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1GENERAL INTRODUCTION

The natural presence and absence of light during evolution made or-
ganisms develop bodily clock mechanisms, resulting in a fluctuation of 
activity and inactivity over the course of a day (i.e., 24h) in numerous 
behavioural and physiological functions. This internal biological clock 
generates endogenous circadian rhythms of about, but not exactly 24h, 
hence the name circadian, derived from the Latin words circa and dies; 
‘about one day’. However, in our current 24/7 society, millions of people 
daily neglect this evolutionary developed and well-conserved mecha-
nism. Frequent crossing of time zones, shift work, working indoors, ex-
tensive use of electronic devices, and work- and leisure-bound activities 
after sunset are several manners by which individuals disrupt their in-
ternal circadian rhythmicity, potentially leading to disruptions in phys-
iology. Modulation of light exposure and major disruptions of the nor-
mal daily rhythms of sleep, activity and eating behaviour are included 
as causal factors in the hypothesis that disruption of the biological clock 
leads to metabolic health problems. Laboratories worldwide study those 
factors to understand how disturbance of the biological clock, an ancient 
and incredibly robust homeostatic mechanism, can lead to diseases, in-
cluding metabolic disorders such as obesity and diabetes type 2. Shift 
workers are a group of individuals with an increased risk to develop such 
metabolic diseases whilst, more than others, being frequently exposed to 
most of the above mentioned hazardous environmental conditions. This 
thesis describes the use of animal models to investigate the effects on 
metabolic health of conditions that acutely and chronically disturb the 
circadian system. First, an overview provides the range of animal mod-
els developed to mimic conditions to which shift workers are exposed 
and the potential of these models to disturb several metabolic parame-
ters. Five experimental studies follow in the subsequent chapters, inves-
tigating in more detail the disturbing effects on internal rhythmicity and 
energy metabolism by modulation of feeding (part I) and light (part II).

RHYTHMS

Chronobiology
The perfect distance between our planet and the Sun is one of the rea-
sons why our planet has life. The Sun provides us with light: the energy 
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for everything. The Earth’s rotations result in the appearance and dis-
appearance of sunlight every 24h. The combination of sunlight deliver-
ing energy together with its rhythmic appearance and disappearance 
likely is the foundation of the rhythmic behaviour of physiological fea-
tures within (almost) every living creature on Earth. Rhythmicity is ob-
served in a wide array of organisms ranging from plants opening and 
closing its flowers daily, to bacteria, fungi, worms, flies, mammals and 
humans controlling their physiological status with rhythmic coordi-
nation. Circadian rhythms are extremely robust, endure in changing 
temperature conditions [1] and stay intact in the absence of light. How-
ever, several stimuli, such as light and food, are essential for circadian 
rhythms to align with external time. These stimuli are called Zeitgebers 
and the process of alignment is called entrainment. A true circadian 
rhythm demonstrates free running behaviour in constant conditions, 
meaning that it runs according to its endogenous time, i.e., approxi-
mately 24h. Each rhythm, ranging from genes to behaviour, contains a 
specific phase (i.e., time of peak) and period (i.e., duration of one cycle 
to repeat). Rhythms will adapt their oscillating behaviour depending 
on input from multiple factors, and occasionally show phase shifting 
(i.e., change in time of peak), amplitude dampening (i.e., reduction in 
height of fluctuation) or a-rhythmicity (i.e., loss of rhythm) [2].

Master clock, molecular clock and peripheral clocks
In the early 1970s, a series of anatomical and lesion experiments by two 
independent labs revealed the suprachiasmatic nucleus (SCN) in the hy-
pothalamus of the brain to be the location of the mammalian master bi-
ological clock controlling behavioural rhythms. Bilateral ablation of this 
nucleus abolished the circadian rhythm in drinking and locomotor ac-
tivity [3] and adrenal corticosterone release [4]. Follow-up experiments 
demonstrated the robustness and endogenous nature of the SCN rhythm 
in vivo by electrophysiology [5], metabolic activity [6] and transplantation 
studies [7–9]. Hereafter, in vitro experiments with electrophysiological 
recordings in isolated SCN neurons demonstrated the cell-autonomous 
nature of the oscillations [10–12]. Two decades later, this self-sustained 
rhythmic behaviour was found to also occur in cells in peripheral tissues 
[13–15], referred to as peripheral clocks. The cell- autonomous property re-
sults from a set of interacting core clock genes that are essential to main-
tain functional 24h oscillations. Initially, variants of these clock genes 
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were discovered in Drosophila melanogaster fruit flies [16, 17], but later the 
molecular clock was also revealed in mammals [18–20].

The clock genes making up the mammalian molecular clock inter-
act via positive and negative transcriptional-translational feedback 
loops to maintain rhythmic expression (Fig. 1) [19, 21]. Basic elements 
of this interaction consist of the circadian locomotor output cycles ka-
put (CLOCK) and brain and muscle arnt-like protein 1 (BMAL1) proteins 
forming heterodimers to stimulate transcription of Period (Per1, Per2 
and Per3) and Cryptochrome (Cry1 and Cry2) genes. Translation and het-
erodimerization of the PER and CRY proteins induces translocation to 
the nucleus where the PER/CRY dimer can inhibit Clock/Bmal1 tran-
scription [22]. Since the discovery of the core clock genes, several ad-
ditional regulatory processes, kinases, and other enzymes have been 
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Figure 1. Simplified representation of the molecular clock machinery. The 
heterodimer of CLOCK and BMAL1 bind to the E-box in the promotors of Per and 
Cry genes, Rev-erbα and Ror, stimulating transcription and translation into pro-
teins. The negative feedback loop consists of subsequent heterodimerization of 
the PER and CRY proteins in the cytoplasm inhibiting transcriptional activity of 
CLOCK/BMAL1. The positive feedback loop contains stimulation of Bmal1 tran-
scription by ROR, which is inhibited by REV-ERBα (REα) proteins. Clock-controlled 
genes (CCGs) are regulated by several clock genes and participation in feedback 
loops is undefined for many genes.
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discovered that contribute to the control of the rhythmic activity of the 
molecular circadian clock [23–27].

Numerous clock-controlled genes (CCGs) have been identified as reg-
ulated by the molecular clock but are non-essential to clock function. 
Moreover, the cellular core clock machinery was shown to interact with 
and control various intracellular pathways and whole transcriptome 
data demonstrated that ~10% of the genome transcripts in peripheral 
tissues display daily oscillations, majorly depending on the SCN [28, 29].

Until now, the existing description of the network of the molecular 
clock is considered incomplete and the number of essential molecules 
to keep the clock ticking, as well as the clock-controlled output pro-
cesses, is still expanding.

Peripheral clocks are receiving an increasing amount of attention, 
but it is important to note that references to periphery or peripheral 
clocks in literature are inconsistent. Generally, periphery is referred 
to as all bodily elements outside of the central nervous system, being 
the organs innervated by peripheral nerves. However, periphery and pe-
ripheral clocks may also include all non-SCN brain areas, as they also 
are increasingly reported to contain clock mechanisms that respond to 
metabolic or circadian challenges independently from the SCN. Molec-
ular clocks in non-SCN brain areas therefore may also be considered 
as peripheral clocks. Peripheral clocks are often considered to follow 
the SCN-dictated rhythm and respond uniformly to physiological chal-
lenges. However, evidence is increasingly indicating that this is untrue, 
mainly by experiments showing that (clocks ticking in) distinct periph-
eral organs respond differently to conditions challenging circadian 
rhythmicity. Chapter 3 describes an example of this. More recently it 
has become clear that the same may account for non-SCN brain areas 
as well, which is described in Chapters 3 and 4.

Entrainment and desynchronization
Bodily clocks need to undergo a daily process of entrainment in order 
to synchronize with the 24h rhythm of the outer world. Entrainment is 
a tissue-dependent specialized process, with (sometimes) unique local 
Zeitgebers depending on the physiological function of the tissue, but 
still not completely understood for many organs.

Entrainment of the master biological clock in the SCN occurs via light 
signals caught by the eye and transported to SCN neurons (see section 
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‘Photoreception’ for more information on light signalling). The SCN con-
sists of two oval-shaped small nuclei, both containing ±10.000 neurons, 
situated at the bottom of the anterior hypothalamus and on top of the 
optic chiasm (i.e., the crossing of the optic nerves), making it a perfect 
location to receive light-information from the eyes. Light immediately 
affects expression of Per1 to reset the molecular clock, and thereby this 
gene is considered the point of entrainment within the SCN [30–33]. SCN 
neurons use multiple ways of interneuronal communication to ensure 
simultaneous firing of neurons and thereby maintain synchrony of rhyth-
micity in cellular activity, creating a robust rhythmic output [34].

Entrainment of peripheral clocks (i.e., the molecular clock in pe-
ripheral organs) occurs through multiple pathways, which ideally act 

Metabolic homeostasis

SCN

Endocrine glands Behaviour Autonomic nerves

Hypothalamus

Metabolic derangement

Figure 2. Schematic description of the three major output pathways trans-
mitting SCN time information to the body. The suprachiasmatic nucleus (SCN) 
transmits signals on light and darkness to other hypothalamic areas, from where 
signals are conducted via the autonomic nervous system, endocrine glands and be-
havioural modulations to peripheral organs essential for metabolic functions, such 
as the liver, skeletal muscle and pancreas. Local molecular clocks in peripheral tis-
sues contribute to output functions of the organs, which ideally collaborate and are 
synchronized to maintain metabolic homeostasis. Desynchronization of rhythms 
in distinct peripheral organs may contribute to metabolic derangement and even-
tually disease.
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in synchrony for optimal entrainment and control of peripheral clocks 
(Fig. 2) [35, 36]. On the one hand, peripheral organs such as the liver, pan-
creas and muscle, cannot directly perceive light and therefore depend 
on brain-mediated routes of signal transduction for information about 
environmental time (see paragraph ‘The hypothalamus and its pathways’). 
On the other hand, organs possess specialized functions to maintain ho-
meostasis that may require shifting local molecular or cellular rhythms 
by immediate response to local Zeitgebers. For instance, responding to 
incoming food by metabolic organs and contraction of muscles dur-
ing movement of the organism, are occasionally required despite the 
SCN-dictated time-of-day. The mismatch between central (i.e., SCN- 
determined) and local entrainment signals of organs provided the idea 
for the predominant current theory on how disruption of daily rhythms 
negatively affects health of shift workers. The hypothesis stresses the 
process of desynchronization or (circadian) misalignment; the loss of syn-
chrony between a rhythm and its Zeitgeber or between two (or more) 
rhythms within the body, that are needed to produce a healthy output.

Desynchronization is a popular term but oftentimes not sufficiently 
specified as to which level it refers, as it may occur at several levels in 
physiology. These levels range from the whole organism desynchro-
nized from the environment, down to systemic, cellular and molecular 
levels. Chapter 2 [37] describes these different levels more extensively, 
but in short they behold desynchronization between (1) the central and 
peripheral clocks, (2) clocks in peripheral organs or non-SCN brain ar-
eas, (3) the molecular clock and CCGs and (4) different clock genes.

The hypothalamus and its pathways
Despite the presence of self-sustainable clocks in peripheral tissues 
that continue ticking when isolated in culture, input from the SCN is 
important to maintain rhythmicity in peripheral tissues. Changes in 
photoperiod (i.e., duration of the light period) induces phase shifting 
of the rhythm expressed in cells in peripheral tissues, which is signif-
icantly delayed in absence of the SCN [38], suggesting that the pace-
maker activity of the SCN is necessary to sustain proper rhythmicity 
in peripheral tissues. Although it is largely unknown how rhythms in 
peripheral organs are controlled by the SCN, several direct (neural and 
endocrine) and indirect (behavioural) pathways have been suggested 
with important roles for the hypothalamus of the brain.
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1The hypothalamus is a small structure located in the diencephalon, 
ventral of the thalamus. It consists of several distinct nuclei with a high 
variety of neurons all functioning to maintain homeostasis. The hypo-
thalamus is an ancient structure existing in all vertebrates, stressing 
that it beholds essential functions to be well preserved. The strategic 
location around the third ventricle facilitates direct sensing of essen-
tial signals on energy status from the cerebrospinal fluid. Direct control 
of nerve activity (via the autonomic nervous system), sleep/wake cen-
tres and endocrine glands provides the hypothalamus with powerful 
tools to adjust physiology when necessary. Therefore, the hypothala-
mus contains the headquarters of homeostatic regulation; it integrates 
information from the external and internal environment and properly 
adjusts the bodily processes to the required physiological state.

Functional projections from the SCN run towards structures within 
the hypothalamus that contain pre-autonomic, endocrine and/or in-
termediate neurons. Stimulation or inhibition of these neuronal pop-
ulations are at the origin of three distinct pathways through which the 
SCN is able to impose daily rhythms on physiology.

The first pathway comprises control of the autonomic nervous sys-
tem (ANS) by the SCN. Retrograde tracing studies demonstrated that 
SCN neurons contact sympathetic and parasympathetic pre- autonomic 
neurons in the paraventricular nucleus (PVN), to innervate peripheral 
organs including the pancreas [39], white adipose tissue [40], brown 
adipose tissue [41], adrenal gland [42], liver [43, 44] and pineal gland 
[45]. Autonomic control by the SCN has been proven to be important 
for the daily rhythm of glucose levels [46], heart rate [47], leptin [48] 
and melatonin secretion [49], amongst other metabolic functions.

A distinct direct pathway by which the SCN rhythmically controls 
peripheral target structures is through its projection to endocrine 
neurons. Specialized hypophysiotrophic neurons in the PVN produce 
hormones to stimulate or inhibit secretion of trophic hormones from 
the pituitary prior to stimulation of an endocrine gland. This mecha-
nism controls, for example, rhythmicity in corticosterone release via 
the  hypothalamus-pituitary-adrenal (HPA) axis. The SCN projections 
to neurons controlling ANS and endocrine glands often interact and 
together modulate daily variations in hormone levels, such as glucose 
levels [50], insulin response [51], thyroid hormone [52] and corticoster-
one concentrations [42, 53, 54]. 
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Beyond these two biological pathways, daily rhythms in body tem-
perature [55, 56], locomotor activity [3, 55] and feeding behaviour 
[57,  58] are mediated by the SCN. Each of those also have entraining 
properties on their own [58, 59] for peripheral organ functions, such as 
glucose control. 

The nervous, endocrine and behavioural pathways collectively take 
care of homeostasis. Unnatural timing of, for instance light, food or ac-
tivity disturbs this homeostatic control at multiple levels. How the mis-
match between the top-down synchronizing input from the SCN and 
the bottom-up physiological signalling leads to harmful effects on met-
abolic functions remains unknown.

METABOLISM

Metabolism is derived from the Greek word for to change (metaballein), 
which is reflected in the Dutch word “stofwisseling”. The Oxford Dic-
tionary for the English language defines metabolism as “the chemi-
cal processes that occur within a living organism in order to maintain life” 
[60]. The Cambridge Dictionary adds to this “especially processes that 
cause food to be used for energy and growth” [61]. In metabolism, pro-
cesses change molecules into other molecules by building up (anab-
olism) or breaking down (catabolism) these molecules and thereby 
consuming or releasing energy, respectively. Essential and specialized 
processes in the body have evolved to efficiently and optimally man-
age energy, whereby disturbance of these processes activates an antag-
onistic process to reinstate homeostasis. Chronic disturbances may re-
sult in non-optimal management of energy fluxes. Severe disruption, 
by long duration or extreme conditions, will result in an incomplete 
or impaired reinstatement of this balance, and eventually in pathology.

Examples of such specialized processes are lipid metabolism, pro-
tein metabolism and carbohydrate metabolism, in view of relevancy to 
this thesis, only the latter form is discussed in more detail.

Carbohydrate metabolism
Carbohydrates are biological molecules build from carbon (C), hydro-
gen (H) and oxygen (O) atoms, and also known as saccharides. Mono- 
and disaccharides are sugars, which become oligo- and polysaccharides 
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1when connected as longer chains. The most abundant form of sugar in 
the human body is glucose (C6H12O6) and the main aim of glucose metab-
olism is to sustain a narrow range of healthy concentrations of plasma 
glucose, i.e., ‘blood sugar’. Several peripheral organs, including skel-
etal muscle, liver, pancreas, intestines and white adipose tissue, have 
to properly work together to facilitate glucose influx and efflux in the 
bloodstream in order to maintain glucose control.

Healthy cellular functioning depends on adequate levels of glucose, as 
low levels (hypoglycaemia) may lead to serious problems and even coma, 
brain damage and death [62] and high levels (hyperglycaemia) can lead to 
glucose toxicity, cellular damage, infection and death [63]. Euglycaemia 
is maintained by a balanced process of glucose intake by food, utilisation 
by tissues and endogenous glucose production (EGP) [64]. Under normal 
conditions, absorption of glucose from food by the gut induces a rise in 
plasma glucose concentrations [65]. A portion of ingested glucose is uti-
lized immediately by reacting with oxygen (glycolysis) to produce aden-
osine triphosphate (ATP). Remaining glucose is, stimulated by insulin 
from pancreatic β-cells, removed from the bloodstream by glucose trans-
porters in muscle, kidney, liver and adipose tissue and converted into gly-
cogen (glycogenesis) or fatty acids for long-term storage. Fasting induces 
the breakdown of glycogen (glycogenolysis) stimulated by glucagon from 
pancreatic α-cells. Depletion of glucose and glycogen stimulates gluco-
neogenesis, the production of glucose from other carbon-holding mole-
cules such as lactate and amino acids. 

Glucose control
Tight control of glucose homeostasis comprises the neural, endocrine 
and behavioural pathways described in the section ‘The hypothalamus 
and its pathways’. Endocrine regulation is in part locally orchestrated 
by direct glucose sensing leading to secretion of insulin, glucagon, and 
incretins, such as glucagon-like peptide 1 (GLP-1) [66–68]. These hor-
mones immediately affect glucose uptake or production by peripheral 
tissues. Besides, several of these hormones pass the blood-brain barrier 
[69] and can directly act on receptors or transporters in several (hypo-
thalamic) nuclei. Central effects of peripheral hormones are complex 
and still under investigation. For instance, it was demonstrated that in-
sulin in the arcuate nucleus affects gluconeogenesis and glycogenoly-
sis, independent of its effects on food intake (reviewed in [70, 71]). In 
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addition, low glucose levels selectively stimulate orexin and neuropep-
tide Y (NPY) cells in the lateral hypothalamus (LH) [72] and arcuate nu-
cleus (ARC) [73], respectively, but inhibit melanin-concentrating hor-
mone (MCH) neurons in the LH [72].

Neural control of glucose homeostasis is facilitated by autonomic 
projections to peripheral organs. Selective stimulation of the sympa-
thetic branch of the ANS stimulates EGP, suppresses glycogenesis in 
liver and pancreatic insulin release, whereas parasympathetic activa-
tion increases glucose uptake, glycogenesis and insulin secretion [46, 
74–77]. Control of ANS activity is partly mediated by orexin, MCH and 
NPY neurons, amongst others [78, 79], that intervene with glucose ho-
meostasis by modulating activity of sympathetic or parasympathetic 
pre-autonomic neurons [80, 81]. In addition, the SCN may modulate 
glucose homeostasis by acting on these pre-autonomic neurons [43, 82] 
in the PVN, ventromedial hypothalamus (VMH), LH and ARC [80, 
83–86]. The interaction between glucose metabolism and the circadian 
system has been revealed in several animal studies showing that circu-
lating plasma levels of insulin [51], glucagon [87] and glucose [50], as 
well as, EGP [88, 89], glucose tolerance [88] and glucose uptake [90] are 
under the control of the SCN. 

Whole body or tissue-specific knockout (KO) animal models have 
suggested the existence of a causal relationship between altered (pe-
ripheral) rhythms and functional metabolic effects. Initially, mice with 
a homozygous CLOCK mutation became obese [91], demonstrating a 
clear correlation between the circadian system and metabolic control. 
Hereafter, tissue-specific manipulation of clock genes further elabo-
rated on metabolic effects. Animals with a liver-specific knockout of 
Bmal1 showed several changes in glucose balance, including increased 
glucose clearance and hypoglycaemia [92, 93]. Other tissue- specific 
knockout models demonstrated reduced insulin sensitivity in a muscle- 
specific Bmal1-knockout [94–97] and led to hypoinsulinaemia and dia-
betes in pancreatic Bmal1-KO animals [98, 99]. Besides these specialized 
knockout models, other studies demonstrated that in organs involved 
in the control of glucose homeostasis, numerous transcripts in the ge-
nome, proteome and enzymes are rhythmically active. Approximately 
10–20% of the transcripts in the liver express daily variation in RNA and 
this is under the control of the SCN, hormones, the hepatic molecular 
clock and for a large part food intake [28, 100–103].
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1FOOD

Feeding is an essential behavioural trait for organisms to survive and 
therefore a key player in energy homeostasis. Food contains the energy 
that organisms need to live and behave, but it is also an important Zeit-
geber for metabolic organs. Absence of food, i.e., fasting, induces sophis-
ticated adaptive mechanisms at many levels of the body [104] in order 
for the organism to save energy and optimally use energy stores whilst 
searching for new food. In the perspective of the obesity pandemic [105], 
many aspects of food, diet and feeding behaviour, such as timing and 
frequency [106, 107], have been investigated, especially with respect to 
their effects on energy metabolism. Alterations in the timing of food in-
take, in particular when shifted to the resting (i.e. fasting) phase, induces 
functional changes in lipid and glucose metabolism, including larger 
body weight gain in animals and humans [108, 109], increased adiposity 
[110, 111], altered plasma hormone levels [111, 112] and decreased glucose 
tolerance [110], amongst other effects [113–119]. 

Hypothetically, metabolic effects following a shift in timing of feed-
ing could be due to shifts within the molecular clocks of peripheral or-
gans as have been shown extensively for the liver, which occurs inde-
pendent of the SCN [110, 120–123]. Knowledge on the effects of a shift 
in the timing of feeding on the molecular rhythmicity in other meta-
bolically relevant organs, such as (white) adipose tissue [124], intestines 
[125] and skeletal muscle [118] is limited. The underlying mechanism of 
how feeding affects molecular rhythms and leads to metabolic disrup-
tion is yet to be revealed, but close interactions between nutrients and 
the core clock have been described. For instance, glucose can alter tran-
scription and translation of (phosphorylation of) clock genes [126, 127]. 
Moreover, food-related release of hormones, enzymes and transcrip-
tion factors can engage components of the core clock [128].

Central control of feeding behaviour is mainly regulated in the hypo-
thalamus [129]. A complex interacting system with intra- and extrahy-
pothalamic connections secure the balance between food intake and en-
ergy expenditure [130, 131]. Major hypothalamic sites of feeding control 
are the arcuate nucleus containing NPY/agouti related peptide (AgRP), 
proopiomelanocortin (POMC)/cocaine- and amphetamine- regulated 
transcript (CART), alpha melanocyte-stimulating hormone (α-MSH) 
neurons, the lateral hypothalamus with orexin and MCH neurons, the 
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ventromedial hypothalamus with brain-derived neurotrophic factor 
(BDNF) neurons, and the dorsomedial hypothalamus receiving sev-
eral intra-hypothalamic projections and modulating downstream sig-
nalling [129, 130]. These areas receive direct or indirect projections 
from the SCN, but also contain local molecular clocks [132–134]. Stud-
ies using a shift in the time of food intake, demonstrated changes in 
the rhythms of clock gene expression in dorsomedial hypothalamus 

Figure 3. Schematic representation of intra-hypothalamic projections reach-
ing pre-autonomic neurons in the paraventricular nucleus (PVN). Time infor-
mation arrives via SCN-connections, whereas information on energy status and 
arousal reaches the PVN via connections with other hypothalamic areas and brain-
stem projections. Specialized neurons in areas such as the arcuate nucleus (ARC), 
lateral hypothalamus (LH) and ventromedial hypothalamus (VMH) can directly re-
spond to food-related signals. Afferent projections from the brainstem may pro-
vide peripheral, arousal related feedback to the hypothalamus. Pre-autonomic 
neurons within, but not restricted to, the PVN integrate the different incoming sig-
nals that ideally are synchronized to mediate optimal output to the periphery. SCN 
suprachiasmatic nucleus; 5-HT serotonin; NA noradrenaline; DA dopamine; NPY neuro-
peptide Y; AgRP agouti-related peptide; POMC proopiomelanocortin; CART cocaine- and 
amphetamine-regulated transcript; MCH melanin-concentrating hormone; PACAP pitu-
itary adenylate cyclase-activating polypeptide; BDNF brain-derived neurotrophic factor; 
VIP vasoactive intestinal peptide; AVP arginine vasopressin; 3V third ventricle
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1(DMH) [135–137], and PVN [138], but not in the SCN [120–122]. The shift 
work condition of food intake at an unnatural time-of-day induces a 
conflict for peripheral organs and hypothalamic areas, which now re-
ceive conflicting input from the SCN, still linked to the light/dark cycle, 
and the gastro-intestinal system (Fig. 3). Likely, this mismatch between 
Zeitgebers contributes to disruption of metabolic control at multiple 
levels, and potentially lead to metabolic disorders.

LIGHT

Nowadays many individuals worldwide are exposed to light after sun-
set. Street lighting at night, use of electronic devices and indoor light-
ing have increased majorly over the past decades [139]. This light ex-
posure at night most likely affects the circadian system, and thereby 
possibly contributes to the increased prevalence of metabolic derange-
ments [140, 141]. Studies with human subjects, as well as, animal studies 
have demonstrated correlations between light at night and metabolic 
disruption [142–149]. How wide the reach is of metabolic functions af-
fected by light, and which pathways mediate these effects are not com-
pletely understood, but have received more attention recently.

Light defined
In the early 1800s, when the Englishman Humphrey Davy connected 
carbon rods to a battery resulting in the carbon to glow, he laid the 
foundation for one of the greatest inventions in history: electrical light. 
By artificially making light, human kind mimicked one of the most im-
portant ingredients for known forms of life, namely energy. Although 
humans do not need light directly for energy (i.e., we can eat plants 
and animals that have transformed light energy into a usable form of 
energy), light is still a very important sensory input to our body. Light, 
natural and artificial, is described by the field of physics as “electro-
magnetic radiation within the part of the spectrum that is visible to the 
human eye”. Light consists of packages of energy, photons, travelling in 
waves with a constant speed (as they have no mass) and can be formed, 
emitted, destroyed, absorbed and reflected. Properties of the photons 
depend on the wavelength of light; light with a longer wavelength has 
less energy per photon and vice versa. Nanometres are the unit for 
wavelength, also named as the colour of light. The amount of energy of 
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light (i.e., the number of photons in a wave) determines the intensity of 
the light, which is also referred to as illuminance, power or brightness 
and measured in units of lux or lumen. The properties of our eyes pro-
vide the characteristic feature of light that it is visible for humans. The 
eyes are the main body part where light directly interacts by entering 
through the lens and reaching the retina where the light is caught. Pho-
toreceptor cells in the retinal cell layer contain receptors with a pho-
tosensitive pigment (chromophore) that isomerizes when interacting 
with photons. Consequently, the conformation of the membrane pro-
tein (opsin) attached to the chromophore changes and thereby induces 
a cascade of intracellular actions, which ultimately lead to hyperpolar-
ization of the cell, and create a stimulatory signal to other cells. The 
optic nerves conduct this electrical signal towards brain centres impor-
tant for vision and circadian physiology.

Photoreception
The outgoing signal from the retina to the brain is complex and involves 
numerous cell types. Light signals stimulate distinct photoreceptors de-
pending on features such as intensity and wavelength, amongst others. 
A light signal downstream of the retina arises from interaction between 
photoreceptors and their neighbouring and mediating cells. For a long 
time, researchers were only aware of the existence of two types of pho-
toreceptors, rods and cones, which are until now the most studied and 
well-known photosensitive neurons. In the 1920s, Clyde Keeler [150] 
made a very first suggestion for the existence of a new photoreceptor as 
‘blind’ mice still responded to light with a pupil reflex. Only somewhat 
seventy years later, this line of research was continued and it was shown 
that circadian photoreception was intact in rod- and coneless (i.e., vis-
ually blind) mice [151]. These animals remained sensitive to light en-
trainment, and later it was shown that other non-image-forming (NIF) 
light responses also were intact, such as melatonin suppression [152] or 
pupil constriction [153]. At the end of the century, a third photosensitive 
receptor cell was identified; the intrinsically photosensitive retinal gan-
glion cell (ipRGC) [153–157]. Until then, retinal ganglion cells were only 
recognised as a cell layer to relay signals from rods and cones. The iden-
tification of ipRGCs was based on the discovery of a new light-sensitive 
pigment, melanopsin, which is only present in  ipRGCs [153, 157, 158]. Ax-
ons of melanopsin-containing cells were shown to strongly innervate 
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1the SCN, as well as other essential brain centres for circadian photoen-
trainment such as the intergeniculate leaflet (IGL), and the olivary pre-
tectal nucleus (OPN) [154, 159, 160]. Furthermore, other thalamic and 
hypothalamic brain areas have been shown to receive melanopsin pro-
jections, suggesting a wide array of NIF functions of melanopsin [161]. 
Once melanopsin was discovered, ablation of the melanopsin gene 
(Opn4) in mice created enormous potential to study functions of mel-
anopsin and it was shown that Opn4−/− knockout mice showed disap-
pearance of intrinsic photosensitivity [162] as well as disruption of en-
trainment properties [162–164], also for peripheral clocks [165]. Several 
subtypes of ipRGCs have been identified [166] with morphological and 
physiological differences [167] and several now have been shown to in-
nervate specific brain areas [168, 169] and to be modulated by different 
neurotransmitters [167, 170, 171]. This large number of pathways pro-
vides a widespread potential of NIF functions of light. Besides vision, 
pupil control and entrainment properties, also the amount of ‘periph-
eral’ functions affected by light is increasing.

Effects of light
A longstanding well-known function of light in the eye is to provide vi-
sion through pathways stretching from the retina to brain areas in the 
visual cortex. Vision is often considered the primary function of (light 
in the) eyes as it is an obvious important sensory input system and has 
been very well preserved during evolution. However, a perhaps even 
more robust essential evolutionary function of light is its role in circa-
dian entrainment. In mammals, the circadian clock is sophisticatedly 
located above the crossing of the optic nerves, and thus light informa-
tion may reach the SCN faster than it does visual areas. The importance 
of light for circadian physiology was essentially discovered before 
identification of the SCN as the pacemaker of circadian rhythms. Only 
in the early nineteen seventies neurobiologists and anatomists discov-
ered the retino-hypothalamic tract (RHT) when progressing from the 
retina to the visual system and realized the clock had to be in the ante-
rior hypothalamus, until the discovery of the SCN [172]. 

Direct effects of light on mood and learning have been reported, me-
diated by ipRGC projections not passing the SCN [173]. Furthermore, 
suppression of melatonin secretion from the pineal is a well-known di-
rect effect of light [174], though this is mediated by the SCN [175] and 



26 General introduction

the autonomic nervous system (ANS) [49]. Activation of sympathetic 
nerves and inhibition of parasympathetic nerves by light have been 
demonstrated for other organs besides liver and adrenal tissues [176, 
177], potentially mediating more light-induced effects in the periphery 
[178], including metabolic functions. Indeed, both long-term and acute 
exposure to light at night (LAN) have been reported to affect energy 
homeostasis and glucose metabolism in rodents [142, 143, 145, 149] and 
humans [140, 144, 147, 179–181]. 

Several of these light-induced physiological effects have been fur-
ther studied for the characteristics of light. In particular, the impor-
tance of intensity and wavelength of light on NIF functions was studied 
more extensively. Exposure to different stimuli, such as high or low in-
tensities or light with a specific wavelength, aimed to characterize pho-
tosensitive retinal cells in more detail [154, 167, 182, 183]. Thus far, mel-
anopsin-containing ipRGCs have been identified as most sensitive to 
light with a short wavelength (i.e., blue light), whereas rods and cones 
respond stronger to light with middle (i.e., green) and long (i.e., red) 
wavelength [184]. Moreover, ipRGCs respond relatively slowly to light 
pulses whereas rods and cones respond more rapidly [183]. Rods, how-
ever, respond best to dim light conditions and cones and ipRGCs in 
brighter light conditions. Although this is a very simplified description, 
it emphasizes the multifactorial system of photoreception, phototrans-
duction and the span of NIF functions.

SCOPE OF THIS THESIS

The overall aim of this thesis was to study the mechanism of two poten-
tially disruptive human shift work conditions on energy metabolism 
in a rat model: non-physiological timing of food intake and light expo-
sure were investigated in five experimental studies.

First, Chapter 2 provides an overview of different types of rodent 
models described in literature to study human shift work conditions. 
It outlines the advantages and disadvantages of the use of light, feed-
ing, sleep and activity to potentially disrupt the circadian system and 
all models are quantified on their disruptive consequences for meta-
bolic parameters. The discussion of the chapter elaborates on the hy-
pothetical underlying mechanisms of circadian desynchronization. It 
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1emphasizes the existence of different levels on which desynchroniza-
tion may occur and proposedly cause metabolic problems.

In Part I, the effects of long-term unnatural timing of food intake on 
internal desynchronization are investigated. Chapter 3 describes the 
effects on whole body metabolism and on the rhythmic expression of 
metabolic and clock genes in two metabolically important organs, the 
liver and muscle, and in the lateral hypothalamus of the brain. Chap-
ter 4 focusses on two distinct hypothalamic nuclei and describes ef-
fects on (the rhythmicity of) expression of neuropeptides, clock genes 
and transporters involved in glutamate and GABA signalling to study 
whether feeding at abnormal time-of-day leads to hypothalamic de-
synchronization.

Part II includes three studies with a focus on the direct effects of 
light at night. Chapter 5 investigates effects of light at night on glu-
cose tolerance by modulating the timing, intensity and wavelength of 
light exposure. Chapter 6 is a short chapter expanding the effects of 
light at night on glucose tolerance by manipulating darkness exposure, 
duration of light, fasting status and diet. Chapter 7 describes three ex-
periments studying the liver transcriptome, by using microarray analy-
sis and metabolomics, to investigate the possible role of the autonomic 
nervous system in light-induced changes in liver metabolic pathways.
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