Gapdh). * 
p<0.05.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY infusion rats (n=9). For 
ANOVA analysis see Table 2.   
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Fig.5. Effects of ICV NPY on metabolic gene expression in sWAT. Data are expressed as mean ± SEM. 
mRNA values were normalized to the geometric mean of two housekeeping genes (Hprt and Gapdh). * 
p<0.05; ** p<0.01; *** p<0.001.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY 
infusion rats (n=9). For ANOVA analysis see Table 2.  Data for Scd1, Acc2 and Hsl are not shown, but 
were not changed by ICV NPY. 
 
6. Effects of ICV NPY on gene expression in sMuscle 

In sMuscle, we studied the expression level of 19 metabolic genes. The Treatment effect was 
significant for 3 metabolic genes (Table 2). The expression level of Atgl and Ucp3 was 
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NPY (Fig.6). The ICV infusion of NPY also tended to decrease the expression level of Acc1 
(p=0.075), Cpt1b (p=0.074), Hsl (p=0.095), Gr (p=0.099) and Adrb2 (p=0.066), but these 
decreases did not reach significance. No significant correlations between the different gene 
responses were found in the NPY animals. 

7. Effects of ICV NPY on clock gene expression in liver, BAT, eWAT, sWAT and sMuscle 

Seven clock genes were investigated in the 5 tissues studied (Table 3, Fig.7 and Fig.8). 
Depending on the tissue studied clock genes responded differently to the administration of NPY. 
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Also with regard to clock genes, liver and BAT were the most responsive tissues, with a 
significant change in expression in 4 and 3 clock genes, respectively. The expression level of 
Bmal1 was significantly increased in liver and was significant decreased in BAT after the ICV 
infusion of NPY. After NPY infusion, the expression level of Per1 was significantly increased in 
liver and sWAT. The Per2 expression level was increased in liver and sWAT (p=0.086) after the 
ICV infusion of NPY. The expression level of Cry1 was significantly decreased in BAT and was 
increased (p=0.078) in liver after the ICV NPY infusion. In sMuscle, the expression level of 
Cry2 was significantly decreased in NPY rats. Dbp expression was significantly decreased in the 
liver and was significantly increased in BAT after ICV infusion of NPY. In the liver, the Dbp 
expression level was negatively correlated with the plasma corticosterone response (Fig.S2). In 
eWAT and sMuscle, the expression level of Dbp was decreased after ICV infusion of NPY, but 
this decrease did not reach significance. The Reverbα expression level was significantly 
decreased in eWAT and sMuscle in NPY infused rats. 

 
Fig.6. Effects of ICV NPY on metabolic gene expression in sMuscle. Data are expressed as mean ± SEM. 
mRNA values were normalized to the geometric mean of two housekeeping genes (Hprt and Gapdh). * 
p<0.05.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY infusion rats (n=9). For 
ANOVA analysis see Table 2.   
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Fig.7. Effects of ICV NPY on the expression of Bmal1, Per1, Per2 and Cry1 in liver, BAT, eWAT, 
sWAT and sMuscle. Data are expressed as mean ± SEM. mRNA values were normalized to the geometric 
mean of two housekeeping genes (for liver, Gapdh and Tbp; for BAT, eWAT, sWAT and sMuscle, Hprt 
and Gapdh). * p<0.05; ** p<0.01; *** p<0.001.  White bars – ICV vehicle infusion rats (n=8), Black bars 
– ICV NPY infusion rats (n=9). For ANOVA analysis see Table 3.  
 
Table 3 – Acute effects of ICV NPY infusion on clock gene expression levels in liver, BAT, 

eWAT, sWAT and sMuscle 

Gene Tissue 
Liver BAT eWAT sWAT sMuscle 

Bmal1 0.017 0.009 0.669 0.311 0.481 
Per1 0.018 0.229 0.356 0.014 0.896 
Per2 <0.001 0.440 0.174 0.086 0.846 
Cry1 0.078 0.037 0.772 0.369 0.179 
Cry2 0.424 0.305 0.169 0.421 0.020 
Dbp 0.022 0.024 0.060 0.881 0.057 

Rev-erbα 0.836 0.653 0.047 0.954 0.011 
Results are presented as p value. Significant effects are in bold 
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Fig.8. Effects of ICV NPY on the expression of Cry2, Dbp and Reverbα in liver, BAT, eWAT, sWAT 
and sMuscle. Data are expressed as mean ± SEM. mRNA values were normalized to the geometric mean 
of two housekeeping genes (for liver, Gapdh and Tbp; for BAT, eWAT, sWAT and sMuscle, Hprt and 
Gapdh). * p<0.05; ** p<0.01.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY 
infusion rats (n=9). For ANOVA analysis see Table 3.  
 
Experiment 2: Effects of ICV NPY on energy metabolism in rat 

Seven (4 vehicle, 3 NPY) out of the 23 experimental animals had to be excluded from the final 
analysis, because of a wrong probe placement. 

1. Effects of ICV NPY on RER and carbohydrate and lipid oxidation 

We measured RER in the NPY and vehicle animals before, during and after the infusion 
(Fig.9A). During the 4-hour fasting period, preceding the start of the experiment, RER slowly 
decreased. During the ICV infusion RER was higher in the NPY infused group as compared to 
the vehicle group (Fig.9A; Interaction p<0.001). Two hours after stopping the infusion, the RER 
level was similar again in NPY and vehicle infused animals (Fig.9A). After returning food in the 
cage, RER increased again in both NPY and vehicle infused animals. This increase again was 
higher in NPY animals than in vehicle animals (Fig.9A; Treatment p=0.026; Table 4).  

Carbohydrate oxidation was higher in NPY animals than in vehicle animals during the ICV 
infusion (Fig.9B; Interaction p=0.015). After returning food in the cage, carbohydrate oxidation 
rate increased in both infusion groups. The increase in the NPY infusion group was again more  
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Fig.8. Effects of ICV NPY on the expression of Cry2, Dbp and Reverbα in liver, BAT, eWAT, sWAT 
and sMuscle. Data are expressed as mean ± SEM. mRNA values were normalized to the geometric mean 
of two housekeeping genes (for liver, Gapdh and Tbp; for BAT, eWAT, sWAT and sMuscle, Hprt and 
Gapdh). * p<0.05; ** p<0.01.  White bars – ICV vehicle infusion rats (n=8), Black bars – ICV NPY 
infusion rats (n=9). For ANOVA analysis see Table 3.  
 
Experiment 2: Effects of ICV NPY on energy metabolism in rat 

Seven (4 vehicle, 3 NPY) out of the 23 experimental animals had to be excluded from the final 
analysis, because of a wrong probe placement. 

1. Effects of ICV NPY on RER and carbohydrate and lipid oxidation 

We measured RER in the NPY and vehicle animals before, during and after the infusion 
(Fig.9A). During the 4-hour fasting period, preceding the start of the experiment, RER slowly 
decreased. During the ICV infusion RER was higher in the NPY infused group as compared to 
the vehicle group (Fig.9A; Interaction p<0.001). Two hours after stopping the infusion, the RER 
level was similar again in NPY and vehicle infused animals (Fig.9A). After returning food in the 
cage, RER increased again in both NPY and vehicle infused animals. This increase again was 
higher in NPY animals than in vehicle animals (Fig.9A; Treatment p=0.026; Table 4).  

Carbohydrate oxidation was higher in NPY animals than in vehicle animals during the ICV 
infusion (Fig.9B; Interaction p=0.015). After returning food in the cage, carbohydrate oxidation 
rate increased in both infusion groups. The increase in the NPY infusion group was again more  
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Fig.9. Effects of ICV NPY on energy metabolism. RER (A), Carbohydrate oxidation (B), Lipid oxidation 
(C) Activity (D), EE (E) and Temperature (F). Data are presented as mean ± SEM. Grey line – ICV 
vehicle infusion rats (n=7; for temperature, n=4), Black line – ICV NPY infusion rats (n=9; for 
temperature, n=5). Data from 11:00 to 23:00 are shown in the light grey rectangle.  The arrow head 
indicates the time for starting the ICV infusion, the infusion was stopped 2-hours later (at 15:00 hours). 
The arrow indicates the time of disconnecting the animal from the infusion cannula and swivel and 
returning food back into the cage. Dark onset at 19:00. For an ANOVA with repeated measures analysis 
from 13:00 to 15:00, 15:00 to 17:00, 17:00 to 19:00 and 19:00 to 21:00 see Table 4.  
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Fig.9. Effects of ICV NPY on energy metabolism. RER (A), Carbohydrate oxidation (B), Lipid oxidation 
(C) Activity (D), EE (E) and Temperature (F). Data are presented as mean ± SEM. Grey line – ICV 
vehicle infusion rats (n=7; for temperature, n=4), Black line – ICV NPY infusion rats (n=9; for 
temperature, n=5). Data from 11:00 to 23:00 are shown in the light grey rectangle.  The arrow head 
indicates the time for starting the ICV infusion, the infusion was stopped 2-hours later (at 15:00 hours). 
The arrow indicates the time of disconnecting the animal from the infusion cannula and swivel and 
returning food back into the cage. Dark onset at 19:00. For an ANOVA with repeated measures analysis 
from 13:00 to 15:00, 15:00 to 17:00, 17:00 to 19:00 and 19:00 to 21:00 see Table 4.  
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pronounced than in the vehicle infusion group, but this time did not reach significance (Fig.9B; 
Treatment=0.089). The rate of lipid oxidation decreased in both NPY and vehicle infused 
animals when food was returned in the cage, with the decreases in NPY animals being stronger 
than in vehicle animals (Fig.9C; Treatment p=0.045; Table 4). 

2. Effects of ICV NPY on locomotor activity 

Locomotor activity was increased in the NPY group during the infusion (13:00-15:00) (Fig.9D, 
Table 4). Activity remained higher in the NPY group as compared to the vehicle group during 
the first 2h after the end of the infusion (15:00-17:00) (Fig.9D, Table 4). After returning food in 
the cage, locomotor activity increased in both NPY and vehicle infused animals. The locomotor 
activity of NPY animals was higher than that of vehicle animals during the first 2 h after 
returning the food (17:00-19:00) (Fig.9D, Table 4). However, food intake was not significantly 
different between the NPY and vehicle infused animals (17:00-19:00: vehicle vs NPY, 1.78±0.62 
(g) vs 2.73±0.35 (g); 19:00-23:00: vehicle vs NPY, 5.78±1.19 (g) vs 4.96±0.96 (g)).  

3. Effects of ICV NPY on EE  

EE was measured before, during and after the ICV infusion (Fig.9E). EE was a little bit higher in 
NPY animals compared to vehicle animals during the infusion and during the first 2h after the 
infusion (Fig.9E, Treatment p<0.001; Table 4). EE increased in both groups when food was 
returned in the cage, but this increase was more pronounced in NPY than in vehicle animals 
(Interaction p=0.004).  

4. Effect of acute ICV NPY on body temperature 

Body temperature rapidly increased in NPY animals after the start of the infusion (Interaction 
p=0.085) and remained higher until the first hours of the dark period (Fig.9F, Table 4).  

Discussion  

NPY is a very important neuropeptide for the control of energy metabolism. In the present study, 
we found that the ICV administration of NPY simultaneously affects gene expression in different 
peripheral tissues, including liver, BAT, WAT and sMuscle (Fig.10). ICV NPY increased the 
expression of hepatic genes involved in glucose production, TG synthesis and TG secretion, as 
well as WAT genes involved in lipogenesis. At the same time, in BAT and muscle ICV NPY 
decreased the expression level of genes involved in thermogenesis and lipolysis, respectively. 
Congruent with these effects on gene expression, ICV NPY increased RER, EE, body 
temperature and locomotor activity (Fig.10). The increased RER was due to an NPY-induced 
increased carbohydrate oxidation when no food was present and a decreased lipid oxidation 
when food was present. The changes in gene expression and RER reveal that NPY favors an 
increased use of carbohydrates over lipids as energy source and a shift from lipolysis to 
lipogenesis. Contrary to the general idea, an increased release of central NPY did not acutely 
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lower energy expenditure. From an evolutionary viewpoint these changes are very adaptive, 
indeed the hungry organism needs to save energy but in order to search for food it also needs to 
be active and spend energy. But whether the increase in activity occurs or not, the increased 
central NPY levels will result in a lesser use of lipids. It may be clear that in our current 
sedentary society decreased lipid usage that is not balanced by increased energy expenditure will 
result in the development of obesity. 

 

Fig.10. Acute metabolic effects of ICV administered NPY. In addition to several physiological changes at 
the whole level, i.e., increased locomotor activity, body temperature, energy expenditure and the 
respiratory exchange ratio (RER), simultaneously ICV administered NPY also induces a multitude of 
metabolic changes in different tissues.  

Expression of all genes involved in de novo lipogenesis (GK, ACC1, FAS and LIPIN1) (24,25) 
and TG secretion (MTTP and ARF) (26,27) was increased after ICV NPY, indicating that central 
NPY stimulates hepatic lipogenesis and VLDL-TG secretion. This finding nicely agrees with a 
number of previous observations (12,28,29). Hepatic genes involved in glucose production 
(Pepck, G6pase and PGC1α) were also increased by ICV NPY, as also reported previously 
(10,11). According to these previous studies (11,28) ICV NPY increased glucose production and 
TG secretion via an increased sympathetic hepatic input. Pparα expression was decreased after 
ICV NPY, indicating that the fatty acid β-oxidation was decreased. Together these findings thus 
show that in the liver central NPY increases TG synthesis and secretion as well as glucose 
production, but at the same time inhibits fatty acid β-oxidation. 
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pronounced than in the vehicle infusion group, but this time did not reach significance (Fig.9B; 
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returning the food (17:00-19:00) (Fig.9D, Table 4). However, food intake was not significantly 
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the whole level, i.e., increased locomotor activity, body temperature, energy expenditure and the 
respiratory exchange ratio (RER), simultaneously ICV administered NPY also induces a multitude of 
metabolic changes in different tissues.  

Expression of all genes involved in de novo lipogenesis (GK, ACC1, FAS and LIPIN1) (24,25) 
and TG secretion (MTTP and ARF) (26,27) was increased after ICV NPY, indicating that central 
NPY stimulates hepatic lipogenesis and VLDL-TG secretion. This finding nicely agrees with a 
number of previous observations (12,28,29). Hepatic genes involved in glucose production 
(Pepck, G6pase and PGC1α) were also increased by ICV NPY, as also reported previously 
(10,11). According to these previous studies (11,28) ICV NPY increased glucose production and 
TG secretion via an increased sympathetic hepatic input. Pparα expression was decreased after 
ICV NPY, indicating that the fatty acid β-oxidation was decreased. Together these findings thus 
show that in the liver central NPY increases TG synthesis and secretion as well as glucose 
production, but at the same time inhibits fatty acid β-oxidation. 
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It is well known that sympathetic nerve stimulation increases non-shivering thermogenesis in 
BAT, mainly via the β adrenoceptor (β-AR). Atgie et al (30) showed that noradrenaline (NE) 
controls thermogenesis mainly via the β1-AR when circulating NE levels are low. We found that 
Adrb1 expression was decreased after central NPY, indicating that ICV NPY inhibits 
sympathetic nervous system (SNS) input to BAT, which is in agreement with previous studies 
(15,31). In BAT, LPL hydrolyzes plasma TG’s to provide fatty acids. In this study we found the 
expression level of Lpl in BAT to be decreased in NPY rats, very much similar to the finding of 
Kotz et al (32). LPL synthesis and activity is regulated by the SNS (33), thus the reduction in 
SNS input in BAT induced by ICV NPY also inhibits the expression of Lpl (15). UCP1 plays an 
important role in BAT non-shivering thermogenesis (34,35). In our current study Lpl expression 
level was positively correlated with Ucp1 expression in the NPY infused animals, indicating that 
the reduced influx of fatty acids contributes to the decrease in non-shivering thermogenesis. It 
has been shown that sympathetic stimulation up-regulates UCP1 expression in BAT (36,37). 
Triiodothyronine (T3) amplifies this adrenergic stimulation of Ucp1 (38). In BAT, T3 is 
produced locally by the enzyme deiodinase type 2 (D2), also this process is activated by the SNS 
(39). It is well known that PGC1α controls mitochondrial biogenesis and respiration (40,41), as 
well as the expression of Ucp1 in BAT (42,43). In the present study we found that Lpl, Ucp1, D2 
and Pgc1α expression were all decreased after ICV NPY, all in line with a decrease in SNS and a 
decrease in non-shivering thermogenesis in BAT. PPARγ and SREBF1 are necessary and master 
regulators for adipogenesis (44-47). The increased expression of Srebf1 and Pparγ in the NPY-
infused animals indicates a shift toward increased BAT mass and increased storage of fatty acids 
as TG’s. Thus increased central NPY level results in a switch from non-shivering thermogenesis 
to adipogenesis in BAT. 

The general  accepted idea is that UCP3 functions as a mitochondrial exporter of fatty acids to 
protect mitochondria from lipid induced oxidative damage (48). In sWAT the expression level of 
genes involved in fatty acid uptake was not changed, whereas that involved in lipogenesis 
(Lipin1) was increased, thus fatty acids seem to shift from ß-oxidation by mitochondria to TG 
synthesis. It has been reported that Ucp2 mRNA, leptin and visfatin correlate positive with body 
mass index (BMI) (49-51), thus the increased expression level of Ucp2, Leptin and Visfatin in 
sWAT of NPY infused animals possibly reflects an increased lipogenesis and fat mass. Changes 
in gene expression in sWAT and eWAT were very comparable, although somewhat more 
pronounced in sWAT. Pgc1α expression was decreased in eWAT of NPY animals, therefore 
mitochondrial biogenesis and function most likely are decreased in eWAT of NPY animals. 
Because mitochondrial biogenesis and function are decreased, the excess fatty acids in 
mitochondria have to be exported to the cytoplasm to prevent mitochondrial damage, resulting in 
increased Ucp3 expression. The expression of Adrb3 was decreased after ICV NPY, indicating a 
decrease of SNS WAT input. Together these data indicate that central NPY induces decreased 
mitochondrial activity and increased lipogenesis in WAT.  
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The expression of ATGL and HSL (52,53) was decreased in sMuscle after ICV NPY, indicating 
a decreased lipolysis. CPT1b expression was decreased in NPY animals, indicating less fatty 
acid transport to mitochondria (54). Less fatty acids transported into the mitochondria also 
results in a decreased expression of Ucp3 (48). Together these data show that ICV NPY reduces 
lipolysis and fatty acid oxidation in sMuscle. Langfort et al. (55) showed that the SNS stimulates 
the expression of Hsl in muscle. In this study, we found that muscle Adrb2 and Hsl expression 
was decreased after ICV NPY, indicating a decrease of SNS muscle input.  

The increased RER in NPY animals was due to an increased carbohydrate oxidation during the 
ICV infusion and the first five hours after refeeding, and to a decreased lipid oxidation in the 
NPY animals during the first 5h of refeeding. Zhang et al (56) showed that NPY-/- mice exhibited 
a significantly reduced RER compared to wild type mice, also suggesting that NPY activation 
promotes the oxidation of carbohydrates. Together the RER and gene expression data clearly 
demonstrate that activation of the (central) NPY signal shifts substrate oxidation away from 
lipids towards carbohydrates and promotes lipogenesis. 

Locomotor activity was increased in NPY animals during the ICV infusion, as well as during the 
first 2h after infusion and during the first 3h of refeeding. Indeed, others have shown that mice 
with a genetic ablation of NPY (57,58) or the NPY Y1 receptor (59) exhibit a reduction of 
locomotor and exploratory behavior. Pfluger et al (60) showed that the increased locomotor 
activity after ICV NPY mainly consists of foraging behavior. Energy expenditure was increased 
in NPY rats during the ICV infusion, as well as after the infusion and during the first 3h of 
refeeding. These changes are very similar to the changes in locomotor activity, thus the increased 
energy expenditure most likely is primarily associated with mobility. The effects of central NPY 
on body temperature very much depend on the brain areas aimed for and the injection doses used 
(7,61). In our study, the hyperthermia induced after 3V NPY (15 μg in 2 hours) was comparable 
to previous results in animals infused 3V with a high dose of NPY (>10 μg) (7,61). Because 
glucose uptake (62) and fatty acid oxidation was decreased in muscle in NPY animals, shivering 
thermogenesis probably is not the main contributor to the increase in body temperature. In view 
of the reduced BAT activity, also non-shivering thermogenesis is an unlikely explanation. 
Although the mechanism of the 3V NPY-induced increase in body temperature is still not clear, 
the increased locomotor activity together with an increase in peripheral vasoconstriction may 
contribute to this phenomenon. It is clear, however, that the ICV infusion of NPY acutely 
increases food seeking behavior, as an additional strategy to combat the shortage of calories 
indicated by the high levels of NPY.  

NPY and its receptors (63) are found in many brain areas. NPY outside the hypothalamus seems 
to be mainly involved in emotional behavior, responsiveness to stressful stimuli, ethanol intake, 
neurogenesis and neuroprotection (64-66). Indeed transgenic mice that overexpress NPY in the 
cortex, hippocampus and amygdala, but not in hypothalamus, exhibit no major phenotypes 
related to food intake and body weight (67). On the other hand, transgenic mice with only 18% 
net increase in Arc NPY levels show a clear metabolic phenotype (68). Previous experiments 
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(12,29,64,69-77) have shown that many of the physiological parameters that changed after 
central NPY, such as BAT activity, fat mass, plasma TG, corticosterone and insulin, RER, and 
energy expenditure, are also affected by Y1 and/or Y5 receptor activation. Based on these 
findings, we speculate that the metabolic changes reported in the current study are mainly 
evoked via hypothalamic Y1 and Y5 receptor stimulation. 

In addition to the effects on energy metabolism, we also found that ICV NPY affects clock gene 
expression levels in the liver, BAT, eWAT, sWAT and sMuscle. It has been shown by others that 
the SNS (78-81), corticosterone (82-88), glucose (89), locomotor activity (90-92) and body 
temperature (7,93) may affect clock gene expression. In our study, we found all these parameters 
also to be changed in ICV NPY animals (11,15,28). Therefore, changes in these parameters 
could contribute to the changes in clock gene expression observed in the NPY rats. However, the 
effects of NPY on clock gene expression were tissue- and gene-specific, suggesting distinct 
routes of entrainment among tissues. ICV NPY had opposite effects on sympathetic input to 
BAT and liver (12,15,28,29). Interestingly, in the present study we found that the effect of NPY 
on Bmal1, Cry1 and DBP expression in the liver was the reverse of its effect on these clock 
genes in BAT. Thus, we speculate that NPY affects the expression of these clock genes in the 
liver and BAT mainly via the SNS. 

Finally, it has clearly been shown (84,94-102) that peripheral clock genes play an important role 
in regulating energy metabolism, such as adipogenesis, insulin secretion, bile acid and glucose 
homeostasis and mitochondrial metabolism. Although all these observations are based on chronic 
experiments, at present it cannot be excluded that also the acute changes in clock gene 
expression as observed in the present study are contributing to the changes in metabolism after 
ICV NPY administration.   

In summary, ICV administration of NPY changes gene expression in liver, BAT, WAT and 
sMuscle. The changes in gene expression are indicative for an increased gluconeogenesis, TG 
synthesis and TG secretion from liver and increased lipogenesis in sWAT. In addition, ICV NPY 
decreases non-shivering thermogenesis in BAT and fatty acid oxidation and lipolysis in sMuscle. 
The increased RER induced by ICV NPY is in full agreement with the shift in substrate 
oxidation from lipid to carbohydrate oxidation indicated by the gene expression data. Thus, ICV 
NPY induces an anabolic phenotype with increased hepatic TG and glucose production, as well 
as increased lipid storage. At the same time ICV NPY also increases locomotor activity, likely 
aimed at the search for food. It may be clear that this strong anabolic and foraging phenotype 
induced by increased NPY release is beneficial in times of food scarcity, but devastating in 
conditions where food is plenty available and activity is limited.  
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Supplemental data 
 

 
Fig.S1. Effects of ICV NPY on plasma insulin levels. Data are presented as mean ± SEM. Open circles – 
ICV vehicle infusion rats (n=5), Closed circles – ICV NPY infusion rats (n=8).  
 
 

 
Fig.S2. Correlation between relative gene expression of 2 different genes or between relative gene 
expression and the glucose/corticosterone response in ICV NPY infused rats in liver, BAT and sWAT. 
Each black dot represents data from one rat. Glucose/corticosterone responses are quantified according to 
their individual AUC. AUC: positive area under the curve of the glucose/corticosterone response in Fig.1.  
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All living organisms have developed a well-conserved circadian clock system to adjust their 
physiological processes and behavior with the daily environmental changes in light and darkness. 
In mammals, the master clock of this circadian timing system is located in a brain area known as 
the hypothalamus in a paired structure named the suprachiasmatic nucleus (SCN). The SCN 
receives photic information about the environmental light/dark cycle via the retinohypothalamic 
tract (RHT) and the release of glutamate from retinal terminals. It receives non-photic 
information from the environment (e.g., food availability ) via at least two pathways: a 
neuropeptide Y (NPY) containing projection from the intergeniculate leaflet (IGL) and a 
serotonin containing projection from the raphe nuclei. The pacemaker property of the SCN relies 
on a molecular mechanism that is based on interacting positive and negative transcriptional 
translational feedback loops (1,2). The integrity of the molecular clock is essential for the 
functionality of the SCN and for the synchronization of its daily rhythmicity with the light/dark 
changes in the environment (3-7). Besides in the central clock in the SCN, the molecular 
components (i.e., clock genes) of the molecular clock system are also expressed in many other 
brain areas and peripheral tissues (8,9), where they are called “peripheral clocks”. Except bona 
fide clock genes, the molecular clock mechanism also comprises genes involved in the control of 
metabolism (10-12) and the cell cycle (13,14). Global or local changes (knockout/mutation) in 
clock genes may result in organ specific rhythmic output disorders, such as lipogenesis, 
gluconeogenesis, glucocorticoid synthesis and insulin sensitivity, which may contribute to the 
development of disease (15-19).  

For both the central clock and the peripheral clocks, it is essential to keep time accurately and 
synchronize the endogenous timing signals with time in the outside environment. The 
synchronization process of the central clock via the RHT and IGL is fairly well known (as 
indicated above). However, until now the mechanism by which the peripheral clock rhythms are 
synchronized with the environment is still far from clear. In the first part of this general 
discussion we will discuss the different pathways that are involved in synchronizing daily clock 
and metabolic gene rhythms in peripheral tissues with the environment in view of the 
experiments performed in this thesis. 

Several studies (20) have shown that injection of NPY into the SCN during the subjective day 
can phase-advance the daily rhythm of locomotor activity. Moreover, injection of NPY into the 
SCN prevents the phase advances induced by light during the late subjective night (21). 
Therefore, except for light-induced release of glutamate, also the central NPY system may be 
involved in SCN phase-resetting. Besides phase-resetting the SCN, the hypothalamic NPY 
system is also involved in the regulation of energy metabolism in peripheral organs (22-25). 
Until now no studies have investigated the effect of hypothalamic NPY on the peripheral clock 
system. In the second part of this general discussion we discuss our findings on the effects of 
hypothalamic NPY on energy metabolism and the circadian clock system in peripheral organs. 
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Pathways involved in synchronizing daily rhythms in peripheral tissues 

The role of adrenal hormones in daily clock and metabolic gene expression rhythms 

Corticosterone affects target gene expression by binding to glucocorticoid receptors (GR), which 
interact with the glucocorticoid responsive element (GRE) in the target gene to regulate its 
transcription. GREs have been found in the promoter region of Bmal1, Per1, Per2, Cry1, 
Reverbα and Rorα (26-31), which allows glucocorticoids to regulate the expression of these 
clock genes. Even though no GRE was found in Dbp, its expression is also under the (negative) 
control of glucocorticoids (26,32). The plasma corticosterone concentration shows a pronounced 
daily rhythm, which is controlled by the SCN (33). Therefore this adrenal hormone has been 
considered as a hormonal candidate to synchronize peripheral clocks with the daily rhythms in 
the environment. However, the daily rhythm of clock gene expression in peripheral tissues, such 
as liver, lung and kidney, turned out to be intact after adrenalectomy, although changes in 
acrophase and/or amplitude were reported (34-36). In accordance with these data, we showed in 
Chapters 2 and 4 that also the daily rhythms of clock gene expression in liver, eWAT and three 
other types of WAT (mWAT, sWAT and pWAT, data not shown) were still intact after 
adrenalectomy, even though the amplitude of most rhythms was changed. Combining these 
findings, we conclude that adrenal hormones are not indispensable to maintain the daily 
rhythmicity of clock gene expression in the periphery (Fig.1).  

 

 
 
Fig.1. Adrenal hormones are indispensable for the maintenance of some daily metabolic rhythms, but not 
the rhythms of peripheral clock genes. The cross represents the pathway disruption. 
 
Hypercortisolism has been shown (37-40) to be associated with a variety of metabolic diseases, 
including obesity, type 2 diabetes and cardiovascular disease. The mechanism for this association 
is the regulatory effect of cortisol on the expression of key genes involved in metabolic pathways, 
such as gluconeogenesis, lipolysis, glycogen synthesis, glucose uptake and insulin secretion 
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(41,42). In view of its profound effects on metabolism and its pronounced daily rhythm, 
corticosterone is regarded as an important hormonal pathway to synchronize daily rhythms in 
physiology with the daily changes in the environment. Indeed, some studies (34,43-45) showed 
that the daily rhythm of hepatic enzymes such as hydroxymethylglutaryl-coenzyme A reductase 
and cholesterol 7α-hydroxylase was changed after adrenalectomy. Oishi et al (34) showed that 
also the daily rhythm of genes involved in glucose metabolism, polyamine biosynthesis and 
lipogenesis were changed after adrenalectomy. In Chapter 2, we also found that the daily 
rhythmicity of genes involved in adipogenesis, lipolysis and lipogenesis was lost in eWAT and 
three other WATs (data not shown) after adrenalectomy. Figure 2 shows how the daily rhythm of 
the respiratory exchange ratio (RER), as well as carbohydrate and lipid oxidation, is shifted after 
adrenalectomy. The nadir value of RER and carbohydrate oxidation, as well as the acrophase of 
lipid oxidation, shifted from the middle of the light phase to the end of light phase. The 
amplitude of RER and lipid oxidation was increased in ADX animals (116% and 153% of sham 
animals), while the amplitude of carbohydrate oxidation was decreased in ADX animals (75% of 
sham animals). In addition, fat mass was decreased in the adrenalectomized animals, in line with 
the increase in lipid oxidation and lipolysis (Hsl, Chapter 2). Together these results indicate that 
adrenal hormones are necessary to maintain the daily expression rhythm of a number of 
metabolic genes and physiological parameters (Fig.2). Indeed, some of the changes resulting 
from adrenalectomy could be restored with corticosterone replacement (34,44). Takahashi et al. 
(46) have shown that the plasma corticosterone level is increased in C57BL/C mice under 
chronic mild stress, and that the daily rhythms of plasma insulin and hepatic metabolic genes are 
changed in these animals. Reddy et al (26) showed that corticosterone alone is able to 
synchronize expression of 60% of the circadian transcriptome in SCN lesioned animals, 
indicating that the effect of adrenalectomy on metabolic genes and energy metabolism rhythms 
for a large part results from the absence of corticosterone.  

The role of feeding rhythm in daily clock and metabolic gene expression rhythms 

Many studies (47-51) have shown that fasting and refeeding affects the expression level and 
daily rhythm of clock genes, thus indicating that the feeding-fasting cycle is an important cue for 
synchronizing the daily rhythms of clock gene expression. Time-restricted feeding altered the 
acrophase of clock gene rhythms in peripheral tissue (36,52-56), whereas the light/dark cycle 
dominated rhythm in the SCN was not affected (52,53,56). Together, these findings indicate that 
the daily feeding rhythm may be an important pathway to synchronize the peripheral clock gene 
rhythms with the outside world. In Chapters 3 and 4, we showed that the daily rhythms of clock 
gene expression in eWAT and liver are still intact when rats were fed according to a 6-meals-a-
day schedule, even though the amplitude was changed. Also Cailotto et al (57), Kuroda et al (58) 
and Yamajuku et al (59) found that daily clock gene expression rhythms in the liver, kidney and 
submandibular gland were not lost after abolishing the daily feeding rhythm. These results 
indicate that the peripheral clock can still be synchronized to the environmental light/dark cycle 
via other pathways when a feeding/fasting rhythm is absent. Thus, the daily feeding rhythm is a  
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Fig.2. Daily profile of RER, carbohydrate oxidation, lipid oxidation, EE and locomotor activity (A-E) in 
sham-operated (grey line) and ADX (black line) animals under L/D conditions. (F) Fat mass of eWAT, 
pWAT and sWAT in sham-operated (grey bar) and ADX (black bar) animals. (G) Locomotor activity and 
(H) energy expenditure during day, night and 24-hours in sham-operated (grey bar) and ADX (black bar) 
animals. 
 
 

 
 

Fig.3. A daily feeding rhythm is indispensable for the maintenance of some daily metabolic rhythms, but 
not the rhythms of peripheral clock genes. The cross represents the pathway disruption. 
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day schedule, even though the amplitude was changed. Also Cailotto et al (57), Kuroda et al (58) 
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indicate that the peripheral clock can still be synchronized to the environmental light/dark cycle 
via other pathways when a feeding/fasting rhythm is absent. Thus, the daily feeding rhythm is a  
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Fig.2. Daily profile of RER, carbohydrate oxidation, lipid oxidation, EE and locomotor activity (A-E) in 
sham-operated (grey line) and ADX (black line) animals under L/D conditions. (F) Fat mass of eWAT, 
pWAT and sWAT in sham-operated (grey bar) and ADX (black bar) animals. (G) Locomotor activity and 
(H) energy expenditure during day, night and 24-hours in sham-operated (grey bar) and ADX (black bar) 
animals. 
 
 

 
 

Fig.3. A daily feeding rhythm is indispensable for the maintenance of some daily metabolic rhythms, but 
not the rhythms of peripheral clock genes. The cross represents the pathway disruption. 
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very important, but not indispensable, pathway to sustain daily clock gene rhythms in the 
periphery (Fig.3). 

Night- and shift-work induces circadian disruption, which may result in overweight, increased 
abdominal fat deposition and development of the metabolic syndrome (60,61). The studies of 
Salgado-Delgado et al (62,63) indicated that eating during the rest phase is one of main 
contributors to the development of metabolic syndrome in shift working rats. Other studies 
(64,65) showed that the feeding-fasting cycle affects a large number of key physiological 
functions in peripheral organs, for example carbohydrate and lipid metabolism. A shift of the 
feeding rhythm also results in changes in the daily secretion rhythm of key metabolic hormones 
(i.e., insulin, ghrelin, leptin and other adipokines) (54,55,62,63,66,67). In Chapter 3, we showed 
that the daily expression rhythm of some metabolic genes involved in lipid metabolism is lost in 
eWAT after abolishing the daily feeding rhythm. In Chapter 5, we found that the daily feeding 
rhythm is important to maintain a daily rhythm of TG secretion, as well as that of a number of 
genes involved in TG secretion. Yamajuku et al (59) showed that the daily rhythm of cholesterol 
metabolism, triglyceride metabolism and fatty acid oxidation was shifted or attenuated after 
disruption of the daily feeding rhythm by introducing a 4 meals-a-day feeding schedule. Based 
on the above findings, we conclude that the daily feeding rhythm is indispensable for 
maintaining daily expression rhythms in a number of metabolic genes and functions, but not for 
maintaining peripheral clock gene rhythms (Fig.3).   

The role of autonomic nervous system in daily clock and metabolic gene expression rhythms 

A number of studies indicated that the sympathetic nervous system can regulate the level and 
daily rhythm of clock gene expression (68-71). Therefore, also the autonomic nervous system 
has been considered as an important pathway for the SCN to synchronize daily rhythms of clock 
gene expression in the periphery. Indeed, Takekida et al. (70) and Logan et al (72) showed that 
the day/night rhythm of clock gene expression in the pineal is lost and in the spleen is changed 
after abolishing sympathetic nerve inputs. The results of some studies (73-75) indicated that 
SCN-dependent neural signals are important to synchronize the daily clock genes rhythm in the 
spleen, heart and muscle, but not in the liver and kidney. However, studies from Cailotto et al. 
(57,76), Vujovic et al. (77), Dyar et al. (78) and Nakao et al. (75) showed that denervation does 
not abolish the daily rhythm of clock gene expression in the liver, submaxillary gland and 
skeletal muscle. In Chapter 4, we showed that also after a total hepatic denervation the daily 
rhythm of clock gene expression was still intact. Together these studies suggest that indeed the 
autonomic nervous system maybe an important synchronizing pathway for some organs, but is 
certainly not indispensable for the SCN to synchronize daily gene expression rhythms in most of 
the peripheral organs, including the liver (Fig.4). 

The autonomic nervous system plays an important role in the regulation of many physiological 
functions in the periphery, such as glucose metabolism, lipid metabolism, insulin secretion and 
thermogenesis. Moreover, disorders of the autonomic nervous system are related to the 
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development of a large number of metabolic diseases (79-82). Thus, the autonomic nervous 
system is considered as an important candidate for SCN outputs that synchronize daily rhythms 
in physiological function to the daily rhythms in the environment. Many studies indeed showed 
that denervation affects the daily rhythm of key physiological functions, including immune 
responsiveness (72,83), glucose metabolism (76,84,85), lipid metabolism (86), gastrointestinal 
function (85,87), melatonin synthesis (88) and plasma insulin level (76,84). In Fig.5, we show 
that the amplitude of the daily rhythm of RER, carbohydrate oxidation and lipid oxidation is 
increased (145%, 121% and 184%, respectively) and sWAT fat mass was decreased after total 
hepatic denervation. Therefore, the autonomic nervous system is a necessary pathway for the 
SCN to synchronize some key daily physiological rhythms, but is not essential for the 
maintenance of peripheral clock gene rhythms (Fig.4). 

The combined effect of hormones, behaviour and nerves on daily gene expression and 
metabolic rhythms 

Our studies and studies by other labs have shown that adrenal hormones, feeding rhythm and the 
autonomic nervous system are all important, but not indispensable, pathways for the SCN to 
synchronize the daily rhythmicity of peripheral clocks. This indicates that the SCN possibly uses 
more than one pathway to synchronize the daily rhythmicity of peripheral clocks. The studies of 
Cailotto et al. (57,89) showed that the simultaneous removal of rhythmic feeding and neural 
inputs did not abolish clock gene rhythms in the liver. The study of Vujovic et al. (77) showed 

 

 
 

Fig.4. Neuronal signals are indispensable for the maintenance of some daily metabolic rhythms, but not 
the rhythms of peripheral clock genes. The cross represents the pathway disruption. 
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Fig.5. Daily profile of RER, carbohydrate oxidation, lipid oxidation, EE and Locomotor activity (A-E) in 
sham-operated (grey line) and total hepatic denervated (HTX; black line) animals housed under L/D 
conditions. (F) The fat mass of eWAT, pWAT and sWAT in sham-operated (grey bar) and HTX (black bar) 
animals. (G) Locomotor activity and (H) energy expenditure during day, night and 24-hours in sham-
operated (grey bar) and ADX (black bar) animals. 

 
that daytime feeding advanced the daily rhythm of Per1 expression in the submaxillary salivary 
gland after lesions of the superior cervical ganglion (SCGx), but did not affect Per1 rhythmicity 
in sham-operated animals. In Chapter 4, we also found that a total denervation of the liver 
combined with adrenalectomy or 6-meals feeding did not abolish the daily rhythm of clock gene 
expression in the liver. Recently, Ikeda et al. (90) studied Per2 rhythms in mice liver, kidney and 
salivary gland after 6-meals feeding combined with adrenalectomy. The combination of 6-meals 
feeding with adrenalectomy removed the Per2 rhythms in liver and kidney, but not in the 
salivary gland. In Chapters 3 and 4, we showed that the daily rhythm of clock gene expression in 
liver and eWAT was lost after simultaneously removing the adrenal hormones and the daily 
feeding rhythm. Together these results indicate that indeed the central clock may use more than 
one output signal to synchronize peripheral clock gene rhythms. However, the required signals 
may differ for different organs. Adrenal hormones or a feeding rhythm is mandatory for clock 
gene rhythms to be maintained in most organs, such as kidney, liver and eWAT (Fig.6C). 
Sympathetic nervous inputs may be important to synchronize the daily rhythm of clock gene 
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expression in some organs mainly located in head and neck, such as submaxillary salivary gland 
and pineal gland (Fig.6). 

 
 
Fig.6. At least a daily rhythm in feeding behavior or adrenal hormones should be present in order to 
maintain the daily rhythmicity of peripheral clock genes. On the other hand, disruption of any of the 
separate pathway has profound effects on the daily rhythmicity of metabolic genes. The cross represents 
the pathway disruption. 

 
As discussed above, adrenal hormones, a daily feeding rhythm and the autonomic nervous 
system are important and necessary to maintain daily physiological function rhythms in the 
periphery. Thus, the simultaneous disruption of two of these pathways will seriously change 
daily physiological rhythms. Indeed, Cailotto et al. (76) showed that the daily rhythm of plasma 
glucose concentrations, hepatic glycogen level and genes involved in glucose metabolism was 
abolished after the simultaneous removal of the feeding rhythm and sympathetic nervous inputs. 
Cailotto et al. (76) also showed that in a total hepatic denervation plus 6-meals-a-day condition, 
the daily rhythm of genes involved in glucose metabolism was changed (shifted or abolished). In 
Chapter 3, we found that almost all metabolic genes lost their daily rhythmicity under 
adrenalectomy plus the 6 meals-a-day feeding conditions. In addition, we found that the daily 
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operated (grey bar) and ADX (black bar) animals. 

 
that daytime feeding advanced the daily rhythm of Per1 expression in the submaxillary salivary 
gland after lesions of the superior cervical ganglion (SCGx), but did not affect Per1 rhythmicity 
in sham-operated animals. In Chapter 4, we also found that a total denervation of the liver 
combined with adrenalectomy or 6-meals feeding did not abolish the daily rhythm of clock gene 
expression in the liver. Recently, Ikeda et al. (90) studied Per2 rhythms in mice liver, kidney and 
salivary gland after 6-meals feeding combined with adrenalectomy. The combination of 6-meals 
feeding with adrenalectomy removed the Per2 rhythms in liver and kidney, but not in the 
salivary gland. In Chapters 3 and 4, we showed that the daily rhythm of clock gene expression in 
liver and eWAT was lost after simultaneously removing the adrenal hormones and the daily 
feeding rhythm. Together these results indicate that indeed the central clock may use more than 
one output signal to synchronize peripheral clock gene rhythms. However, the required signals 
may differ for different organs. Adrenal hormones or a feeding rhythm is mandatory for clock 
gene rhythms to be maintained in most organs, such as kidney, liver and eWAT (Fig.6C). 
Sympathetic nervous inputs may be important to synchronize the daily rhythm of clock gene 

   183 
 

expression in some organs mainly located in head and neck, such as submaxillary salivary gland 
and pineal gland (Fig.6). 

 
 
Fig.6. At least a daily rhythm in feeding behavior or adrenal hormones should be present in order to 
maintain the daily rhythmicity of peripheral clock genes. On the other hand, disruption of any of the 
separate pathway has profound effects on the daily rhythmicity of metabolic genes. The cross represents 
the pathway disruption. 

 
As discussed above, adrenal hormones, a daily feeding rhythm and the autonomic nervous 
system are important and necessary to maintain daily physiological function rhythms in the 
periphery. Thus, the simultaneous disruption of two of these pathways will seriously change 
daily physiological rhythms. Indeed, Cailotto et al. (76) showed that the daily rhythm of plasma 
glucose concentrations, hepatic glycogen level and genes involved in glucose metabolism was 
abolished after the simultaneous removal of the feeding rhythm and sympathetic nervous inputs. 
Cailotto et al. (76) also showed that in a total hepatic denervation plus 6-meals-a-day condition, 
the daily rhythm of genes involved in glucose metabolism was changed (shifted or abolished). In 
Chapter 3, we found that almost all metabolic genes lost their daily rhythmicity under 
adrenalectomy plus the 6 meals-a-day feeding conditions. In addition, we found that the daily 

183



184   184 
 

rhythm of RER and energy expenditure (EE) is changed after adrenalectomy combined with total 
hepatic denervation (Fig.7). Also WAT mass and EE were decreased in HTX+ADX animals. 
Comparing these results with the findings in ADX (Fig.2) and HTX (Fig.5) animals, we assume 
that the effect of HTX+ADX on RER and WAT mass are mainly due to the ADX effect, whereas 
the effect on EE seems to be due to the combined effect of ADX plus HTX. Together, these 
findings show that the simultaneous disruption of 2 or more pathways results in a more serious 
disruption of physiological functions as compared to disrupting only 1 pathway (Fig.6). 

 

 
Fig.7. Daily profile of RER, EE and locomotor activity (A-C) in sham-operated (grey line) and 
HTX+ADX (black line) animals under L/D conditions. (D) The fat mass of eWAT, pWAT and sWAT in 
sham-operated (grey bar) and HTX+ADX animals (black bar). (E) The locomotor activity and (F) energy 
expenditure in sham-operated (grey bar) and HTX+ADX animals (black bar) during the day, night and 
whole day. 

 
Local clock genes are not sufficient to maintain the daily rhythm of metabolic genes  

A knockout or mutation of a clock gene often is associated with the development of metabolic 
diseases, such as obesity and cardiovascular disease (87-91), indicating the importance of the 
circadian clock system for the maintenance of daily rhythms of metabolism. Also the mutation or 
knockout of peripheral clock genes locally (i.e., tissue or organ specific) resulted in changes in 
lipogenesis, glucose homeostasis and blood pressure (65,91-93). Therefore, also local peripheral 
clocks are important for sustaining the daily rhythm in energy metabolism (Fig.8B). However, 
recently, a number of studies (34,57,67,89,94) showed that daily rhythms of metabolic gene 
expression may be lost after disruption of a hormonal, behavioral, or neuronal pathway, but 
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clock gene rhythms are not. In Chapters 2, 3 and 5, we found that daily clock gene rhythms were 
still intact after treatment (pathway disruption), but the daily rhythms of metabolic genes, energy 
metabolism (Figs.2 and 5) and TG production were changed. Together, these findings indicate 
that many systemic signals are able to change the daily rhythms in metabolism (Fig.8C). The 
study of Kornmann et al (95) showed that rhythmic transcription of most (metabolic) genes also 
depended on a functional hepatocyte clock. Only <10% of the genes still showed a rhythmic 
expression with high amplitude when the hepatocyte clock was dysfunctional, indicating that 
these genes are solely driven by rhythmic systemic signals, such as hormones and body 
temperature. Taking all above findings together, it is clear that both the local clock system as 
well as systemic signals (hormonal/nutritional/neuronal/temperature) need to be “intact” and 
“normal” in order to maintain the daily rhythm of metabolism (Fig.8A).  

 

 
Fig.8. The local clock system as well as various systemic signals need to be intact or normal in order to 
maintain the daily rhythmicity of metabolism. The “II” represents a disruption in the local clock system. 
The “=”represents a disruption in one or more input signals. 

 
Summary  

Together, the results from the current (Chapters 2, 3, 4 and 5) as well as other studies show that 
disruption of a single pathway is not enough to abolish the daily rhythm of the peripheral clock, 
but is sufficient to disrupt the daily rhythm of many metabolic genes. In addition, also when 
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adrenal hormones plus neuronal inputs to the liver (Chapter 4) or neuronal inputs to the liver plus 
rhythmic feeding (Chapter 4) are disrupted simultaneously, the daily rhythm of hepatic clock 
gene expression is still intact. However, when adrenal hormones and rhythmic feeding are 
disrupted simultaneously (Chapters 3 and 4), the daily rhythm of clock genes expression was lost 
in both liver and eWAT. Therefore, at least adrenal hormones or a daily feeding rhythm needs to 
be present in order to maintain a daily rhythm of clock gene expression in the liver, WAT and 
kidney. In this thesis, we only investigated the importance of adrenal hormones, a daily feeding 
rhythm and neuronal inputs for sustaining daily clock gene rhythms in the eWAT or liver. As a 
consequence, we do not know whether other pathways, such as other hormones, locomotor 
activity or temperature, also play an essential role in maintaining the daily rhythms of peripheral 
clocks or not. Moreover, although we found that ADX+6M abolished the daily rhythms of clock 
gene expression in liver and eWAT, the mechanism is still unclear. Obviously, for the adrenal 
hormones GRE’s on clock gene promoters may be involved, but for feeding the critical signal is 
still unknown. 

Effects of central neuropeptide Y (NPY) on energy metabolism and daily rhythms 

Central NPY and obesity  

Obesity is a worldwide health issue in both developing and developed countries. Obesity 
increases the risk for a number of pathologies, including diabetes mellitus type 2, metabolic 
syndrome, hypertension, hyperlipidemia, cardiovascular diseases and some cancers. An 
important characteristic of obesity is excessive fat storage, resulting from a chronic positive 
energy balance (energy intake exceeds energy expenditure). Energy intake is dependent on food 
intake and energy expenditure is dependent on the basal metabolic rate, physical activity and 
thermogenesis. Many central and peripheral factors have been implicated in the regulation of 
energy homeostasis. The hypothalamus is one of the most important brain areas when it concerns 
the control of appetite and energy balance. Nuclei within the hypothalamus crosstalk and 
integrate peripheral signals, such as plasma insulin and leptin levels, calories stored and 
environmental temperature, to regulate food intake and energy expenditure. Within the 
hypothalamus, NPY is one of the most important orexigenic neuropeptides to regulate appetite 
and energy balance. Hypothalamic NPY mRNA levels and protein concentrations were shown to 
be elevated in obese rats (96-99). Studies from Huang et al. (100) and Wang et al. (101) showed 
that rodents resistant to diet-induced obesity show significantly reduced NPY mRNA expression 
in the hypothalamus as compared to obese animals on the same diet. Chronic 
intracerebroventricular (ICV) administration of NPY stimulates food intake and the development 
of overweight, adiposity, and numerous hormonal and metabolic changes also observed in obese 
rats (102-104). Furthermore, NPY knockout attenuates obesity in the ob/ob mice (105). Together, 
these findings clearly indicate that central (hypothalamic) NPY plays a critical role in energy 
metabolism and probably obesity development. 

Central NPY and energy metabolism  
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NPY is a 36-amino acid peptide, which is widely distributed in the central and peripheral 
nervous system. In the central nervous system, NPY is found in many brain areas, including the 
hypothalamus, cerebral cortex and brainstem, but highest concentrations are found in the arcuate 
nucleus of the hypothalamus (ARC). Via the blood-brain barrier NPY neurons in the ARC have 
direct access to and rapidly respond to peripheral signals such as leptin, insulin and PYY. These 
NPY neurons relay their signals to other brain areas, such as the paraventricular (PVN), 
dorsomedial (DMH), ventromedial (VMH) and lateral (LHA) hypothalamus, to modulate energy 
homeostasis (106). NPY is best known for its stimulatory effect on food intake (107-110). 
However, central administration of NPY also increases glucose production (24,25) and TG 
secretion (111,112), whereas it decreases insulin sensitivity in liver (24,25) and muscle (113). In 
addition, it has been shown that increased levels of central NPY decreased sympathetic input to 
the brown adipose tissue (BAT), with reduced expression of uncoupling protein 1 (UCP1) and 
non-shivering thermogenesis (22,23,114-117). Other studies showed that central NPY inhibits 
sympathetic nerve inputs to WAT (115) and stimulates lipid storage (115), lipoprotein lipase 
activity (22) and glucose uptake (113) in WAT. Chao et al. (115) showed that core body 
temperature and EE were increased after knock-down of NPY in the DMH and Zhang et al. (118) 
showed that RER is decreased in NPY knockout animals. In Chapter 6, we found that an ICV 
NPY infusion in the 3rd ventricle (3V) acutely increased gluconeogenesis, TG synthesis and TG 
secretion in liver and lipogenesis in sWAT. At the same time 3V administration of NPY 
decreased non-shivering thermogenesis in BAT and lipolysis in sMuscle. These findings confirm 
the important role of central NPY in the control of energy metabolism. More importantly they 
show that central NPY simultaneously affects metabolic activity in different organs in a way that 
promotes a positive energy balance, i.e., reducing energy expenditure in BAT and muscle and 
increasing energy availability by liver and WAT. 

Central NPY and circadian clock system  

The central clock in the SCN is not only responsible for maintaining daily rhythms in physiology, 
but also for integrating photic and non-photic inputs in such a way that it permits adaptive 
responses to the multiple internal and external entraining cues. In addition to its important role in 
the control of energy metabolism, NPY is also an important neurotransmitter in the circadian 
timing system. NPY from the intergeniculate leaflet (IGL) relays non-photic (119-121) inputs to 
the SCN. Application of NPY into the SCN during the subjective day advances in vivo 
behavioral rhythms (20,119,120) and in vitro SCN rhythms in firing-rate (122-124). During the 
late night, NPY application inhibits phase advances induced by light (125) and melatonin 
production (126). Correspondingly, blocking NPY action by IGL lesioning (127) or intra-SCN 
injection of NPY antibodies (120) blocks behavioral phase-shifts. At the molecular level, NPY 
application induces phase shifts in the daily PER2 rhythm in the SCN (128), reduces SCN Per1 
and Per2 clock gene expression (129) and blocks the light-induced elevation in Per1 and Per2 
expression in the SCN (126,130). Moreover, many studies have shown daily patterns of NPY 
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adrenal hormones plus neuronal inputs to the liver (Chapter 4) or neuronal inputs to the liver plus 
rhythmic feeding (Chapter 4) are disrupted simultaneously, the daily rhythm of hepatic clock 
gene expression is still intact. However, when adrenal hormones and rhythmic feeding are 
disrupted simultaneously (Chapters 3 and 4), the daily rhythm of clock genes expression was lost 
in both liver and eWAT. Therefore, at least adrenal hormones or a daily feeding rhythm needs to 
be present in order to maintain a daily rhythm of clock gene expression in the liver, WAT and 
kidney. In this thesis, we only investigated the importance of adrenal hormones, a daily feeding 
rhythm and neuronal inputs for sustaining daily clock gene rhythms in the eWAT or liver. As a 
consequence, we do not know whether other pathways, such as other hormones, locomotor 
activity or temperature, also play an essential role in maintaining the daily rhythms of peripheral 
clocks or not. Moreover, although we found that ADX+6M abolished the daily rhythms of clock 
gene expression in liver and eWAT, the mechanism is still unclear. Obviously, for the adrenal 
hormones GRE’s on clock gene promoters may be involved, but for feeding the critical signal is 
still unknown. 

Effects of central neuropeptide Y (NPY) on energy metabolism and daily rhythms 

Central NPY and obesity  

Obesity is a worldwide health issue in both developing and developed countries. Obesity 
increases the risk for a number of pathologies, including diabetes mellitus type 2, metabolic 
syndrome, hypertension, hyperlipidemia, cardiovascular diseases and some cancers. An 
important characteristic of obesity is excessive fat storage, resulting from a chronic positive 
energy balance (energy intake exceeds energy expenditure). Energy intake is dependent on food 
intake and energy expenditure is dependent on the basal metabolic rate, physical activity and 
thermogenesis. Many central and peripheral factors have been implicated in the regulation of 
energy homeostasis. The hypothalamus is one of the most important brain areas when it concerns 
the control of appetite and energy balance. Nuclei within the hypothalamus crosstalk and 
integrate peripheral signals, such as plasma insulin and leptin levels, calories stored and 
environmental temperature, to regulate food intake and energy expenditure. Within the 
hypothalamus, NPY is one of the most important orexigenic neuropeptides to regulate appetite 
and energy balance. Hypothalamic NPY mRNA levels and protein concentrations were shown to 
be elevated in obese rats (96-99). Studies from Huang et al. (100) and Wang et al. (101) showed 
that rodents resistant to diet-induced obesity show significantly reduced NPY mRNA expression 
in the hypothalamus as compared to obese animals on the same diet. Chronic 
intracerebroventricular (ICV) administration of NPY stimulates food intake and the development 
of overweight, adiposity, and numerous hormonal and metabolic changes also observed in obese 
rats (102-104). Furthermore, NPY knockout attenuates obesity in the ob/ob mice (105). Together, 
these findings clearly indicate that central (hypothalamic) NPY plays a critical role in energy 
metabolism and probably obesity development. 

Central NPY and energy metabolism  
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NPY is a 36-amino acid peptide, which is widely distributed in the central and peripheral 
nervous system. In the central nervous system, NPY is found in many brain areas, including the 
hypothalamus, cerebral cortex and brainstem, but highest concentrations are found in the arcuate 
nucleus of the hypothalamus (ARC). Via the blood-brain barrier NPY neurons in the ARC have 
direct access to and rapidly respond to peripheral signals such as leptin, insulin and PYY. These 
NPY neurons relay their signals to other brain areas, such as the paraventricular (PVN), 
dorsomedial (DMH), ventromedial (VMH) and lateral (LHA) hypothalamus, to modulate energy 
homeostasis (106). NPY is best known for its stimulatory effect on food intake (107-110). 
However, central administration of NPY also increases glucose production (24,25) and TG 
secretion (111,112), whereas it decreases insulin sensitivity in liver (24,25) and muscle (113). In 
addition, it has been shown that increased levels of central NPY decreased sympathetic input to 
the brown adipose tissue (BAT), with reduced expression of uncoupling protein 1 (UCP1) and 
non-shivering thermogenesis (22,23,114-117). Other studies showed that central NPY inhibits 
sympathetic nerve inputs to WAT (115) and stimulates lipid storage (115), lipoprotein lipase 
activity (22) and glucose uptake (113) in WAT. Chao et al. (115) showed that core body 
temperature and EE were increased after knock-down of NPY in the DMH and Zhang et al. (118) 
showed that RER is decreased in NPY knockout animals. In Chapter 6, we found that an ICV 
NPY infusion in the 3rd ventricle (3V) acutely increased gluconeogenesis, TG synthesis and TG 
secretion in liver and lipogenesis in sWAT. At the same time 3V administration of NPY 
decreased non-shivering thermogenesis in BAT and lipolysis in sMuscle. These findings confirm 
the important role of central NPY in the control of energy metabolism. More importantly they 
show that central NPY simultaneously affects metabolic activity in different organs in a way that 
promotes a positive energy balance, i.e., reducing energy expenditure in BAT and muscle and 
increasing energy availability by liver and WAT. 

Central NPY and circadian clock system  

The central clock in the SCN is not only responsible for maintaining daily rhythms in physiology, 
but also for integrating photic and non-photic inputs in such a way that it permits adaptive 
responses to the multiple internal and external entraining cues. In addition to its important role in 
the control of energy metabolism, NPY is also an important neurotransmitter in the circadian 
timing system. NPY from the intergeniculate leaflet (IGL) relays non-photic (119-121) inputs to 
the SCN. Application of NPY into the SCN during the subjective day advances in vivo 
behavioral rhythms (20,119,120) and in vitro SCN rhythms in firing-rate (122-124). During the 
late night, NPY application inhibits phase advances induced by light (125) and melatonin 
production (126). Correspondingly, blocking NPY action by IGL lesioning (127) or intra-SCN 
injection of NPY antibodies (120) blocks behavioral phase-shifts. At the molecular level, NPY 
application induces phase shifts in the daily PER2 rhythm in the SCN (128), reduces SCN Per1 
and Per2 clock gene expression (129) and blocks the light-induced elevation in Per1 and Per2 
expression in the SCN (126,130). Moreover, many studies have shown daily patterns of NPY 
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release and NPY-like immunoreactivity in the SCN (131-134). Based on all the above findings, 
central NPY is also considered as an important neuropeptide in the circadian timing system.  

Central administration of NPY increases sympathetic nervous inputs to the liver (111,112), but 
decreases sympathetic inputs into BAT (23,115,117) and WAT (115). In addition, central NPY 
also influences plasma corticosterone levels (135-137), locomotor activity (138) and body 
temperature (115,117,139). All of these parameters have been shown to affect peripheral clock 
gene expression (26-32,68-71,75,78,140-142). In Chapter 6 we found that the 3V infusion of 
NPY affects all these systemic parameters as well as peripheral clock gene expression. However, 
the changes in clock gene expression differed between tissues. These tissue-specific responses of 
the clock genes could be due to the fact that the response of the autonomic nervous system to 
NPY differs between organs or that tissues have a different sensitivity to one of the other 
parameters that were changed by 3V NPY.  

At present it is also not clear yet, whether these effects of central NPY on peripheral clock gene 
expression are mediated via an NPY effect on the SCN or whether these effects are mediated via 
the metabolic changes induced by NPY. 

Summary  

In Chapter 6, we showed that central administration of NPY simultaneously induces an increase 
in lipogenesis, TG and glucose production, as well as a decrease in thermogenesis and lipolysis. 
Therefore, central NPY promotes a positive energy balance (energy storage > energy 
expenditure). One important hallmark of obesity is excessive fat storage, resulting from a chronic 
positive energy balance. Thus, our results further indicate that central NPY may play a vital role 
in the development of obesity, especially when the above changes are combined with increased 
food intake and sedentary behavior. Several studies (143-145) have shown that the daily rhythm 
of clock gene expression is attenuated in obese animals and humans. In Chapter 6, we showed 
that the expression level of several clock genes was changed in peripheral organs, especially in 
BAT and liver, after 3V administration of NPY. Therefore, increased central levels of NPY 
possibly also contribute to the attenuation of daily clock gene rhythms in obesity. In the future, 
we will investigate whether indeed high levels of central NPY not only affect clock gene 
expression but also attenuate/abolish daily clock gene rhythms in the periphery.  
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English summary 
Living organisms have to adjust their physiological processes and behavior to the changes in the 
environment, and therefore they developed, amongst others, a well conserved circadian timing 
system. The central clock of the circadian timing system is located in the suprachiasmatic 
nucleus (SCN) of the hypothalamus. The SCN receives photic information about the 
environmental light/dark cycle via the retinohypothalamic tract (RHT). Another important 
component of the circadian clock system are the peripheral clocks that can be found in most 
tissues and organs. Since these peripheral clocks have no direct access to light/dark information, 
their daily rhythms have to be synchronized with the environmental day/night cycle via the SCN. 
It has been hypothesized that the SCN synchronizes the daily rhythms of the peripheral clocks 
via its neuronal, hormonal and/or behavioral output pathways. In the current thesis, we tested this 
hypothesis by investigating the essentiality of various pathways in synchronizing the daily 
peripheral rhythms. Apart from photic information, the SCN rhythms are also synchronized by 
non-photic information from the environment, such as food availability and predator risk. 
Neuropeptide Y (NPY) is one of the important neurotransmitters in the non-photic circuitry. In 
addition to being a non-photic entraining signal, NPY is also an important neurotransmitter in the 
brain circuitry controlling energy metabolism. In the current thesis, we investigated the role of 
central NPY in regulating energy metabolism and peripheral clock rhythms.  

In Chapter 2, 3, 4 and 5, we studied the effects of adrenal hormones, feeding rhythm, 
autonomic nervous activity and the combination of any two of these three pathways on daily 
rhythms in liver and/or epididymal white adipose tissue (eWAT). In Chapter 2 and 4, we 
studied the role of adrenal hormones in regulating daily gene expression rhythms in eWAT, liver, 
SCN and paraventricular nucleus (PVN). We found that the daily expression rhythm of many 
metabolic genes was abolished in the eWAT and liver of adrenalectomized rats (ADX). On the 
other hand, daily rhythms in clock gene expression were still intact in liver and eWAT of ADX 
rats. These results indicate that adrenal hormones are indispensable for maintaining daily 
rhythmicity of many metabolic genes, but not clock genes. In addition these results show that 
metabolic genes can become arrhythmic despite clock genes still being rhythmic. In the PVN, we 
found altered expression of most neuropeptides involved in corticosterone secretion, as well as a 
loss of the daily rhythm of Per1 expression. However, in the SCN the daily rhythm of gene 
expression was not affected by ADX. Adrenalectomy thus affects (clock) gene expression, in 
both extra-SCN brain areas and peripheral tissues, but not in the central SCN clock. In Chapter 
3 and 4 we showed that the daily rhythms of clock gene expression are still intact under 6-meal-
a-day feeding schedule (6M), even though some amplitude changes were observed. In Chapter 3 
and 5, we found that the daily expression rhythms of many metabolic genes in eWAT and liver 
were abolished in 6M rats, as well as the daily rhythm in TG secretion. These observations 
suggest that the feeding rhythm is essential for maintaining the daily expression rhythm of many 
metabolic genes and TG secretion, but not that of clock genes. In Chapter 4, we found that also 
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studied the role of adrenal hormones in regulating daily gene expression rhythms in eWAT, liver, 
SCN and paraventricular nucleus (PVN). We found that the daily expression rhythm of many 
metabolic genes was abolished in the eWAT and liver of adrenalectomized rats (ADX). On the 
other hand, daily rhythms in clock gene expression were still intact in liver and eWAT of ADX 
rats. These results indicate that adrenal hormones are indispensable for maintaining daily 
rhythmicity of many metabolic genes, but not clock genes. In addition these results show that 
metabolic genes can become arrhythmic despite clock genes still being rhythmic. In the PVN, we 
found altered expression of most neuropeptides involved in corticosterone secretion, as well as a 
loss of the daily rhythm of Per1 expression. However, in the SCN the daily rhythm of gene 
expression was not affected by ADX. Adrenalectomy thus affects (clock) gene expression, in 
both extra-SCN brain areas and peripheral tissues, but not in the central SCN clock. In Chapter 
3 and 4 we showed that the daily rhythms of clock gene expression are still intact under 6-meal-
a-day feeding schedule (6M), even though some amplitude changes were observed. In Chapter 3 
and 5, we found that the daily expression rhythms of many metabolic genes in eWAT and liver 
were abolished in 6M rats, as well as the daily rhythm in TG secretion. These observations 
suggest that the feeding rhythm is essential for maintaining the daily expression rhythm of many 
metabolic genes and TG secretion, but not that of clock genes. In Chapter 4, we found that also 
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a total liver denervation did not obliterate the daily rhythm of clock gene expression in the liver. 
Since disrupting either the daily rhythm in adrenal hormones, feeding rhythm or neuronal inputs 
did not eliminate the daily rhythm of clock gene expression, next we investigated the effect of 
the combination of any two of these three pathways on daily clock gene expression rhythms. In 
Chapter 4, we found that in the liver the daily rhythm of clock gene expression was still intact 
after total denervation combined with adrenalectomy or 6-meal-a-day feeding. In Chapter 3 and 
4, we found that the daily rhythm of clock gene expression and of most metabolic genes was 
obliterated when ADX was combined with 6-meals-a-day feeding. These data indicate that at 
least adrenal hormones or a daily feeding rhythm needs to be present in order for the SCN to be 
able to synchronize daily expression rhythms of the peripheral clocks in liver and eWAT. 

It is well known that central NPY plays an important role in energy metabolism. In Chapter 6, 
we investigated the acute effects of an intracerebroventricular (ICV) administration of NPY on 
whole body energy metabolism and gene expression in multiple tissues. ICV administration of 
NPY in the 3rd ventricle increased hepatic gene expression involved either in gluconeogenesis or 
in TG synthesis and secretion, while in subcutaneous white adipose tissue ICV NPY increased 
expression of genes involved in lipogenesis. In addition, in brown adipose tissue (BAT) and 
sMuscle NPY decreased the expression of genes involved in non-shivering thermogenesis, fat 
oxidation and lipolysis. In addition, the respiration exchange rate (RER) was increased, 
indicating an NPY-induced shift from lipid to carbohydrate oxidation. Increased hypothalamic 
levels of NPY thus induce an anabolic phenotype with increased hepatic TG and glucose 
production, as well as increased lipid storage. In addition to these metabolic effects, in Chapter 
6 we also showed that central NPY affects clock gene expression in the periphery, especially in 
liver and BAT. Changes in clock gene expression differed between tissues, but seemed to 
correlate with the differential effects of central NPY on the autonomic input to the different 
tissues, i.e., in the liver NPY increased sympathetic input as well as Bmal1 and Cry1 expression, 
whereas in BAT NPY reduced sympathetic input and Bmal1 and Cry1 expression. Also the 
opposite direction was found for Dbp expression in liver and BAT after ICV NPY. 

In conclusion, the present thesis shows that: 1) adrenal hormones, a daily feeding rhythm and the 
autonomic nervous system are indispensable output pathways for the SCN to synchronize daily 
metabolic rhythms in eWAT and liver; 2) at least adrenal hormones or a daily feeding rhythm 
need to be present for the SCN to synchronize daily rhythms in hepatic and eWAT clock gene 
expression; 3) intact peripheral clock gene rhythms are not sufficient to sustain daily rhythms of 
metabolic gene expression; and 4) central NPY administration promotes a positive energy 
balance and lipid storage, but also changes clock gene expression in peripheral tissues.  
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Nederlandse samenvatting 
Alle levende organismen moeten hun gedrag en fysiologische processen aanpassen aan de 
veranderingen in hun omgeving en daarom beschikken de meeste organismen onder andere over 
een evolutionair goed geconserveerd circadiaan timing systeem. De centrale pacemaker van dit 
circadiane timing systeem bevindt zich in de nucleus suprachiasmaticus (SCN) in een 
hersengebied genaamd hypothalamus. De SCN ontvangt informatie over de licht/donker cyclus 
in de omgeving via de retinohypothalame tractus (RHT). Een andere belangrijke component van 
het circadiane klok systeem zijn perifere klokken die aanwezig zijn in de meeste organen en 
weefsels. Aangezien deze perifere klokken geen toegang hebben tot licht/donker informatie moet 
hun dagelijkse ritmiek gesynchroniseerd worden met de licht/donker cyclus van de omgeving via 
de SCN. Een belangrijke hypothese is dat de SCN deze perifere klokken synchroniseert via de 
neuronale, hormonale en/of gedragsritmes die de SCN  aanstuurt. In dit proefschrift hebben we 
deze hypothese getest door het belang van enkele van deze ritmes voor het synchroniseren van 
de perifere klokken te onderzoeken. Naast licht informatie gebruikt de SCN ook zogenaamde 
non-photische informatie uit de omgeving, zoals de beschikbaarheid van voedsel en het risico 
van predatie, om zijn ritme te synchroniseren met de omgeving. Neuropeptide Y (NPY) is een 
belangrijke neurotransmitter in de non-photische circuits. NPY is echter niet alleen een non-
photische neurotransmitter, maar is ook een belangrijke neurotransmitter in hersencircuits die het 
energie metabolisme reguleren. In dit proefschrift hebben we daarom  onderzocht wat de rol is 
van NPY met betrekking tot de regulatie van energie metabolisme en de ritmiek van perifere 
klokken. 

In Hoofdstukken 2, 3, 4 en 5 hebben we het belang onderzocht van bijnierhormonen,  het 
dag/nacht ritme in eetgedrag, het autonome zenuwstelsel en elke combinatie van 2 van deze 3 
parameters voor het  dag/nacht ritme in lever en/of epididymaal wit vet. In Hoofdstuk 2 en 4 
onderzochten we het belang van (een dag/nacht ritme in) bijnierhormonen voor het in stand 
houden van een dagelijks ritme in gen expressie in epididymaal wit vet, lever, SCN en de 
paraventriculaire nucleus (PVN).  We vonden dat het dagelijkse ritme van veel metabole genen 
verdwenen was in het epididymale vet en de lever van ratten waarvan  we de bijnier hadden 
verwijderd (ADX). Dag/nacht ritmes in de expressie van klok genen daarentegen waren bij ADX 
ratten nog intact in deze weefsels. Deze resultaten laten zien dat (een dag/nacht ritme in) 
bijnierhormonen essentieel is voor het instandhouden van een dag/nacht ritme in veel metabole 
genen, maar niet van  klok genen. Bovendien maken deze resultaten duidelijk dat ritmes in 
metabole genen dus kunnen verdwijnen terwijl de klok genen nog steeds ritmisch zijn. In de 
PVN vonden we een veranderde expressie van genen betrokken bij de afgifte van corticosteron, 
als mede een verdwijning van het dag/nacht ritme in Per1 expressie. Echter in de SCN vonden 
we geen verstoring van dag/nacht ritmes in gen expressie. ADX heeft dus een duidelijk effect op 
(klok) gen expressie in perifere weefsels en hersengebieden buiten de SCN, maar niet in de SCN. 
In Hoofdstuk 3 en 4 lieten we zien dat dag/nacht ritmes in klok gen expressie nog steeds intact 
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waren als ratten moesten eten volgens een 6-maaltijden-per-dag (6M) schema, hoewel er voor 
sommige genen wel een verandering in amplitude optrad. In Hoofdstuk 3 en 5 vonden we dat de 
dag/nacht ritmes van veel metabole genen in epididymaal vet en lever verdwenen waren in 6M 
dieren, alsmede het dagelijkse ritme in triglyceriden (TG) afgifte. Deze waarnemingen 
suggereren dat een dag/nacht ritme in voedselopname essentieel is voor het instandhouden van 
de dag/nacht ritmes in veel metabole genen en TG afgifte, maar niet voor de klokgenen. In 
Hoofdstuk 4 hebben we verder  laten zien dat ook een doorsnijding van alle autonome zenuwen 
naar de lever de ritmes in klokgen expressie niet verstoorde. Aangezien een verwijdering van 
bijnierhormonen, van het dag/nacht ritme in eetgedrag,  en van de autonome zenuwen het 
dag/nacht geen van drieën het ritme in klokgen expressie uitschakelde, onderzochten we 
vervolgens het effect van een combinatie van 2 van deze 3 parameters op de dag/nacht ritmes in 
klokgen expressie. In Hoofdstuk 4 vonden we dat in de lever dag/nacht ritmes in klokgen 
expressie ook intact bleven na een doorsnijding van alle autonome zenuwen naar de lever in 
combinatie met een bijnierverwijdering dan wel het 6-maaltijden-per-dag schema. In Hoofdstuk 
3 en 4 lieten we zien dat dag/nacht ritmes in klokgen expressie als ook in bijna alle metabole 
genen wel verdwenen waren in dieren met een combinatie van bijnierverwijdering en het 6 
maaltijden-per-dag voedsel schema. Gezamenlijk tonen deze data aan dat er minimaal (een 
dag/nacht ritme in) bijnierhormonen dan wel een dag/nacht ritme in voedselinname aanwezig 
moet zijn om de SCN in staat te stellen de dag/nacht ritmes van de perifere klokken in het 
epididymaal vet en de lever te synchroniseren. 

De belangrijke rol van NPY in het brein met betrekking tot regulatie van energiemetabolisme is 
genoegzaam bekend. In Hoofdstuk 6 onderzochtten we de acute effecten van een 
intracerebroventriculaire (ICV) toediening van NPY op het energiemetabolisme van de rat en op 
gen expressie in een aantal weefsels. ICV toediening van NPY in de 3de ventrikel resulteerde in 
een toegenomen expressie in de lever van genen betrokken bij gluconeogenese  en bij de 
synthese en afgifte van triglyceriden. In subcutaan wit vet zorgde ICV NPY voor een 
toegenomen expressie van genen betrokken bij lipogenese. In bruin vet en spier daarentegen 
veroorzaakte NPY een verminderde expressie van genen betrokken bij thermogenese, vet 
oxidatie en lipolyse. Bovendien wees  het toegenomen respiratoire   quotiënt op een NPY-
geinduceerde verschuiving van de oxidatie van vetten naar koolhydraten. Een toename van de 
hypothalame hoeveelheid NPY resulteert dus in een anabool fenotype met toegenomen glucose 
en triglyceriden productie door de lever, als mede een toegenomen opslag van lipiden. Naast 
deze metabole effecten van NPY lieten we in Hoofdstuk 6 ook zien dat ICV NPY een effect 
heeft op de expressie van perifere klokgenen, met name in de lever en het bruine vet. De 
veranderingen in klokgen expressie varieerden tussen weefsels, maar leken te correleren met de 
verschillende effecten van ICV NPY op de autonome innervatie van de verschillende weefsels. 
In de lever verhoogde NPY namelijk zowel de autonome input alsook de expressie van Bmal1 en 
Cry1, terwijl in bruin vet NPY zorgde voor een afname van zowel de sympatische activiteit 
alsook de expressie van Bmal1 en Cry1. Ook de expressie van Dbp liet een tegengestelde reactie 
zien in lever en bruin vet na de ICV toediening van NPY. 
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Concluderend  laat dit proefschrift zien dat: 1) bijnierhormonen, een dag/nacht ritme in eetgedrag 
en het autonome zenuwstelsel belangrijke routes zijn voor de SCN om dagelijkse ritmes in 
metabolisme in wit vet en de lever te synchroniseren; 2) minimaal (een ritme in) 
bijnierhormonen of een dag/nacht ritme in eetgedrag aanwezig moeten zijn om de SCN 
dag/nacht ritmes in klokgen expressie in de lever en het witte vet te laten synchroniseren; 3) 
alleen een intact dag/nacht ritme in perifere klokgen expressie  niet voldoende is om dag/nacht 
ritmes in metabole gen expressie in stand te houden; en 4) ICV toediening van NPY een 
positieve energiebalans en vet opslag stimuleert, maar ook veranderingen veroorzaakt in de 
expressie van perifere klokgenen. 
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