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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 

E-box

CRY
PER

REα

nucleus

cytoplasm

CCG
CCG

CCG
CCG

Ccgs

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 



24 General introduction

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 
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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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ABSTRACT

Our current 24h society requires an increasing number of employees 
to work nightshifts with millions of people worldwide working dur-
ing the evening or night. Clear associations have been found between 
shift work and the risk to develop metabolic health problems, such as 
obesity. An increasing number of studies suggest that the underlying 
mechanism includes disruption of the rhythmically organized body 
physiology. Normally, daily 24h rhythms in physiological processes are 
controlled by the central clock in the brain in close collaboration with 
peripheral clocks present throughout the body. Working schedules of 
shift workers greatly interfere with these normal daily rhythms by ex-
posing the individual to contrasting inputs, i.e., at the one hand (dim)
light exposure at night, nightly activity and eating and at the other 
hand daytime sleep and reduced light exposure. Several different an-
imal models are being used to mimic shift work and study the mecha-
nism responsible for the observed correlation between shift work and 
metabolic diseases. In this review, we aim to provide an overview of the 
available animal studies with a focus on the four most relevant models 
that are being used to mimic human shift work: altered timing of 1) food 
intake, 2) activity, 3) sleep or 4) light exposure. For all studies, we scored 
whether and how relevant metabolic parameters, such as body weight, 
adiposity and plasma glucose were affected by the manipulation. In 
the discussion, we focus on differences between shift work models and 
animal species (i.e., rat and mouse). In addition, we comment on the 
complexity of shift work as an exposure and the subsequent difficul-
ties when using animal models to investigate this condition. In view of 
the benefit of animal models over human cohorts to study the effects 
and mechanisms of shift work, we conclude with recommendations to 
improve future research protocols to study the causality between shift 
work and metabolic health problems using animal models.
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INTRODUCTION

Our current 24h society requires an increasing number of employees 
to work nightshifts and as a result millions of people worldwide work 
during the evening or night for a certain period during their life. In the 
Netherlands, 16% of the working population works regularly or occa-
sionally during the night, whereas 51% of the population sometimes or 
regularly works during the evening [1]. Epidemiological studies show 
correlations between shift work and an increased risk of cancer, car-
diovascular disease, sleep disturbances, impaired psychosocial health 
and gastrointestinal problems [2]. Moreover, the last two decades, 
population- based studies have shown that there is also an association 
between shift work and development of metabolic problems, includ-
ing metabolic syndrome [3–15], altered glucose metabolism [16–18], al-
tered lipid metabolism [3, 16, 19] and high blood pressure [5, 16, 20, 21]. 
Population-based studies are limited in their use for understanding 
causality and underlying mechanisms to explain the relationship be-
tween shift work and disease. Using experimental studies in humans 
is problematic due to the fact that many metabolic outcomes, such as 
body weight and composition, are long-term effects. Certainly, acute 
effects of shift work conditions on metabolic parameters can be stud-
ied in humans, which is currently done [22]. Therefore, animal studies 
have been used to gain more insight in these questions. In the current 
review, we provide an overview of the different animal models that are 
available to investigate the mechanism underlying the negative health 
consequences of shift work. 

Daily 24h rhythms are present throughout the body’s physiology and 
can be observed in, for example, sleep, food consumption, body temper-
ature and numerous hormone levels [23]. These rhythms are regulated 
by the central circadian clock in the suprachiasmatic nucleus (SCN) of 
the hypothalamus and circadian oscillators in peripheral tissues and 
organs (the so-called peripheral clocks). The endogenous rhythmicity 
of the SCN neurons ultimately results from the interaction between a 
set of rhythmically expressed genes, so-called clock genes, which are 
expressed in almost every cell of the body. In the SCN, the nearly 24h 
(i.e., circadian) rhythms produced by these clock-genes are synchro-
nized to the exact 24h rhythms in the outer world by their sensitivity 
to (sun)light [23]. The synchronizing stimuli for peripheral clocks in 
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non-SCN tissues are less clear, in addition to nervous and humoral sig-
nals from the SCN, behavioural signals such as body temperature, en-
ergy metabolism and (feeding) activity also likely play a role [23, 24].

In general, the working schedules of shift workers profoundly in-
terfere with these normal daily rhythms [25, 26]. Shift work leads to 
a disruption of the circadian rhythms produced by the central and pe-
ripheral clocks by confronting them with opposing signals, i.e., light 
at night and food consumption and activity during the sleep period. 
Therefore, shift work is a challenge that contains many aspects, which 
might be related to the negative health effects (Fig. 1): 1) social pat-
tern: shift work affects social life due to working hours that conflict 
with working hours of social contacts; 2) activity: shift work affects the 
timing of people’s activity and, as a consequence, possibly affects the 
amount of activity; 3) sleep: shift work affects timing of sleep and possi-
bly duration and quality of sleep; 4) nutrition: shift work affects timing 
of food intake and possibly meal frequency and composition; 5) light 
exposure: shift work affects the timing of light exposure, with possi-
bly different intensity and duration of exposure; 6) sun exposure: shift 
work might affect the duration of sun exposure and as a consequence 
vitamin D levels. Shift work comprises alterations at different levels 
of the circadian system that each have their own effect, but are inter-
acting as well (Fig. 1) [25, 26]. For example, the altered timing of activ-
ity in shift workers may result in sleep disturbances (duration, quality, 
and timing), altered nutrition (composition, caloric intake and timing), 
changed lighting exposure conditions (duration, intensity, and timing), 
reduced sunlight exposure (possible effect on vitamin D levels) and 
disturbances in social life. Each of these aspects might, to a greater or 
lesser extent, contribute to negative health effects. For several aspects, 
animal models have been developed to examine the metabolic health 
effects upon manipulation of these aspects of shift work individually 
or in combination (Fig. 1). To our knowledge, no animal models have 
so far been developed to study effects of ‘social life’ and ‘sun exposure’.

The aim of the present review is to provide an overview of the avail-
able animal studies investigating the mechanism underlying the nega-
tive health consequences of shift work and their outcome. In addition, 
we discuss human relevancy of the available animal models for shift 
work to gain insight into animal to human translatability and aid fu-
ture investigations in choosing optimal animal models. Next to animal 
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models mimicking circadian disruptive shift work aspects, conse-
quences of circadian disruption have also been studied in animals us-
ing genetic manipulation or SCN lesions. These animal models are not 
within the scope of the present review, since we do not consider them 
to represent human shift work.

To increase the animal to human translatability the focus of the pres-
ent review is on animal models investigating the relationship between 
shift work and metabolic risk factors [27–29] since these factors are 
easily translatable from humans to animals and vice versa. In addition, 
these factors can be measured almost non-invasively in humans and 
often appear before the full-blown disease, allowing for shorter follow- 
 up time and more time for preventive measures or intervention.

Studies were included in the review when they investigated meta-
bolic parameters such as body weight,  food intake, activity, glucose 
metabolism (including plasma glucose, insulin and glucagon levels, 
glucose tolerance, and glycogen levels), leptin levels, and lipid metabo-
lism (including plasma cholesterol and triglyceride levels).

Human shift work schedules

Social 
pattern Activity Sun 

exposureSleep Nutrition Light 
exposure

Timing of 
activity

Timing of 
sleep

Timing of 
food

Timing of 
light

Animal models of shift work 
aspects

Figure 1. Schematic presentation of shift work aspects. Shift work can be dis-
entangled into different aspects (blue blocks), for some of these aspects animal 
models have been developed (green blocks). Each of these aspects might contrib-
ute to health risks associated with shift work. However, all aspects strongly inter-
act, making it difficult to separate the effects of each single aspect. In most animal 
studies, only one of the aspects is manipulated, however, it is important to keep in 
mind that by manipulation of one aspect, other aspects might be affected as well 
due to this interaction.
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MATERIALS AND METHODS

Search strategy
A literature search was performed to obtain an overview of the current sci-
entific literature on studies using animal models for shift work to inves-
tigate the relationship between shift work and metabolic function. The 
search strategy was designed by an information specialist (RIVM) using the 
MESH-database of Pubmed, to include all MeSH terms and its synonyms 
and several electronic databases were used (Medline, Embase,  BIOSIS Pre-
views and SciSearch). In brief, the search strategy combined keywords re-
lated to shift work with keywords related to metabolic risk factors. Exam-
ples of key words for shift work: shift work*, shiftwork*, night work*, night 
shift*, rotating shift*, jet lag, working rhythm*, “irregular working hours”, 
time restricted, “constant light”, “continuous light”, “light at night”, bio-
logical clock*, body clock*, chronobiology*, circadian clock*. Examples of 
key words for metabolic risk factors: weight, body weight, weight change, 
metabolic syndrome, obesity, adiposity, glucose, glucose tolerance, lipid 
metabolism, energy metabolism, insulin, insulin sensitivity, hypertension, 
leptin. Only papers published after 1993 were included. For the complete 
search strategy, see supplementary online data: 
http://www.frontiersin.org/journal/10.3389/fphar.2015.00050/abstract.

The search resulted in 1550 publications, but only 44 were included 
as these met the following criteria: 

1) Using animal models for shift work
2) Investigate effects on at least one of the following metabolic risk 

factors for disease [27, 28]: 
 body weight and related measures (BMI, fat percentage) or glu-

cose homeostasis: including plasma glucose levels, glucose tol-
erance, plasma insulin levels, insulin sensitivity or lipid homeo-
stasis: including plasma levels of triglycerides, cholesterol, free 
fatty acids, HDL or LDL.

The search included papers in English, Dutch, French, and German. 
However, only papers in English fitted the above-mentioned criteria. In 
addition to this search strategy, the present knowledge of the authors 
and references from included papers (“snowball method”) were used to 
include additional papers that fitted the above-mentioned criteria (in-
cluding papers published before 1993) or investigated parameters re-
lated to metabolic dysfunction.
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Categorization of Studies
Included studies were divided in four different categories as presented 
in Fig. 1: 1) Models using ‘timing of food intake’, 2) models using ‘timing 
of activity’, 3) models using ‘timing of sleep’, and 4) models using ‘tim-
ing of light’. For each study, the outcome parameters were determined, 
which included the abovementioned metabolic risk factors for disease 
as well as circadian parameters (e.g. activity, cortisol) and gene expres-
sion. For these parameters, results are described in the text and sum-
marized in the table for overview purposes. In the Tables 1–5, the left 
column holds the metabolically relevant parameters that were scored 
for and were most frequently measured in the studies. The rat and 
mouse columns represent the number of studies in which an effect of 
the manipulation (compared to the control condition) was found in this 
species against the number of studies in which it was measured. In the 
total column, results are divided in direction of effects and presented 
as the number of studies observing that direction is summarized. This 
was not done for gene expression. The most right column shows the 
studies in which the parameter was measured in this category of mod-
els. In the tables, studies are counted twice when multiple experiments 
are performed in one article, for instance when two types of mice were 
used. Occasionally, the effect of the manipulation was measured on the 
total level as well as the rhythm of a parameter within the same study. 
In this case, both effects are included in the total column.

With these tables we aim to provide an overview of the metabolic pa-
rameters that are influenced per category and type of animals used. Re-
sults of effects on gene expression are described in the text and summa-
rized in the table as ‘gene expression’. The present review was aimed at 
providing a narrative overview of available studies and their findings, 
due to heterogeneity studies were not assessed for quality.

RESULTS

Animal studies that model human shift work can be divided into four 
main categories. The first three categories are based on desynchro-
nization of peripheral clocks from the central clock by the unnatural 
timing of food intake, sleep or activity. The remaining category con-
sists of studies that manipulate the timing of light exposure, including 
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alterations of duration (i.e., continuous light) and timing of light ex-
posure. Some studies used a shift work model that combines multiple 
categories and those will be mentioned repeatedly in the different cate-
gories if appropriate. Below we discuss the main findings of studies us-
ing a shift work model within the categories where the models fit best.

3.1 Category 1: Models using ‘Timing of food intake’
Shift work models using shifted and/or restricted timing of food avail-
ability are based on the knowledge that food intake is the most impor-
tant Zeitgeber for peripheral clocks, in the same way as light is for the 
central clock. Shifting timing of food intake disrupts the orchestrated 
synchrony between peripheral and brain clocks, which might lead to 
metabolic problems as peripheral organs such as liver and muscle are 
essential for energy homeostasis. Shifting the timing of food intake is 
an interesting approach as metabolic disorders such as obesity are also 
associated with aberrant dietary habits (i.e., quantity, composition and 
frequency) and shift workers also have changed dietary habits. Moreo-
ver, more recently several studies have suggested that also the timing 
of food intake is crucial to maintain energy homeostasis [30–34] and 
shifting the timing of food intake is another characteristic feature of 
shift workers [35]. All in all making this a relevant model for shift work.

The first evidence for food as a strong entrainment signal for circa-
dian physiology (metabolic and clock gene expression rhythms, hor-
mone secretion rhythms) came from so-called restricted feeding stud-
ies. This type of studies usually restricts food availability to a short 
period (e.g. 2–4h) during the light phase (which is the resting phase of 
nocturnal rodents) to study entrainment of peripheral clocks. Clearly, 
these are important studies for chronobiology in general and still are 
performed frequently to look for and try to understand better the food 
entrainable oscillator. However, such restricted feeding models are not 
an adequate reflection of human food intake behaviour during shift 
work as they restrict the duration of food intake to a (very) short period 
and therefore were not included in this review.

Food-restriction studies in which food availability is shifted or re-
stricted to a certain phase of the day (i.e., a large part of or the complete 
light period or dark period) provide a more suitable approach to mimic 
human feeding behaviour during shift work. One of the first studies 
with food availability restricted to either the 12h light or 12h dark phase 
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was done by Damiola et al. and they showed a strongly disturbed circa-
dian rhythm according to altered daily body temperature rhythms in 
mice that could eat only during the light (i.e., resting) phase. Several 
clock genes in liver adjusted their expression to the timing of food in-
take [36]. Although alterations in gene expression cannot be translated 
directly into functional changes, it does indicate that food has strong 
entraining properties even on a molecular level in mice. More recently, 
Bray et al. performed a short-term experiment and observed metabolic 
changes within the first 9 days after restricting food intake to the light 
or dark phase. Whole body energy metabolism was affected within 24h 
of food-restriction and this was visible in a 5h phase advance of rhythm 
in energy expenditure, higher resting energy expenditure (RER) and 
increased caloric intake. Restricting food to the resting phase caused 
an increase of body weight and blunted plasma glucose and corticos-
terone rhythm, whereas triglyceride levels were not affected [37]. A 
short-term experiment by Oyama et al. focused on the effects of food 
timing on inflammatory response but additionally found reduced food 
intake and body weight in mice fed during the light phase [38]. Jang et 
al. performed the same restriction protocol but studied long-term ef-
fects (5–9 weeks). Surprisingly, they observed a protective effect of re-
stricting food to the resting phase with lower body weight and food in-
take when compared to (chow or high-fat diet) ad libitum fed animals. 
Body weight did not differ from animals pair-fed during the active 
phase. Also, alterations in the expression of lipogenic, gluconeogenic 
and fatty acid oxidation-related genes in liver were found in feeding 
time-restricted animals [39]. Shamsi et al. entrained mice to 16L:8D or 
8L:16D photoperiods and restricted food availability to light or dark 
phase. Neither photoperiod nor food timing affected body weight when 
compared to ad libitum feeding. Plasma insulin increased in light phase 
fed animals despite the photoperiod, whereas plasma glucose tended 
to be lower and triglycerides significantly decreased when feeding dur-
ing light was compared to ad libitum or dark phase feeding. Rhythms 
in plasma glucose, insulin and triglyceride secretion shifted by light 
phase feeding when compared to dark phase feeding and some effects 
(mostly amplitude) changed over time (i.e., 7 days vs. 35 days). Interest-
ingly, long photoperiod caused light phase fed animals to increase glu-
cose tolerance but decrease insulin tolerance compared to dark phase 
fed animals and ad libitum fed animals respectively. Gene expression of 
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metabolic and clock genes in liver was altered by feeding during light 
phase in both amplitude and phase. Corticosterone rhythm was shifted 
by light phase feeding after 35 days but not after 7 days [40]. Reznick et 
al. took a similar approach with a 3-week study performed with Wis-
tar rats instead of mice. No effect was found on body weight gain or 
epididymal white adipose tissue, but animals fed during the resting 
phase decreased their food intake and total activity levels. Rats fed dur-
ing the light period showed a 12h shift in RER and dampening of ac-
tivity and energy expenditure diurnal variation. The rhythm of plasma 
insulin altered with higher 24h levels, corticosterone showed an addi-
tional peak and the rhythm of glycogen shifted to an opposite phase in 
liver but showed increased levels in muscle. Triglyceride levels in liver 
were reduced whereas muscle content was unaffected in animals fed 
during the light period. Expression of several other proteins and genes 
involved in energy metabolism and clock regulation in liver and mus-
cle tissue showed phase changes or altered expression levels. In the 
same study, this experimental design was used for a group of rats fed 
a high-fat diet, which aggravated many of the observed effects found 
in chow day-fed animals with additional disruption of leptin and non- 
esterified fatty acids (NEFA) levels [41].

A series of studies performed with male Wistar rats used a forced ac-
tivity protocol as a model for shift work [42–46]. The effects of forced 
activity will be described below (see category 2), but the non-working 
‘control’ groups of these studies are relevant for the timing of food cat-
egory. When food was restricted to the resting phase, i.e., chow only 
available from ZT0 to ZT12, rats displayed a dampening of their core 
body temperature rhythm, an additional peak in the plasma corticos-
terone rhythm, and a shift in triglyceride secretion, but no differences 
were observed for the plasma glucose and activity rhythm or total ac-
tivity. Total food intake remained the same but body weight and perito-
neal fat accumulation were increased when compared to ad libitum or 
night fed (food available from ZT12 to ZT24) animals [43]. The observed 
accumulation of abdominal fat was reproduced by the same group in 
another study where a decreased glucose tolerance in rats fed during 
the resting phase was observed, in addition to alterations or dampened 
rhythms in liver clock and metabolic gene expression [46].

A couple of other groups used comparable food availability ap-
proaches in mice on normal chow diet, however, shorter food-restriction 
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periods were used than 12h during the light period. Yoon et al. en-
forced a 6h advance (ZT6–11) or delay (ZT18–23) in food availability for 
9 weeks and observed that body temperature, locomotor activity and 
triglyceride secretion strongly depend on food timing. Cholesterol and 
high-density lipoprotein (HDL) levels were moderately increased in 
both advance and delay groups when compared to ad libitum fed an-
imals, and food intake was reduced in the food time advanced group 
compared to food time delay group and ad-lib controls. Fasting glucose 
levels increased and poor responses to insulin tolerance test intensified 
over time in daytime fed animals (advance group) [47]. Sherman and 
colleagues restricted food intake to the light phase, ZT4–8 without ca-
loric-restriction, for 18 weeks and performed this with both high- and 
low-fat (chow) diets. In both diets, time-restriction was protective for 
body weight gain, high plasma leptin, insulin, HDL and cholesterol lev-
els. Also, the increased epididymal fat observed in ad libitum fed ani-
mals was diminished in the food time-restricted groups. In low-fat diet 
fed animals triglyceride levels were reduced but corticosterone and adi-
ponectin were increased, as compared to the ad libitum low and high-fat 
and restricted high-fat animals. High-fat diet fed animals also showed 
improved tumour necrosis factor (TNF)-alpha and insulin resistance 
levels (HOMA-IR) and increased activity levels when food was restricted 
to the light period, as compared to ad libitum fed animals, but were 
less active than animals on a low-fat diet [48]. Schroder et al. focused 
on the effects on heart rhythm and observed that when food was pro-
vided from ZT2–9 only, this negatively affected several aspects of heart 
rhythm aspects in both wild type and genetically sensitive mice [49].

Most studies mentioned above were performed with normal chow 
diet, which is low on fat derived content. However, many diet-induced 
obesity studies use high-fat diet ad libitum feeding on which animals 
will develop obesity, diabetes type 2 and metabolic syndrome [50]. For 
circadian studies it is important to know that feeding rodents a high-fat 
diet induces a dampening of the amplitude of daily activity and feeding 
rhythms, and also metabolic markers, hypothalamic neuropeptides and 
peripherally expressed factors involved in lipid metabolism are affected 
[51]. This suggests an interaction between energy metabolism and cir-
cadian rhythm control. Some groups, however, combined the restricted 
feeding paradigm with a high-fat diet. Restriction of food to one phase 
of the day may re-induce the entrainment lost on high-fat ad libitum 
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feeding. Arble and colleagues made an early attempt and fed mice a 
high-fat diet solely during the light phase and observed a significant in-
crease in body weight compared to animals fed during the dark phase 
[52]. Bray et al. used four different feeding schedules to study in more 
detail which phase of the L/D-cycle is most detrimental when ingesting 
a high-fat diet for 12 weeks. They observed higher body weight gain and 
adiposity, decreased glucose tolerance next to high insulin, leptin and 
triglyceride levels in mice consuming their high-fat meal at the end of 
the active phase instead of at the beginning. Interestingly, when fat was 
only available in the light phase no metabolic changes were observed 
with the exception of slightly decreased energy expenditure and oxygen 
consumption when compared to animals with fat available in the dark 
phase [53]. Several studies experimented with restriction of a nutrient 
component to a certain phase of the day for the effects on obesity. For in-
stance, providing the fat component or sugar component of a free-choice 
high-fat-high-sugar diet only during the light phase affects RER, energy 
expenditure and body weight [54, 55]. A slightly different approach was 
taken by Senador et al. by offering mice a 10% fructose solution addi-
tional to their normal chow and water diet. Fructose was either availa-
ble for 24h, available for 12h during light phase, available for 12h dur-
ing dark phase or not available. Increased body weight, higher fasting 
glucose levels but decreased plasma triglycerides were observed in both 
groups with 12h fructose availability. Fructose-restriction to light phase 
additionally caused glucose intolerance and an attenuated amplitude of 
blood pressure rhythms. Ad libitum availability of fructose only caused 
glucose intolerance when compared to control animals without fructose 
[56]. Another type of timed food-restriction is done by dividing food in-
take into 4 or 6 meals equally divided over the L/D-cycle. For instance, 
Yamajuku et al. delivered a high cholesterol diet to rats in a 4-meal sched-
ule (every 6h) without reduction of caloric intake. Those animals devel-
oped hypercholesterolemia after 7 days on the protocol and furthermore 
showed disruption in liver gene expression [57]. These studies are proba-
bly highly relevant as shift work models. However, until now it is unclear 
how shift workers exactly change their dietary habits in timing, compo-
sition, frequency and size of meals, making it hard to decide at present 
what are the best models.

In contrast to studies that restrict food availability to the light phase, 
Hatori et al. showed that restricting a high-fat diet to the natural main 
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feeding phase (ZT13–21) improved glucose tolerance, insulin sensitiv-
ity, adiposity, serum cholesterol levels and leptin levels after fasting or 
glucose administration, next to prevention of increased liver size and 
unsaturated fatty acids levels, compared to animals fed ad libitum [58].

SUMMARY ‘TIMING OF FOOD INTAKE’ MODELS
Animal models using a restriction of the timing of food intake affect 
body weight in 64% of the studies, but effects went in different di-
rections with 3 out of 7 studies showing an increase of body weight 
whereas the four other studies found a decrease in body weight after 
timed food intake. Restricting food to the light phase resulted in in-
creased body weight compared to animals with food restricted to the 
dark phase [37, 52] and when compared to ad libitum fed [43]. However, 
others observed reduced body weight after food-restriction to the light 
phase compared to dark fed animals [38, 47] or ad libitum fed animals 
[47, 48]. Interestingly, in many of these studies food intake was reduced 
as well. Furthermore, some differences between mouse and rat studies 
are observed. For example, for body weight, mice studies show a signifi-
cant effect in 6 out of 8 studies (75%), whereas in rats only in 1 out of the 
3 studies (33%) a significant effect was observed. Total food intake and 
glucose metabolism parameters were measured frequently and were 
affected in 45% and 67% of the studies, respectively. For a complete 
overview of all parameters, see Table 1. Together, these results indicate 
that changing the timing of food intake is effective at influencing sev-
eral metabolic parameters, although for some parameters results are 
not consistent. Considering the great variety in types of modulations 
used, it is not possible to pinpoint this to one aspect of the models used.

3.2 Category 2: Models using ‘Timing of activity’
‘Work’ is a difficult concept to model in animal studies and therefore 
only a very limited number of studies are available using an actual 
physical shift work protocol. Obviously, shift work requires shifting of 
phases of sleep and arousal leading, at least partly, to awakening dur-
ing the usual sleep period and sleep during the usual active period of 
the day. The few available physical shift work models used forced activ-
ity by housing animals in slowly rotating wheels. These housing con-
ditions force the animals to be active and prevent them to fall asleep, 
although the animals can lie down and eat. Salgado-Delgado et al. 
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Table 1. Summary of animal studies in which timing of food intake was ma-
nipulated to mimic human shiftwork. For detailed description of the columns, 
see Methods section.
+; number of studies with increases, -; number of studies with decreases, ~: num-
ber of studies with altered rhythm, o: number of studies with no effect. For glu-
cose metabolism a + indicates increased basal levels of glucose, HbA1c or insulin, 
increased HOMA index or decreased glucose tolerance. EE energy expenditure; RER 
respiratory exchange ratio; BP blood pressure

RAT MOUSE TOTAL STUDIES
BODYWEIGHT 1/3 6/8 + : 3/11 (27.3%) 

   - : 4/11 (36.4%) 
o : 4/11 (36.4%)

[37-41, 43, 46-48, 
52, 53]

FOOD INTAKE TOTAL 1/3 4/8 + : 0/11 (0%) 
   - : 5/11 (45.5%) 
o : 6/11 (54.5%)

[37-41, 43, 46-48, 
52, 53]

ACTIVITY TOTAL 1/2 2/5 + : 2/7 (28.6%) 
   - : 1/7 (14.3%) 
o : 4/7 (57.1%)

[37, 40, 41, 43, 47, 48, 
52, 53]

EE TOTAL 1/1 2/2 + : 0/3 (0%) 
   - : 3/3 (100%) 
o : 0/3 (0%)

[37, 41, 52, 53]

RER 1/1 2/2 + : 1/3 (33.3%) 
   - : 1/3 (33.3%) 
~ : 1/3 (33.3%) 
o : 0/3 (0%)

[37, 41, 53]

ADIPOSITY 2/3 3/4 + : 3/7 (42.8%) 
   - : 2/7 (28.6%) 
o : 2/7 (28.6%)

[40, 41, 43, 46, 48, 
52, 53]

GLUCOSE METABOLISM 2/3 4/6 + : 1/9 (11.1%) 
   - : 2/9 (22.2%) 
~ : 3/9 (33.3%) 
o : 3/9 (33.3%)

[37, 39-41, 43, 46-
48, 53]

LIPID METABOLISM 2/2 3/5 + : 1/7 (14.3%) 
   - : 2/7 (28.6%) 
~ : 4/7 (57.1%) 
o : 2/7 (28.6%)

[37, 40, 41, 43, 47, 
48, 53]

CORTICOSTERONE 2/2 2/3 + : 1/5 (20%) 
   - : 0/5 (0%) 
~ : 3/5 (60%) 
o : 1/5 (20%)

[37, 40, 41, 43, 48]

MELATONIN
LEPTIN 1/1 0/1 + : 1/2 (50%) 

   - : 0/2 (0%) 
~ : 1/2 (50%) 
o : 1/2 (50%)

[41, 48, 53]

GHRELIN 1/1 + : 0/1 (0%) 
   - : 1/1 (100%) 
~ : 0/1 (0%) 
o : 0/1 (0%)

[48]

BP/HEART RATE 2/2 + : 0/2 (0%) 
   - : 2/2 (100%) 
~ : 0/2 (0%) 
o : 0/2 (0%)

[49]

GENE EXPRESSION 2/2 10/10 12/12 (100%) [36-41, 46-48]
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mimicked human shift work protocols by enforcing the working con-
ditions for 8h per day, during either the active phase or the sleeping 
phase, 5 days a week for 5 weeks. In addition, they varied the availa-
bility of food but always used normal chow diets. A general observa-
tion in the groups of animals working during their resting phase was 
that the animals lost their nocturnal urge to eat and voluntarily con-
sumed their food mostly during their working hours and thereby dur-
ing their normal resting (i.e., light) phase. Forced activity during the 
resting phase induced increased body weight and abdominal fat, im-
paired glucose tolerance, altered plasma triglyceride diurnal variation, 
dampened daily glucose variation and introduced a secondary peak in 
the corticosterone rhythm. These effects could be prevented when food 
availability was restricted to the normal active (i.e., dark) phase [42–46].

An early study by Tsai et al. used an extensive design with rats ex-
posed to changes of light schedules (twice a week), forced activity par-
adigms and combinations of those. They observed higher body weight 
in the first two months, but not in the third month, in animals that 
were subjected to a ‘shift work’ schedule of forced activity (i.e., Tue–Thu 
work from ZT0–ZT12, Fri–Sun work from ZT12–ZT24, Monday free) com-
bined with changes in light schedule which was in synch (i.e., 12h shift 
of L/D-cycle twice a week) with the work schedule. Animals exposed 
to forced activity schedules had lower body weight and lower levels of 
cholesterol than animals that only underwent shift of light/dark cycle, 
indicating that forced activity can reverse some effects on metabolism 
induced by the regular L/D-shifts. Some early effects on body weight 
and food intake disappeared after two months on the protocol, whereas 
other effects were only found after a few months on this protocol [59].

A study by Leenaars et al. using forced activity in rats did not focus 
on metabolic parameters, but did observe a decrease in total activity 
levels in animals that either had to work during their active or during 
their resting phase compared to freely active animals. Animals work-
ing shift work (i.e., work during the normal resting phase) showed re-
duced body weight gain compared to non-working controls [60].

A study by Hsieh et al. used 5-week forced activity in rats and closely 
studied alterations in activity patterns. The animals in this study are 
from the same study as [42] but reported more specifically on locomotor 
activity. A decrease in mean activity levels was observed in shift work 
animals (i.e., working ZT2–10) during weekdays from week 3 onwards 
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and during weekend days from week 1 onwards, but not in animals 
working during their active phase (i.e., working from ZT14–22). Shift 
work animals showed decreased amplitude of the activity rhythm on 
weekend days and a differently shaped rhythm of 24h activity on week-
days. Shift work animals showed different activity responses to lights 
on and off when compared to non-shift working rats [61]. The observed 
disruption of normal activity patterns was reported as an indication for 
circadian disruption as similar changes have been observed in SCN le-
sioned animals. 

SUMMARY ‘TIMING OF ACTIVITY’ MODELS
Models using an altered timing of activity have only been carried out 
with rats and therefore no numbers on mouse studies are available. 
The limited number of studies and contributing research groups with 
this paradigm resulted in high numbers of affected studies on all pa-
rameters. As shown in Table 2, all parameters showed a 100% effective-
ness of the different studies, except for body weight, total food and total 
activity levels intake, which were affected in 5, 2 and 4 out of 6 stud-
ies, respectively. These results suggest that ‘timing of activity’ has met-
abolic effects, although considering the limited number of studies and 
research groups these results should be interpreted with some caution. 

3.3 Category 3: Models using ‘Timing of sleep’
Alterations in timing of activity are directly related to alterations in tim-
ing and duration of sleep. However, changes in the timing of sleep are 
also separately used as a model for shift work. These studies are differ-
ent from the previously described activity models as their first target is 
to disturb or shorten sleep and affect the timing of sleep, but not neces-
sarily alter activity levels or food intake. However, undoubtedly changes 
in sleep behaviour will also affect activity and feeding patterns. Inter-
estingly, (chronic) sleep-restriction is associated with metabolic disor-
ders in both animals and humans [62, 63]. We came across a diversity of 
methods used to disrupt the normal sleep/wake pattern, including sleep- 
disruption, sleep-restriction, sleep-fragmentation, sleep-perturbation 
or sleep-deprivation. Some of those might be other designations of the 
same intentions, such as sleep-fragmentation and -perturbation. These 
models either use shifting the timing of the normal sleep phase along 
the light/dark cycle, perturbing sleep in the normal phase, reducing 
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the total number of sleep hours or completely withholding sleep. Most 
of these sleep studies focused on the effects of sleep-perturbation on 
sleep parameters (such as percentage rapid eye movement (REM) and 
non-REM sleep, electroencephalogram (EEG) recordings), behavioural 
changes or other non-metabolic factors. In this review, only studies us-
ing a shift in the timing of sleep to the dark phase and studies using total 

Table 2. Summary of animal studies in which timing of activity was manip-
ulated to mimic human shiftwork. For detailed description of the columns, see 
Methods section.
+; number of studies with increases, -; number of studies with decreases, ~: num-
ber of studies with altered rhythm, o: number of studies with no effect. For glu-
cose metabolism a + indicates increased basal levels of glucose, HbA1c or insulin, 
increased HOMA index or decreased glucose tolerance. EE energy expenditure; RER 
respiratory exchange ratio; BP blood pressure

RAT MOUSE TOTAL STUDIES
BODYWEIGHT 5/6 + : 3/6 (50%) 

   - : 2/6 (33.3%) 
o : 1/6 (16.7%)

[42, 43, 46, 59, 60, 96]

FOOD INTAKE TOTAL 2/6 + : 1/6 (16.7%) 
   - : 1/6 (16.7%) 
o : 4/6 (66.7%)

[42-44, 46, 59, 96]

ACTIVITY TOTAL 4/6 + : 0/6 (0%)
   - : 4/6 (66.7%) 
o : 2/6 (33.3%)

[42-44, 46, 60, 61]

EE TOTAL
RER
ADIPOSITY 2/2 + : 2/2 (100%) 

   - : 0/2 (0%) 
o : 0/2 (0%)

[43, 46]

GLUCOSE METABOLISM 3/3 + : 1/3 (33.3%) 
   - : 2/3 (66.7%) 
~ : 0/3 (0%) 
o : 0/3 (0%)

[42, 43, 46]

LIPID METABOLISM 2/2 + : 0/2 (0%) 
   - : 0/2 (0%) 
~ : 2/2 (100%) 
o: 0/2 (0%)

[42, 43]

CORTICOSTERONE 2/2 + : 0/2 (0%) 
   - : 0/2 (0%) 
   ~: 2/2 (100%) 
o : 0/2 (0%)

[42, 43]

MELATONIN
LEPTIN
GHRELIN
BP/HEART RATE
GENE EXPRESSION 1/1 1/1 (100%) [46]
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sleep-deprivation for a few hours were included, as those were consid-
ered most relevant for shift work models.

Methods to perturb sleep are diverse and forced activity, as men-
tioned before, is one of them. Another method involves gentle han-
dling for a few hours, by touching the animal every time it tries to fall 
asleep. Short-term effects of sleep-restriction during the first 6h of the 
normal sleep phase (ZT0–ZT6) were described in two studies. Barclay 
et al. observed moderate alterations in the timing of food intake (in the 
direction of light phase feeding) and locomotor activity (increased lev-
els during light and decreased levels during dark phase), next to ma-
jor disruptions in liver transcriptome rhythms enriched for lipid and 
glucose metabolism pathways after two weeks of sleep-restriction. A 
decreased response in the pyruvate test, a dampening of the daily 
rhythms in plasma glycerol, plasma triglyceride, plasma corticosterone 
and hepatic glycogen levels, and disrupted expression of several clock 
genes were all rescued by restricting food intake to the dark phase in 
the sleep-restricted groups [64].

Another study [65] used the same method but subjected the animals 
to sleep-restriction for only five consecutive days followed by a recovery 
week during which several parameters were measured. Sleep-restric-
tion led to increased food intake despite increased leptin levels, together 
these changes are indicative for leptin resistance. Blood metabolites such 
as glucose and triglycerides were increased, but levels improved again 
during the recovery week. However, a trend towards higher body weight 
gain was observed during the recovery week suggesting long-term ef-
fects even when the period of sleep-restriction has terminated. Analysis 
of white adipose tissue transcriptome showed that sleep-restriction af-
fects many genes involved in lipid metabolism, including increased fatty 
acid synthesis and triglyceride production and storage.

A series of sleep-restriction studies [66–68] have been done using 
sleep-restriction protocols of different severities: sleep- restriction for 
20h each day (sleep ZT0–4; awake ZT4–24) or sleep-disruption (14h 
sleep-10h awake in four 2-3h episodes). Sleep-disturbance and sleep-re-
striction both led to decreased body weight when compared to home 
cage control animals; although food intake was equal and the slight 
increase in locomotor activity is unlikely to explain the body weight 
differences. Animals exposed to sleep-disruption or sleep- restriction 
showed decreased baseline plasma glucose and insulin levels, decreased 
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glucose tolerance and an attenuated insulin response to the glucose in-
fusion within 8 days. A five-day recovery period attenuated the sleep re-
striction-induced decrease of plasma leptin, insulin and glucose levels 
although body weight gain did not recover. Corticosterone levels and 
food intake were not affected [68]. When the same protocol was per-
formed for 4 weeks, but with a work-weekend-schedule (5 workdays, 
2 non-work days) to resemble human shift work conditions, the same 
authors observed an increase of food intake after the first weekend, pos-
sibly to compensate for increased energy expenditure. Body weight gain 
increased during weekends in sleep-restricted animals and plasma lep-
tin and insulin levels were decreased when measured during working 
weeks 1 and 4. Rest during weekend days induced recovery of plasma 
leptin and insulin levels [66].

SUMMARY ‘TIMING OF SLEEP’ MODELS
The number of studies using perturbation of sleep as a model for shift 
work with focus on metabolic parameters is limited and therefore it is 
not yet completely clear if this type of manipulation influences meta-
bolic functioning. Glucose metabolism appears to be affected often (in 
5 out of 5 studies), whereas body weight (3/5) and food intake (2/4) were 
not always affected by sleep perturbation. For a complete overview of 
all parameters, see Table 3. 

3.4 Category 4: Models using ‘Timing of light exposure’
In literature, several ‘timing of light exposure’ models have been re-
ported. These models all use timing of light as a means to disturb the 
circadian system and, as such, their main influence is on the SCN, in 
contrast to the previous three categories of models described. One type 
of these models uses continuous light exposure, i.e., light is present 
24h per day. The continuous light models can be further subdivided in 
models using constant light (similar amounts of light exposure dur-
ing 24h of the day) and models using dim light at night (together with 
bright light during the day). In addition to models using continuous 
light, models using changes in light/dark schedules have been used. 
These models can be further subdivided into models using alterations 
in period length (e.g. light/dark periods shorter or longer than 24h) and 
models using repeated shifts of the light/dark schedule. Studies inves-
tigating these types of exposure in relation to metabolic health effects 
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are discussed below per type of model. For overview purposes, models 
using continuous light are presented together in Table 4 and models 
using changes in light/dark schedules are presented together in Table 5.

Table 3. Summary of animal studies in which timing of sleep was manipu-
lated to mimic human shiftwork. For detailed description of the columns, see 
Methods section.
+; number of studies with increases, -; number of studies with decreases, ~: num-
ber of studies with altered rhythm, o: number of studies with no effect. For glu-
cose metabolism a + indicates increased basal levels of glucose, HbA1c or insulin, 
increased HOMA index or decreased glucose tolerance. EE energy expenditure; RER 
respiratory exchange ratio; BP blood pressure

RAT MOUSE TOTAL STUDIES
BODYWEIGHT 3/3 0/2 + : 1/5 (20%) 

   - : 3/5 (60%) 
o : 2/5 (20%)

[64-68]

FOOD INTAKE TOTAL 1/2 1/2 + : 2/4 (50%) 
   - : 0/4 (0%) 
o : 2/4 (50%)

[64-67]

ACTIVITY TOTAL 0/1 0/2 + : 0/3 (0%) 
   - : 0/3 (0%) 
o : 3/3 (100%)

[64-66]

EE TOTAL 0/1 + : 0/1 (0%) 
   - : 0/1 (0%) 
o : 1/1 (100%)

[66]

RER
ADIPOSITY
GLUCOSE METABOLISM 3/3 2/2 + : 3/5 (60%) 

   - : 2/5 (40%) 
~ : 0/5 (0%) 
o : 0/5 (0%)

[64-68]

LIPID METABOLISM 2/2 + : 2/2 (100%) 
   - : 1/2 (50%) 
~ : 0/2 (0%) 
o : 0/2 (0%)

[64, 65]

CORTICOSTERONE 1/2 1/2 + : 2/4 (50%) 
   - : 0/4 (0%) 
~ : 0/4 (0%) 
o : 2/4 (50%)

[64-66, 68]

MELATONIN
LEPTIN 2/2 2/2 + : 1/4 (25%) 

   - : 3/4 (75%) 
~ : 0/4 (0%) 
o : 0/4 (0%)

[64-66, 68]

GHRELIN
BP/HEART RATE
GENE EXPRESSION 2/2 2/2 (100%) [64, 65]
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3.4.1.1 CONTINUOUS LIGHT EXPOSURE
Exposure to constant bright light conditions (LL) has been shown to 
abolish/diminish the circadian rhythmicity of many laboratory ani-
mals. This has, for example, been shown for locomotor activity [69, 70], 
melatonin [70, 71], food intake [72], and SCN neurons [72]. Hence, con-
stant bright light conditions may be used to severely disrupt circadian 
rhythms. Since shift workers will be exposed to light during most of the 
day these models might be relevant for shift work modelling, although 
the intensity of all-day light may differ from real-life light exposures.

Disruption of circadian rhythms by constant bright light exposure has 
also been reported to affect metabolic function. Exposure to continuous 
light (150–180 lux; 4–8 weeks) led to increased body weight gain in two 
studies in mice [73, 74]. This phenotype was apparent in mice fed normal 
chow [73, 74] as well as a high-fat diet [73]. In addition, a third study re-
ported increased fat mass after exposure to continuous light [75]. Total 
food intake was unaltered in these studies, but more food was consumed 
during the subjective day, indicating changes in the timing of food in-
take [73, 74]. The effect of continuous light exposure on total activity lev-
els is less clear: unaltered activity levels [74], reduced energy expendi-
ture [73] and a non-significant trend towards a decrease in activity levels 
[75] have been reported. Apart from changes in body weight and fat mass, 
continuous light affected other metabolic parameters, such as increased 
RER, reduced glucose tolerance and altered rhythmicity of insulin sensi-
tivity [73, 74]. However, two studies using relative short-term exposure 
(6–10 weeks) to continuous bright light in Sprague Dawley rats reported 
no changes in body weight [70, 76], indicating a possible difference be-
tween rats and mice in this model. Interestingly, long-term exposure 
to bright light for 35 weeks did enhance body weight in Rapp-Dahl rats 
(model for hypertension). In addition, increased systolic blood pressure 
was observed [77]. Short-term exposure to continuous bright light did 
increase glucose levels and alter the rhythmicity of lipids in the study by 
Dauchy et al. [76]. In contrast, in the study by Gale et al. changes in glu-
cose metabolism (increased glucose levels and decreased glucose- and 
arginine- stimulated insulin secretion) were only observed in diabetes- 
prone HIP rats, but not in wild-type Sprague Dawley rats [70]. Consider-
ing these contradicting results, the differences in duration and strains of 
rats used, as well as the limited number of studies no firm conclusions 
can be drawn regarding the effects of continuous bright light exposure 
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on metabolic function in rats.  On the other hand, in mice results are 
more consistent and indicate that disruption of circadian rhythms by 
continuous bright light exposure increases body weight and alters glu-
cose metabolism. This is associated with an altered timing of food intake, 
but not with change in total amount of food consumed over 24h (Table 4).

3.4.1.2 DIM LIGHT AT NIGHT
Dim light at night (LDim) also affects circadian rhythmicity, but seems 
less disruptive for circadian rhythms compared to constant bright light. 
In respect to human circadian disruptions caused by shift work, models 
using dim light might be more relevant, since human shift workers will 
also experience alterations in the level of light exposure during a day, i.e., 
dim light at work in the office and bright light when commuting. In addi-
tion, models using dim light at night are relevant for studying the possi-
ble health consequences of light contamination at home, i.e., evening and 
nocturnal light is present in an increasing amount in our western society.

In contrast to constant bright light exposure, with dim light exposure 
at night circadian rhythms remain largely intact. This has for example 
been observed in rhythms of locomotor activity [74] and corticosterone 
[76]. Metabolic parameters including plasma levels of glucose and fatty 
acids also remain intact. Interestingly, dim light at night did affect the 
circadian pattern of food intake with relatively more food being con-
sumed during the rest phase [74]. However, when the brightness of dim 
light exceeds a certain limit circadian rhythmicity of melatonin and 
corticosterone will be affected [76].

In three mice studies, exposure to dim light at night (for 2 and 
6 weeks) increased body weight [74, 78, 79]. This was observed in male 
[74, 78] and female mice [79]. In female mice, dim light at night resulted 
in decreased food intake after 4 weeks [79]. In addition, in dim light 
exposed animals increases in fat mass and reduced glucose tolerance 
were observed [74], as well as changes in energy expenditure and RER 
(reduced whole body expenditure and increased carbohydrate over fat 
oxidation) [78]. In contrast, body weight was not affected in a rat study 
using exposure to dim light at night for 6 weeks [76]. In this study, dif-
ferent intensities of dim light at night were used (0.02–0.08µW/cm2 
dim light). The highest intensity of dim light at night disrupted cir-
cadian rhythms of plasma corticosterone, melatonin and glucose, but 
body weight was not affected during the 6 weeks of exposure.
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Table 4. Summary of animal studies in which continuous light (LL) or dim 
light (LDim) at night exposure was used to mimic human shiftwork. For de-
tailed description of the columns, see Methods section.
+; number of studies with increases, -; number of studies with decreases, ~: num-
ber of studies with altered rhythm, o: number of studies with no effect. For glu-
cose metabolism a + indicates increased basal levels of glucose, HbA1c or insulin, 
increased HOMA index or decreased glucose tolerance. EE energy expenditure; RER 
respiratory exchange ratio; BP blood pressure

RAT MOUSE TOTAL STUDIES
BODYWEIGHT 1/5 5/6 + : 6/11 (54.5%)

   - : 0/11 (0%)
o : 5/11 (45.4%)

[70, 73, 74, 76-79]

FOOD INTAKE TOTAL 0/2 2/7 + : 1/9 (11.1%)
   - : 1/9 (11.1%)
o : 7/9 (77.7%)

[73-76, 78, 79]

ACTIVITY TOTAL 0/5 + : 0/5 (0%)
   - : 0/5 (0%)
o : 5/5 (100%)

[74, 75, 78, 79]

EE TOTAL 2/2 + : 0/2 (0%)
   - : 2/2 (100%)
o : 0/2 (0%)

[73, 78]

RER 2/2 + : 2/2 (100%)
   - : 0/2 (0%)
o : 0/2 (0%)

[73, 78]

ADIPOSITY 1/1 + : 1/1 (100%)
   - : 0/1 (0%)
o : 0/1 (0%)

[75]

GLUCOSE METABOLISM 3/4 3/3 + : 4/7 (57.1%)
   - : 0/7 (0%)
~ : 2/7 (28.6%)
o : 1/7 (14.3%)

[70, 73, 74, 76]

LIPID METABOLISM 1/2 + : 0/2 (0%)
   - : 0/2 (0%)
~ : 1/2 (50%)
o : 1/2 (50%)

[76]

CORTICOSTERONE 2/2 + : 1/2 (50%)
   - : 0/2 (0%)
~ : 2/2 (100%)
o : 0/2 (0%)

[76]

MELATONIN 4/4 + : 0/4 (0%)
   - : 2/4 (50%)
~ : 2/4 (50%)
o : 0/4 (0%)

[70, 76]

LEPTIN
GHRELIN
BP/HEART RATE
GENE EXPRESSION
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Considering the still limited number of studies using dim light, 
firm conclusions are not possible yet. However, it appears that simi-
lar to continuous bright light exposure dim light at night affects body 
weight in mice, but not in rats. The currently available studies sug-
gest that glucose metabolism is affected in mice as well as in rats by 
dim light at night. Interestingly, the study by Fonken et al., reported 
that the increases in body weight gain and fat mass by dim light at 
night can be prevented by restricting food access to the dark phase 
[74]. These results suggest an important role for altered timing of food 
intake in the effects of continuous light on body weight, although 
none of these three dim light studies clearly quantified the circadian 
changes in food intake.

SUMMARY ‘CONSTANT LIGHT’ MODELS
Models using constant light seem to affect body weight in 55% of the 
studies (Table 4), all increases in body weight. However, there is a clear 
difference between rat and mice studies, with 1 out of 5 rat studies re-
porting effects on body weight and 5 out of 6 mice studies. Total food 
intake is not affected in most studies (only affected in 2 out of 9 stud-
ies), whereas glucose metabolism is affected in a majority of studies 
(6/7, 86%). Interestingly, the clear difference observed between rats 
and mice in the effects of constant light on body weight is not that 
pronounced for glucose metabolism. Thus, these results indicate that 
models using constant light exposure influence glucose metabolism 
in both species, while body weight is mainly affected in mice. For the 
other parameters, only a limited number of studies are available mak-
ing firm conclusions difficult. For a complete overview of all parame-
ters, see Table 4.

3.4.2.1 CHANGES IN LIGHT/DARK SCHEDULES – PERIOD LENGTH
Under normal conditions, one cycle of light and darkness on the planet 
earth matches exactly 24h. Exposure to altered period lengths (<23h or 
>25h) usually requires a constant re-entrainment of the circadian sys-
tem and experiments using such protocols have therefore been used 
to investigate the effects of circadian disruption. On the other hand, 
when very short period lengths are used entrainment is not possible, 
which will result in either free-running rhythms or an abolishment of 
circadian rhythms. Shorter period lengths have been reported to cause 
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alterations in several circadian parameters, such as locomotor activity 
[80, 81], drinking pattern [80] and body temperature [82].

Altered circadian rhythms due to an aberrant period length have been 
implicated in metabolic disturbances as well. For example, increases in 
body weight have been observed in mice and rats exposed to short pe-
riod lengths of 6–23h for 9–10 weeks [80–83]. In addition, changes in 
glucose homeostasis (increased glucose levels and glucose intolerance), 
lipid homeostasis (increased cholesterol levels) and expression of liver 
genes related to glucose metabolism have been reported in one of these 
models [81]. However, human relevancy of these models is poor since 
period length remains unaltered during shift work. Of course, partial 
shifts in light exposure might occur during shift work where light is 
present during working hours and is avoided during subsequent sleep-
ing hours, but therefore models using shifts in light exposure are more 
relevant to the human situation than changes in period length.

3.4.2.2 CHANGES IN LIGHT/DARK SCHEDULES – SHIFTS
Shifts in light exposure require re-entrainment of the circadian system 
causing (temporary) disturbance of circadian rhythms. Repeated phase 
shifts have been investigated using numerous schedules which differ 
in shift size (1–12h), frequency (every day-once a week), duration (acute 
effects-chronic effects), and direction (forwards or backwards), result-
ing in very heterogeneous study results. For example, a 6h forward 
shift every 3 days for 10 weeks abolished locomotor and melatonin 
rhythmicity [70] whereas rhythmicity in locomotor activity and body 
temperature remained but was disturbed (lengthened period and re-
duced amplitude) after an 8h forward shift every 2 days for 10 days [84].

Circadian disruption by shifts in light exposure has also been inves-
tigated in relation to metabolic function. To our knowledge, four stud-
ies using this type of model have been published. A study by Tsai et al. 
in rats, observed an increase in body weight gain during exposure to 
12h shifts twice a week [85]. This increase was only observed during the 
first 2 months of exposure, and body weight gain was unaltered dur-
ing the third month and a subsequent 10-day recovery period. Inter-
estingly, in this model, food intake was increased and locomotor activ-
ity was reduced which could both be linked to the observed increase in 
body weight gain. However, in contrast to the body weight gain, these 
changes were present at all time-points of the experiment.
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A study by Gale et al. did not observe effects on body weight in rats 
exposed to a 6h shift every 3 days for 10 weeks. Similar to continuous 
light exposure, effects of this light shift model on glucose metabolism 
were only observed in diabetes-prone HIP rats but not in wild type rats 
(increased glucose levels and decreased glucose- and arginine- stimu-
lated insulin secretion) [70]. The model used in a third study, by Bartol- 
Munier et al., was exposure to 10h shifts twice a week and restriction 
of food to the dark phase for 5 months. In this study, no effects on body 
weight were observed whether animals were on normal chow or on a 
high-fat diet, but changes in glucose metabolism (lower insulin lev-
els) were present in animals fed normal chow and exposed to the shifts 
[86]. In the most recent study, mice were exposed to a 12h shift once a 
week for 12 weeks on a normal chow diet and an additional 10 weeks 
on a high-fat and high-sugar diet to investigate effects on the gut mi-
crobiome. In this study, a small but significant increase in body weight 
was observed in the shifted mice on a normal chow diet. When the diet 
was changed to a high-fat and high-sugar diet, no additional effects by 
lighting schedule on body weight were observed [87].

SUMMARY ‘CHANGES IN LIGHT/DARK SCHEDULES’ MODELS
Models using changes in light/dark schedules affect body weight in 
56% (5 out of 9) of the studies, with studies using mice finding effects 
more often (3 out of 4) compared to studies using rats (2 out of 5). The 
total amount of food intake is affected in half of the studies (50%; 3 out 
of 6). Glucose metabolism is affected in 83% of studies (5 out of 6) 
with almost an equal number of studies showing an effect when using 
mouse or rat. These results suggest that changes in the light/dark cy-
cle affect some of the metabolic parameters (body weight and glucose 
metabolism). For other parameters, the number of studies is very low 
making interpretations difficult. For a complete overview of all param-
eters, see Table 5.

DISCUSSION

With this review, we aim to provide an overview of the available animal 
studies investigating the relationship between shift work and metabolic 
risk factors. Shift work in humans consists of a multi-aspects exposure 
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(Fig. 1). We focused on the four most relevant manipulations that are 
being used to mimic human shift work conditions in animals: altered 
timing of food intake, altered timing and/or duration of activity, altered 
timing and/or duration of sleep, and irregular lighting conditions. The 

Table 5. Summary of animal studies in which exposure to L/D shifts was 
used to mimic human shiftwork. For detailed description of the columns, see 
Methods section.
+; number of studies with increases, -; number of studies with decreases, ~: num-
ber of studies with altered rhythm, o: number of studies with no effect. For glu-
cose metabolism a + indicates increased basal levels of glucose, HbA1c or insulin, 
increased HOMA index or decreased glucose tolerance. EE energy expenditure; RER 
respiratory exchange ratio; BP blood pressure

RAT MOUSE TOTAL STUDIES
BODYWEIGHT 2/5 3/4 + : 4/9 (44.4%)

   - : 1/9 (11.1%)
o : 4/9 (44.4%)

[70, 80-83, 85-87]

FOOD INTAKE TOTAL 2/3 1/3 + : 2/6 (33.3%)
   - : 1/6 (16.7%)
o : 3/6 (50%)

[80-83, 85, 86]

ACTIVITY TOTAL 2/2 + : 0/2 (0%)
   - : 2/2 (100%)
o : 0/2 (0%)

[85, 86]

EE TOTAL
RER
ADIPOSITY
GLUCOSE METABOLISM 2/3 3/3 + : 4/6 (66.7%)

   - : 1/6 (16.7%)
~ : 0/6 (0%)
o : 1/6 (16.7%)

[70, 80-82, 86]

LIPID METABOLISM 0/1 1/2 + : 1/3 (33.3%)
   - : 0/3 (0%) 
~ : 0/3 (0%)
o : 2/3 (66.7%)

[80, 81, 86]

CORTICOSTERONE
MELATONIN 2/2 + : 0/2 (0%)

   - : 0/2 (0%)
~ : 2/2 (100%)
o : 0/2 (0%)

[70]

LEPTIN 1/1 + : 1/1 (100%)
   - : 0/1 (0%)
~ : 0/1 (0%)
o : 0/1 (0%)

[82]

GHRELIN
BP/HEART RATE 1/1 + : 0/1 (0%)

   - : 0/1 (0%)
~ : 1/1 (100%)
o : 0/1 (0%)

[85]

GENE EXPRESSION 1/1 1/1 (100%) [81]
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overview provided in this review shows that these types of models are 
very useful in modelling one aspect of shift work and investigating the 
role of these separate aspects. However, the interaction between the 
different aspects of shift work is an important component of shift work 
as well, which would be beneficial to model in animals. Unfortunately, 
the heterogeneity of shift work in humans as an exposure (i.e., num-
ber of subsequent shifts, duration of recovery periods, direction of ro-
tation, etc.) and the variability in behavioural coping responses to shift 
work amongst human individuals (for instance in sleeping and eating 
strategies) makes modelling shift work in animals a very challenging 
exercise. To develop an animal model that incorporates the interac-
tion between multiple shift work aspects requires complete knowledge 
of human shift work behaviour (i.e., light exposure, sleep behaviour 
and dietary habits). Although in recent years first attempts have been 
made to achieve the latter, a complete knowledge has not been reached 
yet. Clearly, an animal model incorporating multiple shift work as-
pects would have advantages. Firstly, whereas human studies require 
over 20 years to observe long-term health effects of shift work, such 
as development of metabolic disease or cancer, in an animal experi-
ment “long-term” health effects can be studied much faster (~1 year). 
Hence, animal studies could accelerate the unravelling of the under-
lying mechanisms explaining the relationship between shift work and 
health. Secondly, animal models provide opportunities to study param-
eters and processes that would be impossible or extremely invasive to 
study in humans. In this discussion, we summarize the main findings 
of this review, differences between models and species and touch upon 
possible underlying mechanisms.

MAIN FINDINGS OF THIS REVIEW

All categories of models
While selecting articles for this review, we came across a very diverse 
collection of food, activity, sleep and light manipulations, which were 
all rather different from each other. Although we grouped the studies 
into four main categories, nearly none of the experimental setups was 
copied by another research group or was it used in a different species or 
strain. Furthermore, metabolic parameters were not equally frequent 
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or extensively measured in the different models, which is another fac-
tor making it difficult to compare results between models. Five of our 
selected metabolic parameters (body weight, total food intake, total ac-
tivity, glucose metabolism and lipid metabolism) were described in all 
four categories, but only three of them were described in both mouse 
and rat studies in each category. First, we will summarize the main re-
sults of all studies, followed by a discussion of the main differences be-
tween categories of models and species.

Table 6 represents the percentage of studies reporting effects of the 
manipulation for the listed parameters in exposed groups compared to 
the control group. Numerous different parameters were described in 
the included studies but we concentrated on a few that were measured 
in most studies. Body weight was described in most studies and 62% 
(26/42) of the studies reported an effect provoked by the manipulated 
shift work aspect. Total food intake and total activity levels were less 
often affected, in 39% (14/36) and 39% (9/23) of the studies respectively. 
Other metabolic parameters including energy expenditure (80% (5/6)) 
glucose metabolism (83% (25/30)), lipid metabolism (69% (11/16)) and 
adiposity (80% (8/10)) were affected frequently by shift work. In most 
studies, circadian parameters were included as well and often showed 
alterations (mainly in rhythm, including changes in amplitude and 
phase). For example, the circadian rhythm of corticosterone was al-
tered in 54% (7/13) of the studies.

In summary, effects on metabolism are observed in a substantial 
number of studies, however, results are not completely consistent. 
Moreover, changes in metabolism did not always translate in changes 
in body weight (gain) or adiposity. Indeed, we have to take into account 
that there might be a publication bias as perhaps mainly parameters 
that were affected are described and therefore the actual percentages 
of studies finding an effect might be lower. 

Are there differences between categories?
Body weight is one of the parameters that was measured in all cate-
gories of models and was affected in 64% (7/11) of the food studies, in 
83% (5/6) of the activity studies, in 60% (3/5) of the sleep studies, in 
56% (5/9) L/D-shift studies and in 55% (6/11) of the continuous light 
studies. Total food intake showed to be affected in about 45% of the 
food studies (5/11), in 50% of sleep studies (2/4) and L/D-shift studies 
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(3/6), whereas only 33% (2/6) of the activity-studies and 22% (2/9) of 
the LL studies demonstrated an effect. Factors involved in glucose and 
lipid metabolism were affected in all categories of models, although 
light models showed low percentages for lipid metabolism (33% (1/3) 
in L/D-shift studies; 50% (1/2) in continuous light studies). The sin-
gle other parameter which was measured in all five models was to-
tal activity levels and this was affected in 43% of food studies (3/7), 
67% of activity studies (4/6), 0% of sleep studies (0/3), 100% of L/D 
studies (2/2) and 0% of LL studies (0/5). These results show that large 
differences exist between the effects of different categories, however, 
caution is required when interpreting these results since often only a 
limited number of studies was available. Another important limita-
tion to draw firm conclusions is the low number of reproducible re-
sults for many parameters. On the other hand, remarkable to notice is 
the 100% score for nearly all parameters measured in the studies that 
manipulated activity. One possible reason for this might be that 5 out 
of 8 of these studies came from the same research group and thereby 
the experimental setup was exactly the same each time, i.e., these 
authors produced very reproducible results. In conclusion, it is most 
likely that the variability between the studies (species, type of manip-
ulation, duration of exposure etc.) is important for whether a param-
eter is affected by the manipulation. This is another representation of 
the heterogeneity of shift work and increases the complexity to model 
shift work. When comparing parameters and categories of models for 
which multiple studies are available differences are not large. Conse-
quently, a category with the largest metabolic consequences cannot 
be appointed. However, when considering human relevance of the 
models, the use of models using constant light and alterations in pe-
riod length is least informative.

Are there differences between rat and mouse studies?
In the articles included for this review, we observed that rats and mice 
are used interchangeably for shift work models. Interestingly, how-
ever, thus far the observed effects are not identical between species 
even when exactly the same procedure is carried out [41, 52]. In gen-
eral, in most categories either mouse (e.g. 0 out of 9 studies in activity- 
models) or rat studies (e.g. only 3 out of 13 studies in food-models) were 
underrepresented, thereby making it difficult to compare between the 
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species. When focusing on parameters reported in at least 8 experi-
ments in both species, neglecting the exact model category, total ac-
tivity (63% (7/11)), and lipid metabolism (71% (5/7)) were more often 
affected in rat than in mice studies (17% (2/12), 67% (6/9) respectively). 
On the other hand, effects were more often observed in mice for body 
weight (70% (14/20)), total food intake (40% (8/20)), glucose metabo-
lism (86% (12/14)) and total energy expenditure (100% (4/4)) than in 
rats (55% (12/22), 38% (6/16), 81% (13/16) and 50% (1/2) resp.), however, 
these differences are relatively small. The only parameter showing 
similar percentages in both species is adiposity with 80% (4/5) of stud-
ies showing an effect of the condition. Generally, choosing a certain 
type of rodent for an experiment is based on the genetic background of 
an animal, the similarities between the human situation/disease and 
the features the animal model displays, the surgical techniques that 
need to be carried out, the type of behavioural tests that have to be per-
formed or other specific reasons. To this point, shift work models have 
been performed with both species and it is important to keep in mind 
that when creating a shift work model, behavioural conditions are ma-
nipulated. Often we tend to think that behavioural manipulations have 
similar effects in different species, but we should be aware that mice 
and rats might respond very differently. Causality of the dissimilar ef-
fects between mouse and rat studies is yet unknown. Hypothetically, 
the difference in body size and associated metabolic rate could play a 
role in these differences, but this remains to be investigated.

In our opinion, an important, but lacking, model is exposure of a di-
urnal species to shift work conditions. Day-active animals are consid-
ered more similar to human when it comes to circadian research and 
therefore in principle would be a better model to study the metabolic 
consequences of shift work. Moreover, if similar effects on metabolism 
are found between nocturnal and diurnal species, this would support 
the translatability of animal models for human shift work simulations.

Possible mechanism of health consequences of shift work
Mimicking human shift work conditions in an animal model ulti-
mately aims to study and understand the underlying mechanism of 
shift work leading to health problems. The predominant current theory 
stresses the process of desynchronization. In general, it is thought that 
desynchronization leads to a suboptimal functioning of many bodily 
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processes. Observed effects range from shifts in gene expression and 
altered hormone secretion (i.e., leptin, insulin, melatonin and corticos-
terone) to modified behavioural output (i.e., food intake rhythm, activ-
ity levels and rhythm) and changes in whole body physiology (i.e., body 
weight, food intake, RER, energy expenditure, glucose and lipid metab-
olism). Metabolic processes within and between important metabolic 
tissues such as liver and muscle should cooperate in a proper timely 
manner to control optimally, for instance, glucose and lipid metabo-
lism. If not, this may lead to metabolic problems.

In principal, shift work can cause desynchronization at different 
levels, which in general all result from desynchronization between 
the environment and the (complete circadian system within an) or-
ganism. Within the organism, we distinguish four separate levels. 
The first level (1) concerns the desynchronization between the central 
clock and the peripheral clocks. It is well known that light is the most 
important Zeitgeber for the SCN, while food and activity are such for 
the peripheral clocks. During shift work, these two Zeitgebers present 
conflicting information resulting in an opposite phase for the central 
and peripheral oscillators. Question is if and how these disturbances 
affect downstream processes.

Besides this possible top-down desynchronization between central 
and peripheral clocks, desynchronization may also occur between an-
atomically separated organs, the second level (2). Shifting the timing 
of food intake has been shown to differentially affect liver and muscle 
clocks [37, 41]. Desynchronization between peripheral clocks supposedly 
originates from tissue-specific sensitivity to entrainment signals such 
as activity, energy levels (e.g. periods of fasting/feeding), responses to 
hormone secretion, input from autonomic nervous system etc. An ad-
ditional type of desynchronization at level 2 occurs between anatomical 
parts of the SCN. Clock gene expression and electrical activity resynchro-
nize differently between the dorsal and ventral part of the SCN after 6h 
phase shifting [88, 89]. Hypothetically, temporal desynchronization and 
thereby suboptimal functioning of (parts of) the SCN may lead to a mal-
functioning of SCN-mediated downstream mechanisms.

The third level (3) encompasses desynchronization between the mo-
lecular clock mechanism and the clock-induced genes. Many genes in-
volved in metabolism display a circadian rhythm in their expression. 
Several studies have described that a manipulation of SCN output 
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signals, by for instance adrenalectomy or denervation of autonomic in-
puts, induces a loss of rhythmicity in the expression of clock-induced 
genes in white adipose tissue, liver and bone, while clock genes remain 
rhythmic [90–94]. This suggests that although the molecular clock ma-
chinery is still intact, the rhythmic expression of clock-induced genes 
is disturbed. It is likely that this level of desynchronization indeed 
also takes place during shift work and a first suggestion was made by 
Salgado- Delgado et al. [46]. They showed that in their forced- activity 
shift work model the effect on the rhythmicity of metabolic genes 
(NAD+, Nampt, Pparα, Pparγ and Pgc1α) did not resemble the effects on 
clock genes rhythmicity.

The fourth level (4) of desynchronization concerns desynchroniza-
tion within the molecular clock itself, i.e., different parts of the mo-
lecular clockwork are affected to a different degree within one tissue. 
Studies in which animals are exposed to phase shifts of the light dark 
cycle to induce experimental jet lag, a proper method to induce tempo-
ral circadian desynchrony, report dissimilar resynchronization speeds 
of different parts of the molecular clock. For instance, expression of 
the clock gene Cry1 appeared to resynchronize slower than mPer ex-
pression in the SCN after a 6h phase advance [95]. Although this level 
of desynchronization has not yet been shown in studies using a shift 
work model, the aforementioned jetlag studies resemble studies in cat-
egory 4 (i.e., shifts in timing of light exposure). Despite the body’s abil-
ity to adapt to challenging conditions, this obviously becomes metabol-
ically problematic if this occurs every few days or weeks as is the case in 
most working schedules of employees who are shift workers.

However, up to now desynchronization is mostly studied at the level 
of communication between central and peripheral clocks (level 1). The 
other three levels of desynchronization were not or only marginally 
studied in the aforementioned models but potentially contribute sig-
nificantly to the causal link between circadian desynchronization and 
negative health outcomes. Therefore, we encourage future studies to 
also focus on possible desynchronization at levels 2, 3 and 4. 

Interaction of shift work aspects
Most studies discussed in this review used either one of four manipula-
tions (food, activity, sleep, and light) as a model for shift work. Tackling 
shift work conditions by manipulating one aspect is a good approach 
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when studying the effects of that particular aspect of shift work. This 
gives insight in how food, activity, sleep and light manipulations con-
tribute to the associated negative health effects. However, the men-
tioned aspects of shift work are strongly intertwined and cannot easily 
be separated. For example, forcing an animal to consume its daily food 
at an unusual time inevitably also disturbs its activity and sleep pattern, 
which in itself also affects metabolism. Effects found of a manipula-
tion are rapidly assigned to the main manipulation but it is often not 
very well considered whether and if so, how the main manipulation af-
fects other aspects and its consequences. For instance, sleep behaviour 
is hardly ever monitored by EEG recordings or high-resolution actime-
try, thus information about sleep duration and sleep quality is usually 
missing. In addition, in order to translate results obtained in animal 
studies properly to humans, also more knowledge regarding these pa-
rameters in human shift work is required. Thus, we propose more elab-
orate measurements on the main aspects of shift work (Fig. 1) in animal 
as well as in human studies.

CONCLUSION

This review provides an overview of animal models for shift work to 
investigate metabolic health effects. This overview indicates the large 
variety present in models used as well as a substantial amount of inde-
cisive results. Ideally, we would have concluded this review with sug-
gestions for a more standardized model including a number of factors 
to manipulate and different possible outcome measures. Standardiza-
tion would reduce the heterogeneity between studies for both methods 
and outcome parameters. Unfortunately, at this point our mechanistic 
knowledge on the effects of shift work is not sufficient yet to draw firm 
conclusions and thereby put a certain model forward or eliminate oth-
ers. Furthermore, human shift work conditions are highly variable and 
not outlined well enough to propose an ideal animal model. For now, 
we plead for more awareness of the interactions between the aspects of 
shift work, which are intentionally and unintentionally manipulated. 
Shift work and the type of manipulations used in animal models are 
multi-aspects exposures (Fig. 1). Therefore, it is important to meas-
ure additional parameters apart from the ones directly related to the 
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manipulation. For example, measuring sleep behaviour when using a 
model with light shifts. Other examples are circadian parameters, such 
as gene expression in several organs, hormones, activity, body temper-
ature, sleep behaviour and metabolic parameters. More insights into 
these parameters will be beneficial for comparing different outcomes 
when different types of manipulations are used.

Where possible these parameters should be measured in human 
shift work-studies as well to allow for more insight into translatabil-
ity of findings. Furthermore, experiments ideally should cover both 
short- and long-term effects, ranging from days to years, to study de-
tails of underlying mechanisms in the development of the unfavour-
able health outcomes caused by shift work. The perfect model is as 
yet non- existent but ideally combines several aspects of shift work to 
mimic the human situation best (e.g. when manipulating activity and 
light, changes in food intake will follow and this should be monitored).

Table 6. A summary of 7 most frequently measured parameters in the 5 cat-
egories of shiftwork models (food, activity, sleep, L/D shifts and LL/LDim). 
The most right columns represent the results of all studies together. All results 
are presented as the number of studies in which an effect of the manipulation was 
found (when compared to the control condition) / the number of studies in which 
the parameter was measured. Between brackets, the number of studies showing an 
effect is depicted as a percentage. EE energy expenditure; L/D light/dark; LL continu-
ous light; LDim dim light at night

MODEL TYPE FOOD ACTIV-
ITY

SLEEP L/D shift LL/Dim ALL

RAT + 
MOUSE

RAT + 
MOUSE

RAT + 
MOUSE

RAT + 
MOUSE

RAT + 
MOUSE

RAT MOUSE TOTAL

BODYWEIGHT 7/11
(63.6%)

5/6
(83.3%)

3/5
(60%)

5/9
(55.5%)

6/11
(54.5%)

12/22
(54.5%)

14/20
(70%)

26/42
(61.9%)

TOTAL
FOOD INTAKE

5/11
(45.4%)

2/6
(33.3%)

2/4
(50%)

3/6
(50%)

2/9
(22.2%)

6/16
(37.5%)

8/20
(40%)

14/36
(38.9%)

TOTAL
ACTIVITY

3/7
(42.9%)

4/6
(66.7%)

0/3
(0%)

2/2
(100%)

0/5
(0%)

7/11
(63.6%)

2/12
(16.7%)

9/23
(39.1%)

TOTAL EE 3/3
(100%)

0/1
(0%)

2/2
(100%)

1/2
(50%)

4/4
(100%)

5/6
(80%)

ADIPOSITY 5/7
(71.4%)

2/2
(100%)

1/1
(100%)

4/5
(80%)

4/5
(80%)

8/10
(80%)

GLUCOSE 
 METABOLISM

6/9
(66.7%)

3/3
(100%)

5/5
(100%)

5/6
(83.3%)

6/7
(85.7%)

13/16
(81.2%)

12/14
(85.7%)

25/30
(83.3%)

LIPID 
 METABOLISM

5/7
(71.4%)

2/2
(100%)

2/2
(100%)

1/3
(33.3%)

1/2
(50%)

5/7
(71.4%)

6/9
(66.7%)

11/16
(68.8%)



74 Rodent models to study metabolic effects of shift work

Only by properly studying the effects of shift work conditions solely 
and combined, this research eventually will help the general commu-
nity to learn how to deal with shift work conditions best, prevent shift 
workers from becoming disturbed and possibly prevent and treat neg-
ative health outcomes.
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ABSTRACT

Shift workers run an increased risk of developing metabolic disorders, 
presumably as a result of disturbed circadian physiology. Eating at a 
time-of-day that is normally dedicated to resting and fasting, may con-
tribute to this association. The hypothalamus is the key brain area that 
integrates different inputs, including environmental time information 
from the central biological clock in the suprachiasmatic nuclei, with 
peripheral information on energy status to maintain energy homeo-
stasis. The orexin system within the lateral hypothalamus is an impor-
tant output of the suprachiasmatic nuclei involved in the control of 
sleep/wake behaviour and glucose homeostasis, among other functions. 
In this study, we tested the hypothesis that feeding during the rest pe-
riod disturbs the orexin system as a possible underlying contributor to 
metabolic health problems. Male Wistar rats were exposed to an 8-week 
protocol in which food was available ad libitum for 24h, for 12h during 
the light phase (i.e., unnatural feeding time) or for 12h during the dark 
phase (i.e., restricted feeding, but at the natural time-of-day). Animals 
forced to eat at an unnatural time, i.e. during the light period, showed no 
changes in orexin and orexin-receptor gene expression in the hypothal-
amus, but the rhythmic expression of clock genes in the lateral hypothal-
amus was absent in these animals. Light phase fed animals did show ad-
verse changes in whole body physiology and internal desynchronization 
of muscle and liver clock and metabolic gene expression. Eating at the 
‘wrong’ time-of-day thus causes internal desynchronization at different 
levels, which in the long run may disrupt body physiology.
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INTRODUCTION

Shift workers and other individuals, who find themselves awake at night, 
disrupt their evolutionarily-generated day and night rhythm of going to 
sleep and waking up with, approximately, sunset and sunrise. Sensitivity 
to sunlight has been evolutionarily preserved as the most essential cue 
for synchronizing rhythmic aspects of our behaviour and internal physi-
ology with 24h rhythmicity of the outside world. These behavioural and 
physiological rhythms are controlled by the brain ‘master clock’ in the 
hypothalamic suprachiasmatic nucleus (SCN) together with numerous 
‘peripheral clocks’ in organs such as liver and muscle [1]. The molecu-
lar SCN clock is synchronized by environmental cues (Zeitgebers) such as 
light, energy (e.g., food), temperature and (locomotor) activity [2]. Pref-
erably, peripheral clocks run in phase with the SCN master clock as opti-
mal synchronization facilitates optimal functionality of bodily functions 
[3, 4]. One of the factors that shift workers encounter is having to eat at 
a time-of-day when normally the body would be fasting. This eating at 
the ‘wrong’ time-of-day, has been associated with an adverse metabolic 
phenotype in both human [5–8] and rodent [9–11] studies, including in-
creased risk for metabolic syndrome, obesity and diabetes type 2.

An important current hypothesis states that this increased risk for 
metabolic disease is due to desynchronization between the central and 
peripheral clocks as a consequence of the counter-intuitive signals they 
receive, i.e., increased light and food at night, when the SCN and pe-
ripheral clocks expect darkness and fasting, and the reverse during day-
time, i.e., reduced light and reduced activity when we should be active 
and exposed to environmental light. These divergent signals also affect 
the hypothalamus, an important brain area that integrates input from 
central and peripheral systems and uses this information to regulate en-
ergy homeostasis via neural and hormonal outputs [12]. An important 
target for the SCN clock is the neuropeptidergic orexin system in the 
lateral hypothalamus. Orexin, also known as hypocretin, is an impor-
tant neurotransmitter in the arousal system [13], but also has effects on 
feeding behaviour [14, 15], energy metabolism [16] and the reward sys-
tem [17]. Orexin release is under the control of the central clock [18–20], 
but orexin neurons also respond to changes in extracellular glucose [21]. 
Orexin, in its turn, affects glucose metabolism by stimulating hepatic 
glucose production [22] and glucose uptake by muscle [23].
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With inputs from the central clock (controlled by light) and energy 
status (controlled by feeding behaviour), the orexin system may be 
an important link to synchronize energy metabolism and sleep/wake 
rhythms. In the present study, we used a rat model to investigate the hy-
pothesis that disruption of the finely orchestrated orexin system con-
tributes to the metabolic disruptions as observed in shift work.

MATERIALS AND METHODS

Animals and housing
All experiments were performed with male Wistar rats (Charles River 
Breeding Laboratories, Sulzfeld, Germany) weighing 200–240 gram at 
the beginning of the experiment and housed in individual cages. Ani-
mals were maintained in constant conditions of temperature (21°C±2), 
humidity (60%±5), and background noise (radio), with ad libitum tap 
water and a controlled 12:12 light/dark cycle (lights on at 7:00 (ZT0) 
and lights off at 19:00 (ZT12)), for the entire duration of the experi-
ment. All animals were housed in the same room and could hear, see 
and smell each other. All animals were fed with regular chow (Harlan, 
Horst, the Netherlands). All experimental procedures performed were 
in accordance with the Council Directive 2010/63EU of the European 
Parliament and the Council of 22 September 2010 on protection of an-
imals used for scientific purposes. In addition, all experimental pro-
cedures were approved by the Animal Ethics Committee of the Royal 
Netherlands Academy of Arts and Sciences (KNAW, Amsterdam) and 
were in accordance with the guidelines on animal experimentation of 
the Netherlands Institute for Neuroscience (Amsterdam).

Experimental design
Rats (n=96) were randomly assigned to one of three feeding groups: ad 
libitum (AL), light-phase fed (LF) or dark-phase fed (DF) (n=32 per feed-
ing group). Control (AL)-animals had ad libitum access to food for 24h 
each day, LF-animals had ad libitum access to food from ZT0 till ZT12 
and DF-animals had ad libitum access to food from ZT12 till ZT0 each 
day. The feeding regimens lasted for 8 weeks. Animals were left undis-
turbed except for body weight and food intake measuring procedures 
and for weekly cage cleaning. Only on the first day of the restricted 
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feeding schedule did the LF-animals receive 10 grams of chow in their 
cage right before onset of the dark period to prevent a large loss of body 
weight during the first dark period. Food access was regulated by an 
electronically controlled timing mechanism aligned to the light/dark 
schedule. Body weight and food consumption data of the first week af-
ter start of the feeding schedule are not included, as this was a period in 
which the animals were given time to adapt.

Indirect calorimetry
Four weeks after the start of the feeding protocol 36 out of the 96 of 
animals were housed in calorimetric cages (TSE Systems, Bad Hom-
burg, Germany) for three consecutive days. Calorimetric cages are 
enclosed cages in which airflow is controlled (1.5 L/min) and oxygen 
(O2) and carbon dioxide (CO2) content are recorded continuously to 
determine O2 consumption and CO2 production. Also in the calori-
metric cages, water was available ad libitum and access to food was 
according to the feeding group. Water and food intake measure-
ments were obtained every 15 minutes by weight sensors. Locomo-
tor activity was recorded by beam breaks as counted by the Pheno-
master/Labmaster system. Data until the start of the first dark period 
(from ~ZT4 onwards) in the calorimetric cages have been excluded as 
the animals needed time to habituate. After three days, rats were re-
turned to their home cage.

Sample collection
Eight weeks after the start of the experiment, animals were sacri-
ficed — at ZT5, ZT11, ZT17 or ZT23 (n=8/ZT/feeding group) — by using 
gas anaesthesia (33% O2:66% CO2) before decapitation. Trunk blood 
was collected, stored on ice before spinning down (4°C, 4000 rpm, 
15 minutes) and plasma was stored at −20°C. Brains were removed, im-
mediately frozen on dry ice and stored at −80°C until analysis. Sam-
ples of liver and hind leg muscle were collected, immediately snap 
frozen in liquid nitrogen and stored at −80°C. Four types of white ad-
ipose tissue (WAT; mesenteric, epididymal, perirenal, subcutaneous) 
were taken out unilaterally to estimate adiposity. Collection of WAT 
tissues, liver and muscle was performed by the same experimenter 
(ALO) to minimize variation.
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Plasma metabolite analysis
Plasma was analysed using radio-immunoassays (RIA) for leptin and 
insulin (Millipore, St Charles, MO, USA, and Biochemicals, Costa Mesa, 
CA, respectively). Plasma leptin concentrations were determined in 
25 μl plasma and the detection limit was 0.5 ng/ml [23]. Plasma insu-
lin concentrations were determined in 25 μl plasma and the detection 
limit was 0.1 ng/ml [24]. The analysis was performed according to the 
manufacturer’s instructions. Samples were assayed in duplicate. The 
amount of sample, standard, label, antibody and precipitating reagent, 
described in the manufacture’s protocol, was divided by four in view of 
the sample size.

Brain tissue punches
Bilateral punches were obtained from the perifornical area of the lat-
eral hypothalamus (PeF). Brain sections of 200 μm were cut with a cry-
ostat at −10°C. Slices containing PeF were placed on a plate covered 
with RNAlater (Ambion, Waltham, MA, USA) and punched with a nee-
dle (1mm diameter). Six to eight PeF punches were taken bilaterally and 
lateral from the top of the third ventricle, but enclosing the fornix (ap-
proximately from bregma −2.40 to bregma −3.84).

RNA isolation and cDNA synthesis
Brain tissue was homogenized by MagNA lyser Green beads (Roche, 
Basel, Switzerland) with Tissue Lysis Buffer (Roche, Almere, the Neth-
erlands). Muscle tissue was crushed and Tri reagent was added accord-
ing to weight (1 mL/50 mg tissue). For liver, 30 mg of tissue was used 
and added to 500 mL of Tri reagent. An Ultra Turrax homogenizer (IKA, 
Staufen, Germany) was used for homogenization of liver tissue. Total 
RNA was isolated from tissues using TRIzol reagent (Macherey-Nagel 
Ltd., Oensingen, Switzerland). RNA concentration was determined us-
ing Nanodrop DS (Thermo Scientific, Wilmington, USA) and RNA qual-
ity was tested using BioAnalyzer (Agilent, Santa Clara, USA). For brain, 
liver and muscle, cDNA was synthesized using a SensiFAST cDNA Syn-
thesis Kit (Bioline, Taunton, USA). For reverse transcription of RNA, 
200 ng/μl for liver, 150 ng/μl for muscle and 80 ng/μl for brain was 
used in 15 μl solution. Additional reverse transcriptase minus (−RT) 
controls were run to control for genomic DNA contamination.
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Real-time PCR (RT-PCR) 
Gene expression was measured by quantitative RT-PCR using the fol-
lowing reaction system: 2 μl cDNA was incubated in a final volume of 
20μl reaction containing Sensifast and 50ng of each primer (forward 
and reverse, see Table 1 for primer sequences). Quantitative RT-PCR 
(qRT-PCR) was performed in Lightcycler®480 (Roche). The relative 
amount of each gene was normalized against the geometric mean of cy-
clophilin and TATA-binding protein (Tbp) for brain, against the geomet-
ric mean of glyceraldehyde 3-phosphate dehydrogenase (Gapdh), ribo-
somal protein S18 (S18) and cyclophilin-2 for muscle, and against the 
geometric mean of Gapdh, S18 and Tbp for liver. Reference gene expres-
sion was not significantly changed by the feeding schedule or time-of-
day. For each gene the samples of all animals were run on a single plate.

Statistical analysis
All results are expressed as means ± standard error of the mean (SEM), 
except for JTK Cycle acrophase estimation (mean). Statistical analy-
ses were performed with GraphPad Prism version 6.00 for Windows 
(GraphPad Software, La Jolla, CA, USA). One or Two–way ANOVAs were 
performed to detect the effects of Treatment (feeding group: ad libitum, 
light-fed or dark-fed), Time (ZT5, ZT11, ZT17 and ZT23) or Interaction 
(Time*Treatment). Results were considered statistically significant at 

Table 1. Primer sequences for RT-qPCR.

Gene Forward primer Reverse primer
Prepro-orexin CATCCTCACTCTGGGAAA G AGGGATATGGCTCTAGCT C
Orexin receptor 1 AGAGAGCAGAGAGCGTTGTAAACC TTCACAGGGACACATTGCTGC
Orexin receptor 2 TGTTCAAGAGCACAGCCAAACG GCCAATACCATAAGACACAGGGG
Bmal1 CCGATGACGAACTGAAACACCT TGCAGTGTCCGAGGAAGATAGC
Per1 CGCACTTCGGGAGCTCAAACTTC GTCCATGGCACAGGGCTCACC
Per2 CACCCTGAAAAGAAAGTGCGA CAACGCCAAGGAGCTCAAGT
Cry1 AAGTCATCGTGCGCATTTCA TCATCATGGTCGTCGGACAGA
Cry2 TGG ATA AGC ACT TGG AAC GGA A TGT ACA AGT CCC ACA GGC GGT A
Pparα TCA CAC AAT GCA ATC CGT TT GGC CTT GAC CTT GTT CAT GT
Pgc1α TGCCATTGTTAAGACCGAG GGTCATTTGGTGACTCTGG
Fas CTT GGG TGC CGA TTA CAA CC GCC CTC CCG TAC ACT CAC TC
Ucp3 GCACTGCAGCCTGTTTTGCTGA ATAGTCAGGATGGTACCGAGCA
Pgk TGA AGG GGA AGC GGG TCG TGA GAC GGC CCA GGT GGC TCA TA
Glut4 GGG CTG TGA GTG AGT GCT TTC CAG CGA GGC AAG GCT AGA
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p<0.05. JTK Cycle software was used to assess whether genes and hor-
mones showed daily rhythmic expression [24]. Acrophase and p-value 
were obtained by fitting the data on a fixed curve with 24h period and 
are only reported for rhythmically expressed genes or hormones.
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Figure 1. Effects of timing of food intake on body weight, food intake and ad-
iposity. For figures A-C weeks 1 (adaptation) and 8 (incomplete week) are excluded. 
(A) Total body weight gain was the same for all groups after 6 weeks. (B) LF- animals 
show reduced food intake when compared to AL- and DF-animals. (C) Feeding ef-
ficiency is represented as body weight increase in grams divided by grams of food 
intake during the same time period. LF-animals show increased feeding efficiency 
when compared to DF-animals. (D) White adipose tissue deposition was estimated 
after 8 weeks and is expressed as percentage relative to body weight. LF-animals 
show more WAT deposition compared to AL- and DF-animals. DF- and AL-animals 
do not show differences in adiposity. ** p<0.01; # p<0.0001; mWAT mesenteric white 
adipose tissue (WAT); eWAT epidydimal WAT; pWAT perirenal WAT; sWAT subcutane-
ous WAT; AL-animals (ad libitum) are presented in clear bars, LF-animals (light phase 
fed) in grey dashed bars, DF-animals (dark phase fed) in filled black bars. All data are 
shown as mean ± SEM
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RESULTS

Effects of timing of food intake on body weight, adiposity 
and food intake
After six weeks on the different feeding schedules (i.e., weeks 2–7; 
weeks 1 (adaptation) and 8 (incomplete week) were excluded), no differ-
ences in body weight gain were observed (Fig. 1A). Light-phase fed (LF) 
animals consumed less food (One-way ANOVA; F2,93=7.46; p=0.001; 
n=32/group; Tukey’s multiple comparisons) over the complete exper-
iment when compared to ad libitum fed (AL) or dark-phase fed (DF) an-
imals (Fig. 1B). This made LF-animals more efficient with their food 
(One-way ANOVA; F2,93=13.85; p<0.001) when compared to DF-ani-
mals (Fig. 1C). Four types of white adipose tissue were collected at sac-
rifice in a subset of the animals to estimate changes in body compo-
sition. Increased fat deposition was observed in LF-animals (Two-way 
ANOVA; Feeding group F2,132=16.27; p<0.001; n=12/group) when com-
pared to AL- and DF-animals (Fig. 1D), with post-hoc analysis showing 
significantly higher amounts of perirenal WAT in LF-animals. Results 
on whole body energy metabolism are summarized in Table 2.

Table 2. Measurements of whole body energy metabolism. Mean body weight 
gain, cumulative food intake, feeding efficiency and adipose tissue±SEM. Different 
letters indicate significant differences among groups.

ad libitum light fed dark fed ANOVA

body weight gain [g] 137±4a 136±4a 131±2a F2,93 = 0.79 
p =0.4569

cumulative food intake [g] 944±14a 891±11b 951±10a F2,93 = 7.46
p =0.0010

feeding efficiency 
(∆BW/total food intake)

0.144±0.003ab 0.152±0.003a 0.138±0.002b F2,93 = 13.85
p <0.0001

total adiposity  
(mWAT + eWAT + pWAT + 
sWAT, corrected for body-
weight)

2.9±0.1a 3.5±0.1b 3.0±0.1a Interaction 
F6,132 = 3.96 

p =0.0011 
WAT depot 

F3,132 = 103.30 
p <0.0001 

Feeding group 
F2,132 = 16.27 

p <0.0001
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Figure 2. Effects of timing of food intake on locomotor activity, energy expen-
diture and plasma hormone levels. (A) Mean locomotor activity levels over 24h 
were not statistically different between groups. LF-animals show increased diurnal 
activity (dashed lower part of the bar) compared to AL- and DF-animals (p<0.05). 
LF-animals also show reduced nocturnal activity (filled black part of the bar) when 
compared to DF-animals (p<0.05). Letters indicate differences between groups in 
diurnal activity; symbols indicate differences between groups in nocturnal activity. 
(B) AL- and DF-animals present lower energy expenditure (EE) during light  period, 
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Effects of timing of food intake on activity, energy expenditure 
and RER
ACTIVITY
A part of the rats was housed in calorimetric cages in week 4 to obtain 
more detailed measurements on locomotor activity and energy me-
tabolism. No statistical differences between the three feeding groups 
were observed as far as total activity was concerned (One-way ANOVA; 
F2,28=1.08; p=0.353; n=12/group; Fig. 2A). However, AL- and DF-animals 
presented higher nocturnal activity levels by displaying 69.3%±1.6 and 
73.4%±1.9 of total activity during the dark phase, respectively, whereas 
LF-animals reduced their nocturnal activity to 55.0%±1.6 (One-way 
ANOVA; F2,28=6.15; p=0.006). LF-animals also showed significantly 
more diurnal activity (One-way ANOVA; F2,28=4.55; p=0.020) than AL- 
and DF-animals (Fig. 2A).

ENERGY EXPENDITURE
Total energy expenditure was not affected (One-way ANOVA; F2,28=1.07; 
p=0.358; n=12/group) by the change in timing of food intake. However, 

whereas LF-animals show increased diurnal EE. Letters indicate differences be-
tween groups in diurnal energy expenditure. (C) 48h continuous recording of re-
spiratory exchange ratio (RER) with 15-minute interval. AL- animals (in black) show 
a daily rhythm with minimal amplitude, which is amplified in DF-animals (in blue). 
DF-animals demonstrate a steep rise immediately after dark onset, followed by a 
stable RER during darkness (at the same level as the AL- animals) and a continuous 
decline during the light phase, i.e. fasting. Animals in LF-group (orange) present a 
reversed pattern with a steep rise at light onset (i.e., onset of food access) with val-
ues increasing until 1.097 and a subsequent gradual decline during the dark phase. 
(D) Amplitude of RER was calculated by subtracting the mean RER in the light 
phase from the mean RER in the dark phase. The difference between RER in light 
and dark phase (i.e., amplitude) is larger in time-restricted animals when com-
pared to AL-animals (p<0.0001). (E) Levels of plasma leptin after 8 weeks on timed 
food restriction. LF-animals show diurnal variation in their plasma leptin levels 
with significantly lower levels at ZT23 when compared to ZT11 and ZT17 (p<0.05). 
(F) Levels of insulin in plasma of animals after 8 weeks show no difference at any 
time point. AL-animals are presented in black solid line with circle symbol, LF-animals 
in orange dashed line with square symbol, DF-animals in blue dotted line with triangle 
symbol. All data are shown as mean ± SEM
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LF-animals showed increased energy expenditure during the light phase 
(51%±2) when compared to AL- (45%±1) and DF- animals (44%±1) (One-
way ANOVA; F2,28=9.49; p=0.007; n=12/group; Tukey’s multiple com-
parisons, Fig. 2B).

RER
The respiratory exchange ratio (RER) was calculated by means of calo-
rimetry data of oxygen consumption (VO2) and carbon dioxide produc-
tion (VCO2). RER values between 0.7 and 1.0 indicate fat and protein 
oxidation, whereas values of approximately 1.0 indicate carbohydrate 
oxidation. Animals with ad libitum food availability demonstrated a 
small rhythmic rise and fall in RER values during the dark and the light 
phase, respectively, with an amplitude of 0.0193±0.0034 (Fig.  2C–D). 
In animals with food access only during the dark phase the phasing 
of the daily RER rhythm was similar to that of the AL-animals (higher 
RER during dark phase), but they showed a larger amplitude of the 
RER rhythm (0.0569±0.0049; p<0.0001), displaying, in particular, 
a deeper trough during the 12h fasting period in the light phase. Re-
stricting food access to the light period induced a complete reversal of 
the daily RER rhythm and also significantly increased the amplitude 
of the RER-rhythm when compared to AL-animals (0.0653±0.0092; 
One-way ANOVA; F2,28=20.08; p<0.001; n=12/group; Tukey’s multiple 
comparisons). Area under the curve (AUC) for 24h RER values above 1.0 
was twice as large for LF-animals, as compared to AL- and DF-animals 
(AL: 1.4±0.18; LF: 3.2±0.62; DF: 1.8±0.34; One-way ANOVA; F2,28=5.99; 
p=0.0068), suggesting increased de novo lipogenesis in LF-animals.

Effects of timing of food intake on plasma metabolites
LEPTIN
Blood samples were taken at sacrifice (i.e., 8 weeks after the start of the 
feeding schedules) to measure plasma leptin and insulin concentra-
tions. JTK Cycle analysis revealed only a significant (p=0.01) rhythmic 
display of leptin levels for LF-animals with an acrophase at ZT9. Addi-
tional analysis showed no differences in 24h average leptin levels (Two-
way ANOVA; Treatment effect; F2,78=0.54; p=0.584) between groups. 
However, LF-animals showed increased mean plasma leptin levels at 
ZT11 when compared to DF-animals, whereas reduced plasma leptin 
levels were observed at ZT23 when compared to AL-animals (Two-way 
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ANOVA; Interaction effect F6,78=2.96; p=0.012; n=8/group/ZT; Tukey’s 
multiple comparisons; Fig. 2E). DF-animals did not differ from ad libi-
tum fed animals at any time point.

INSULIN
Mean plasma insulin levels remained unaffected by a change in the 
timing of food intake (Two-way ANOVA; Interaction effect F6,70=1.49; 
p=0.195; Treatment effect; F2,70=0.99; p=0.377; n=8/group/ZT; Fig. 2F). 
JTK Cycle analysis indicated that none of the feeding groups displayed 
rhythmic levels of insulin in plasma.

Effects of timing of food intake on gene expression in brain
At the end of the study, bilateral punches of the perifornical area of the 
hypothalamus were obtained to study gene expression of prepro-orexin 
(Orx), the precursor gene for orexin A and B. The neuropeptides orexin 
A and B bind with different affinities to the two orexin receptors; orexin 
receptor type 1 (OrxR1) and orexin receptor type 2 (OrxR2), which are 
both present in the hypothalamus. No Interaction or Treatment (timing 
of feeding) effect was found for the expression of Orx, OrxR1 or OrxR2 
(Fig. 3A–C). Details on statistical data can be found in Table 3. JTK Cycle 
analysis showed rhythmic expression of Orx only in LF-animals, with 
an acrophase at the end of the dark phase (ZT21), whereas expression 
of OrxR1 only showed significant rhythmicity in AL-animals with an ac-
rophase at ZT15 (see Table 6 for all JTK Cycle analyses).

CLOCK GENES
To study whether altered timing of food intake affects the molecular 
clock in the perifornical area of the hypothalamus, expression of Aryl 
hydrocarbon receptor nuclear translocator-like protein 1 (Bmal1), Pe-
riod1 (Per1), Period2 (Per2), Cryptochrome 1 (Cry1) and Cryptochrome 2 
(Cry2) was measured (Fig. 3D–H). All five clock genes showed a signif-
icant effect of Time, but no significant Interaction or Treatment effects 
were observed by changing the time of food intake (see Table 3 for re-
sults of Two-way ANOVAs), except for Per1, which showed a Treatment 
effect. JTK Cycle analysis demonstrated absent rhythmicity in LF- 
animals for all five clock genes, but revealed rhythmic expression for 
Per2 and Cry1 for both AL- and DF-animals, and additionally for Cry2 in 
AL- and Bmal1 and Per1 in DF-animals. Acrophase estimation showed 
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Figure 3. Plots of relative expression of orexin, orexin receptors (A–C) and 
clock genes (D–H) in the perifornical area of the lateral hypothalamus. (A) 
Expression of Orx is unaffected by timing of food intake. Two-way ANOVA showed 
a significant effect of Time (Table 3), but JTK Cycle indicated only a significant diur-
nal variation in LF-animals with higher values at ZT23 when compared to ZT11 and 
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identical peak times in AL-and DF-feeding groups for Per2 and Cry1, 
both at ZT15 (Table 6).

Effects of timing of food intake on gene expression in liver
Liver tissue was obtained after sacrifice and then processed to study 
whether expression of clock and metabolic genes shifted by a change in 
the timing of food intake or an increase of the fasting period. The clock 
genes Bmal1, Per1, Per2, Cry1 and Cry2 and the metabolic genes Peroxi-
some proliferator-activated receptor alpha (Pparα), Fatty acid synthase 

ZT17 (p<0.01). (B) Two-way ANOVA showed a significant effect of Time ( Table  3), 
but JTK Cycle indicated only significant diurnal variation of OrxR1 expression in 
AL-animals with a peak at ZT17 and lowest values at ZT11 and ZT23. (C) No effects 
of Feeding time, Time or Interaction are observed in OrxR2 expression. (D-H) Rel-
ative expression of Bmal1, Per1, Per2, Cry1 and Cry2 in the perifornical area of the 
lateral hypothalamus. No effects of feeding time (Treatment) are observed in ex-
pression of any of the clock genes, except for Per1. According to JTK Cycle only AL- 
and DF-animals show diurnal variation in their clock gene expression (Table 6), 
whereas LF-animals do not. AL-animals are presented in black solid line with circle 
symbol, LF-animals in orange dashed line with square symbol, DF-animals in blue dotted 
line with triangle symbol. LH; lateral hypothalamus

Table 3. Effects of timing of food intake on gene expression in the lateral hy-
pothalamus. Two-way ANOVA Interaction, Time and Treatment effects are shown. P 
is significant (in bold) when p<0.05.

Gene Treatment Time Interaction
Orexin F2,79 = 1.08

p = 0.3432
F3,79 = 9.51
p < 0.0001

F6,79 = 0.95
p = 0.4634

OrxR1 F2,81 = 0.12
p = 0.8858

F3,81 = 19.63
p < 0.0001

F6,81 = 0.78
p = 0.5950

OrxR2 F2,80 = 0.64
p = 0.5306

F3,80 = 1.77
p = 0.1604

F6,80 = 0.39
p = 0.8815

Bmal1 F2,82 = 1.51
p = 0.2265

F3,82 = 3.43
p = 0.0209

F6,82 = 0.33
p = 0.9205

Per1 F2,76 = 3.57
p = 0.0329

F3,76 = 2.89
p = 0.0410

F6,76 = 0.60
p = 0.7282

Per2 F2,79 = 0.09
p = 0.9139

F3,79 = 10.14
p < 0.0001

F6,79 = 0.29
p = 0.9392

Cry1 F2,79 = 0.30
p = 0.7445

F3,79 = 9.02
p < 0.0001

F6,79 = 0.94
p = 0.4707

Cry2 F2,80 = 0.08
p = 0.9231

F3,80 = 2.76
p = 0.0473

F6,80 = 0.49
p = 0.8171
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(Fas), Peroxisome proliferator-activated receptor-gamma coactivator 
1 alpha (Pgc1α) and Nicotinamide phosphoribosyltransferase (Nampt) 
were studied (Fig. 4A–I). For all genes studied, a significant Interaction 
effect was found, whereas Per2 and Pgc1α additionally showed an effect 
of Treatment (Table 4). JTK Cycle analyses showed rhythmicity for all 
clock genes in each feeding group, except for Cry2 in AL- and DF- animals 
and Per1 in AL-animals. Acrophase estimation clearly showed a shift of 
the phase in LF-animals for Bmal1, Per1, Per2 and Cry1, by 6–12h com-
pared to AL- or DF-animals. Twelve hour fasting during the day induced 
a phase advance in Bmal1 expression from ZT0 to ZT21 in DF- animals 
when compared to AL. Interestingly, with the exception of Pparα, none 
of the metabolic genes studied showed a significant rhythmicity ac-
cording to JTK Cycle analysis for AL-animals, whereas they clearly did 
for LF-animals (Table 6). DF-animals only showed a significant rhythm 
in Nampt and Pparα expression, however, with a 12h phase difference 
compared with LF-animals (Nampt: ZT12 and ZT0, Pparα: ZT9 and ZT21 
for DF- and LF-animals, respectively, see Table 6 for JTK Cycle statistics).

Table 4. Effects of timing of food intake on gene expression in liver. Two-way 
ANOVA Interaction, Time and Treatment effects are shown. P is significant (in bold) 
when p<0.05.

Gene Treatment Time Interaction

Per1 F2,86 = 0.88
p = 0.4184

F3,68 = 10.54
p < 0.0001

F6,68 = 9.54
p < 0.0001

Per2 F2,79 = 10.80
p < 0.0001

F3,79 = 8.31
p < 0.0001

F6,79 = 16.86
p < 0.0001

Cry1 F2,83 = 0.85
p = 0.4317

F3,83 = 12.67
p < 0.0001

F6,83 = 11.56
p < 0.0001

Cry2 F2,79 = 1.51
p = 0.2269

F3,79 = 2.50
p = 0.0657

F6,79 = 4.17
p = 0.0011

Bmal1 F2,75 = 0.55
p = 0.5776

F3,75 = 13.36
p < 0.0001

F6,75 = 11.75
p < 0.0001

Pgc1α F2,73 = 3.72
p = 0.0289

F3,73 = 1.46
p = 0.2314

F6,73 = 3.47
p = 0.0045

Fas F2,80 = 2.80
p = 0.0667

F3,80 = 0.94
p = 0.4260

F6,80 = 2.57
p = 0.0252

Pparα F2,80 = 3.05
p = 0.0530

F3,80 = 2.90
p = 0.0400

F6,80 = 2.58
p = 0.0245

Nampt F2,81 = 1.55
p = 0.2187

F3,81 = 7.74
p = 0.0001

F6,81 = 14.77
p < 0.0001
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Effects of timing of food intake on gene expression in muscle
Hind leg muscle tissue was processed to study whether timing of food 
intake affects rhythmic expression of clock and metabolic genes in 
muscle. Clock genes Per1, Per2, Cry1, Cry2 and Bmal1 were analysed 
(Fig.  5A–E). For all genes, except for Cry1 (p=0.08), a significant Inter-
action effect was found when analysed by Two-way ANOVA (see Table 5 
for details on statistics). Treatment effect (timing of feeding) was only 
found for Per2. JTK Cycle analyses showed rhythmic expression of all 
genes in AL- and DF- animals except for Cry1 in DF-animals. Interest-
ingly, LF-animals did not show rhythmic expression of any of the clock 
genes (Table 6). Acrophases of AL- and DF-animals did not differ, indi-
cating no major shifts in phase (Table 6). Per1, Per2, Cry1 and Cry2 had 
acrophases between ZT12 and ZT18, peaking in the early dark phase, 
whereas Bmal1 had its acrophase at ZT21.

Muscle tissue was also studied for expression of genes involved in 
energy metabolism: Carnitine Palmitoyltransferase 1B (Cpt1b), Pparα, 
Phosphoglycerate kinase (Pgk), Pgc1α, Uncoupling protein 3 (Ucp3) and 

Table 5. Effects of timing of food intake on gene expression in muscle. Two-
way ANOVA Interaction, Time and Treatment effects are shown. P is significant (in 
bold) when p<0.05.

Gene Treatment Time Interaction
Bmal1 F2,73 = 2.13

p = 0.1262
F3,73 = 41.64

p < 0.0001
F6,73 = 9.70
p < 0.0001

Per1 F2,62 = 0.87
p = 0.4259

F3,62 = 32.08
p < 0.0001

F6,62 = 5.76
p < 0.0001

Per2 F2,75 = 5.39
p = 0.0065

F3,75 = 64.18
p < 0.0001

F6,75 = 9.35
p < 0.0001

Cry1 F2,78 = 1.01
p = 0.3693

F3,78 = 3.99
p = 0.0106

F6,78 = 1.95
p = 0.0825

Cry2 F2,78 = 2.29
p = 0.1084

F3,78 = 9.30
p < 0.0001

F6,78 = 5.17
p = 0.0002

Pparα F2,77 = 1.26
p = 0.2904

F3,77 = 1.69
p = 0.1756

F6,77 = 1.49
p = 0.1919

Pgk F2,76 = 0.20
p = 0.8173

F3,76 = 1.70
p = 0.1747

F6,76 = 0.98
p = 0.4478

Pgc1α F2,78 = 1.28
p = 0.2827

F3,78 = 8.80
p < 0.0001

F6,78 = 2.79
p = 0.0165

Cpt1b F2,78 = 0.11
p = 0.8938

F3,78 = 0.38
p = 0.7677

F6,78 = 0.31
p = 0.9280

Ucp3 F2,56 = 2.28
p =0.1115

F3,56 = 18.55
p < 0.0001

F6,56 = 8.42
p < 0.0001

Glut4 F2,77 = 0.13
p =0.8776

F3,77 = 8.00
p < 0.0001

F6,77 = 2.40
p = 0.0351



Results 101

3
0.

00
0

0.
00

5

0.
01

0

0.
01

5

0.
02

0
Cr

y1
 - 

m
us

cl
e

ZT
0

ZT
6

ZT
12

ZT
18

ZT
24

C

30405060
Pg

k 
- m

us
cl

e

ZT
0

ZT
6

ZT
12

ZT
18

ZT
24

G
0.

00
0

0.
00

5

0.
01

0

0.
01

5

0.
02

0

0.
02

5
Cr

y2
 - 

m
us

cl
e

ZT
0

ZT
6

ZT
12

ZT
18

ZT
24

D

0.
00

0.
01

0.
02

0.
03

0.
04

Pg
c1
α

 - 
m

us
cl

e

ZT
0

ZT
6

ZT
12

ZT
18

ZT
24

H
0.

00

0.
01

0.
02

0.
03

Pe
r1

 - 
m

us
cl

e

ZT
0

ZT
6

ZT
12

ZT
18

ZT
24

A 0.
00

0.
01

0.
02

0.
03

Bm
al

1 -
 m

us
cl

e

ZT
0

ZT
6

ZT
12

ZT
18

ZT
24

E 0.
00

0.
02

0.
04

0.
06

0.
08

U
cp

3 
- m

us
cl

e

ZT
0

ZT
6

ZT
12

ZT
18

ZT
24

I

0.
00

0

0.
00

5

0.
01

0

0.
01

5

0.
02

0
Pe

r2
  -

 m
us

cl
e

ZT
0

ZT
6

ZT
12

ZT
18

ZT
24

B

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Pp
ar
α

 - 
m

us
cl

e

ZT
0

ZT
6

ZT
12

ZT
18

ZT
24

F

0.
15

0.
20

0.
25

0.
30

G
lu

t4
 - 

m
us

cl
e

A
d 

lib
itu

m
Li

gh
t f

ed
D

ar
k 

fe
d

ZT
0

ZT
6

ZT
12

ZT
18

ZT
24

J

RelativemRNAexpression
Fi

gu
re

 5
. P

lo
ts

 o
f r

el
a-

tiv
e e

xp
re

ss
io

n 
of

 cl
oc

k 
(A

-E
) a

nd
 m

et
ab

ol
ic

 
(F

-J
) g

en
es

 in
 m

us
cl

e.
 

In
te

ra
ct

io
n 

eff
ec

ts
 ar

e 
fo

un
d 

fo
r a

ll 
cl

oc
k 

ge
ne

s 
bu

t C
ry

1. 
Bm

al
1 s

ho
w

s 
di

ffe
re

nt
 p

ha
se

 th
an

 P
er

1, 
Pe

r2
, C

ry
1 a

nd
 C

ry
2.

 JT
K 

Cy
cl

e a
na

ly
si

s i
nd

ic
at

ed
 

th
at

 L
F-

an
im

al
s s

ho
w

 
ar

rh
yt

hm
ic

 ex
pr

es
si

on
 

fo
r a

ll 
ge

ne
s b

ut
 U

cp
3.

 In
 

m
et

ab
ol

ic
 g

en
es

, s
ig

ni
f-

ic
an

t I
nt

er
ac

tio
n 

eff
ec

ts
 

ar
e f

ou
nd

 fo
r P

gc
1α

, U
cp

3 
an

d 
G

lu
t4

. A
L-

an
im

al
s a

re
 

pr
es

en
te

d 
in

 bl
ac

k s
ol

id
 li

ne
 

w
ith

 ci
rc

le
 sy

m
bo

l, L
F-

an
i-

m
al

s i
n 

or
an

ge
 d

as
he

d 
lin

e 
w

ith
 sq

ua
re

 sy
m

bo
l, D

F-
an

-
im

al
s i

n 
bl

ue
 do

tte
d 

lin
e 

w
ith

 tr
ia

ng
le

 sy
m

bo
l



102 Internal desynchrony in rat model for shiftwork

Glucose transporter type 4 (Glut4) (Fig. 5F–J). Interaction effects were 
found for Pgc1α, Ucp3 and Glut4, whereas none of the genes showed 
Treatment effects (Table 5). JTK Cycle analyses demonstrated no signif-
icant rhythms for Pparα, Pgk and Cpt1b for any of the feeding groups. 
Pgc1α showed rhythmicity in AL- and DF-animals, Glut4 was only rhyth-
mic in AL-animals with an acrophase at ZT15, whereas Ucp3 expression 
showed a daily rhythm for all groups. Acrophase of Ucp3 expression 
was strongly shifted in LF-animals (ZT18) when compared to AL- (ZT0) 
and DF-animals (ZT3, (see Tables 5 and 6 for details on statistics).

Table 6. Effects of timing of food intake on daily rhythms in gene expression. 
Data analysed by JTK Cycle. Acrophase in ZT is only given for genes that are rhyth-
mically expressed (p<0.05). - = not rhythmic according to JTK Cycle.

Ad libitum (AL) Light fed (LF) Dark fed (DF)
Gene Acrophase (ZT) p Acrophase (ZT) p Acrophase (ZT) p

BRAIN Orexin - - 21 0.0347 - -
OrxR1 15 0.0072 - - - -
OrxR2 - - - - - -
Bmal1 - - - - 21 0.0137
Per1 - - - - 18 0.0416
Per2 15 <0.0001 - - 15 0.0307
Cry1 15 0.0094 - - 15 0.0057
Cry2 12 0.0479 - - - -

LIVER Bmal1 0 <0.0001 9 <0.0001 21 <0.0001
Per1 - - 21 0.0466 12 0.0001
Per2 15 0.0011 0 0.0001 15 <0.0001
Cry1 18 0.0023 0 <0.0001 18 <0.0001
Cry2 - - 3 0.0011 - -
Pparα 6 0.0307 21 <0.0001 9 0.0030
Fas - - 3 0.0226 - -
Pgc1α - - 18 0.0015 - -
Nampt - - 0 0.0011 12 <0.0001

MUSCLE Bmal1 21 <0.0001 - - 21 <0.0001
Per1 12 0.0003 - - 12 <0.0001
Per2 12 <0.0001 - - 12 <0.0001
Cry1 18 0.0120 - - - -
Cry2 15 0.0002 - - 15 0.0005
Pparα - - - - - -
Pgk - - - - - -
Pgc1α 15 <0.0001 - - 12 0.0363
Cpt1b - - - - - -
Ucp3 0 <0.0001 18 0.0001 3 <0.0001
Glut4 15 0.0092 - - - -
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DISCUSSION

It is thought that the main cause for metabolic health problems in shift 
workers is a desynchronization between the central and peripheral 
clocks. However, it is as yet unknown how and where this desynchro-
nization results in functional deficits. We hypothesized that the hypo-
thalamic orexin system could be an important link, as it is an essential 
neurotransmitter system in the control of sleep and arousal that is con-
trolled by both the central (i.e., SCN inputs) and peripheral clocks (i.e., 
feeding signals). However, in the current study, analysis of the orexin 
system in the lateral hypothalamus (LH) did not reveal any major alter-
ations in mRNA expression for orexin or its receptors when food intake 
was shifted to the resting phase. Interestingly, the expression of clock 
genes was altered in the LH due to daytime feeding, suggesting desyn-
chronization within the lateral hypothalamus. Furthermore, light-phase 
feeding (LF) induced desynchronization between (clock) gene expres-
sion in liver and muscle, with liver clock genes being strongly rhythmic 
and shifted 6–12h and muscle clock genes becoming a- rhythmic in LF- 
animals. Therefore, besides a mismatch between central and peripheral 
clocks a major problem in shift work may also be a mismatch between 
important metabolic organs such as liver and muscle.

Despite the absence of significant changes in orexin or orexin receptor 
expression in the hypothalamus, the LH turned out to be not completely 
insensitive to changes in the timing of food intake. Significant expres-
sion rhythms were present in 4 out of 5 clock genes tested in the DF-group 
and 3/5 in the AL-group. Remarkably, significant rhythms were absent in 
all five clock genes tested in the LF animals. It is important to notice that 
the LH is a highly heterogeneous area containing many different types 
of neurons, which are all included in the punch technique to isolate 
the LH. Therefore, the data on (clock) gene expression do not represent 
the effect of timing of food intake on one specific neuronal population, 
such as the orexin neurons. This also means that the a-rhythmicity of 
the LH punches does not imply that all neurons are a-rhythmic. For in-
stance, theoretically, melanin-concentrating hormone neurons located 
in the LH could remain synchronized with the SCN, whilst orexin neu-
rons would run in opposite phase synchronized by food intake, together 
resulting in a-rhythmicity in the LH. The same argument can be made 
for the surprising observation of similarly phased rhythms of Bmal1 and 
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Per2 expression; these rhythms could reflect two populations of neurons 
with a different phase. In the current study, no orexin peptide levels were 
assessed in tissue or cerebrospinal fluid, and therefore it cannot be ex-
cluded that orexin secretion was affected whilst orexin production was 
unaltered. However, what we can conclude is that orexin mRNA shows 
diurnal variation under normal light/dark conditions, with a peak time 
in the dark that is unaffected by feeding time (Fig. 3A).

As reviewed previously [25], shifting food timing is frequently used 
in rodent studies as a model for shift work. In the current study, male 
Wistar rats were exposed to an 8-week lasting shift of food intake to 
the resting/fasting phase. In line with earlier studies that studied shift 
work conditions in mice and rats, disruption of whole body energy me-
tabolism manifested in increased adiposity [26–30], increased feeding 
efficiency [28, 31], altered RER rhythmicity [31] and changes in plasma 
leptin levels [27, 31, 32]. However, body weight, total activity, energy ex-
penditure and insulin levels were not significantly affected, confirm-
ing the complexity and the multifactorial nature of the changes in-
duced by shift work conditions [25]. Not surprisingly, animals forced 
to eat during the light period, i.e., during their natural sleeping and 
fasting phase, demonstrated reduced food intake. Interestingly, they 
maintained their body weight due to an increased feeding efficiency 
and at the expense of increased adiposity. Increased adiposity was also 
reflected by increased plasma leptin levels and probably caused by in-
creased lipogenesis as indicated by RER values >1.

Circadian misalignment, as underlying causal mechanism for the 
health problems induced by shift work, can occur at several levels 
within an organism [25], but is generally studied as a desynchroniza-
tion between the central SCN and peripheral liver clock. Shifting the 
time of food intake has frequently been shown to induce phase-shifts 
of numerous gene expression rhythms in the liver, including clock and 
metabolic genes [11, 29, 31, 33, 34]. Our study confirmed these findings, 
as we observed major phase-shifts (6–12h) for several clock genes. In-
terestingly and importantly, effects on gene expression rhythms in 
skeletal muscle were completely different. In animals with restricted 
access to food during the light phase, all muscle clock genes investi-
gated demonstrated a loss of rhythmicity. The present data are in line 
with a similar study in rats that were on restricted daytime feeding for 
only 3 weeks, which also described different responses by liver and 
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muscle [31]. From these data, we conclude that shifting the timing of 
food intake results in long-term desynchronization between metaboli-
cally important peripheral organs, such as liver and muscle.

Ex vivo analysis of tissue from PER2:LUC mice, which were exposed 
to a 2-week protocol with 4h of food access per day, showed shifting of 
PER2 bioluminescence and thereby suggested that also the skeletal mus-
cle molecular clock entrains to food availability [35]. Other studies have 
investigated the ability of locomotor activity to entrain the muscle clock. 
Cells in skeletal muscle, obviously, are sensitive to locomotor activity 
and, indeed, (scheduled) activity has been shown to entrain the molecu-
lar clock within muscle tissue in mice [36] and in humans [37, 38]. From 
this limited number of studies on muscle clock entrainment, it can be 
concluded that both food and activity can be Zeitgebers for muscle tissue, 
but locomotor activity may be the stronger one. Although LF- animals 
demonstrated more diurnal locomotor activity compared to the AL- and 
DF- groups, their activity rhythm did not reverse completely. Most likely, 
this is a result of the SCN remaining entrained to the light/dark cycle and 
thereby maintaining the nocturnal drive to be active. The incomplete 
shift of locomotor activity induced by daytime-restricted feeding in our 
study resulted in locomotor activity being equally distributed over the 
L/D-cycle and subsequent a-rhythmicity of the muscle clock. The meta-
bolic muscle genes tested in our study all except one, i.e., Ucp3, demon-
strated a-rhythmicity after light phase feeding. This suggests that also 
the metabolism related genes in muscle are controlled mainly by loco-
motor activity, or by the muscle circadian clock. On the other hand, the 
opposite rhythm of Ucp3 expression indicates that at least part of the 
metabolic genes may be controlled primarily by systemic signals related 
to food intake. It is assumed that the presence of a circadian molecular 
clock in peripheral tissues such as muscle, liver and intestine locally con-
trols the daily expression pattern of enzymes, receptors and transport-
ers. Through this mechanism, circadian oscillations emerge in glucose 
and lipid absorption, oxidation and storage, among other things [39–43]. 
Harfmann et al. described how muscle and liver are essential elements 
of glucose metabolism and contain genes involved in insulin sensitivity, 
glucose production and glucose uptake as components of this homeo-
static system [35]. Several of those genes show peak expression aligned 
to each other, whereas other genes show a reversed phase between dif-
ferent organs. This finely organized system is responsible for constant 
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insurance of energy availability and responses to energetic challenges 
that an organism faces during a 24h day. It is clear that glucose home-
ostasis can only be ensured when the rhythms of glucose production by 
the liver and glucose uptake by muscle are well synchronized. Our cur-
rent results show that during daytime feeding the rhythms of these two 
organs are not synchronized anymore, at least at the level of gene expres-
sion. If a similar mismatch of rhythms also occurs at the protein level, it 
is easily imaginable that glucose homeostasis may not be ensured. Func-
tional consequences of disruption in the muscle clock have not been 
investigated extensively yet, but Bmal1 muscle-specific knockout mice 
showed impaired insulin sensitivity and glucose metabolism [44]. In the 
long run these changes may contribute to the observed increased lipo-
genesis in LF-animals and to increased adiposity as a long-term effect.

In conclusion, with this study we show that eating at the wrong time-
of-day, as usually occurs under shift work conditions, disturbs normal 
physiology at many levels. Contrary to our hypothesis, the orexin sys-
tem in the lateral hypothalamus was not affected, at least not at the 
level of gene expression. On the other hand, clock gene rhythms in the 
lateral hypothalamus were disturbed by daytime feeding. However, it is 
not known yet what, if any, functional consequences there are of these 
disturbed clock gene rhythms. In the periphery, an obvious difference 
was noted between clock gene rhythms in liver and muscle. Clock and 
metabolic gene rhythms in liver showed a 6–12h phase-shift in or-
der to adapt to the daytime feeding. The amplitude of metabolic gene 
rhythms was enhanced. On the other hand, in muscle, daytime feeding 
caused a complete abolition of clock and metabolic gene rhythms. The 
adverse changes in whole body metabolism (i.e., adiposity) indicate 
that this mismatch between liver and muscle may have serious meta-
bolic consequences, although a causal connection has yet to be proven.
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ABSTRACT

Shiftworkers are exposed to several adverse health conditions, one be-
ing eating at night. Food consumption at an unnatural time-of-day is 
thought to be one of the main factors responsible for the increased risk 
of developing metabolic diseases, such as obesity and diabetes melli-
tus. The underlying mechanism is considered to include disruption of 
the circadian organization of physiology, leading to disruption of me-
tabolism. When food is consumed at night, the hypothalamus, a brain 
region central to homeostasis, receives contradicting input from the 
central clock and the systemic circulation. This study investigated how 
timing of feeding affects hypothalamic function by studying, in dif-
ferent hypothalamic nuclei, expression of clock genes and key neuro-
peptide genes involved in energy metabolism, including orexin, mel-
anin-concentrating hormone and neuropeptide Y. Animals with food 
available ad libitum showed diurnal variation in the expression of clock 
genes Per1 and Per2 in the perifornical area and arcuate nucleus. Clock 
gene rhythms were lost in both nuclei when food was restricted to the 
light (i.e., sleep) period. Neuropeptide genes did not display significant 
daily variation in either feeding groups, except for orexin-receptor 1 in 
ad libitum animals. Analysis of genes involved in glutamatergic and 
GABAergic signalling did not reveal diurnal variation in expression, 
nor effects of feeding time. In conclusion, feeding at the ‘wrong’ time-
of-day not only induces desynchronization between brain and body 
clocks but also within the hypothalamus, which may contribute fur-
ther to the underlying pathology of metabolic dysregulation.
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INTRODUCTION

Daily rhythms in physiology and behaviour exist in many organisms, 
from cyanobacteria to humans. In mammals, these daily rhythms are 
driven by the suprachiasmatic nucleus (SCN) within the brain: the cen-
tral and endogenous generator of approximately 24h (i.e., circadian) 
rhythms. The molecular mechanism of the endogenous circadian 
pacemaker is composed of rhythmic transcription and translation of 
interlocking negative feedback loops, including Bmal1, Clock, and Rorα 
as positive and Cry, Per and Rev-erbα as negative elements [1, 2]. In ad-
dition to the central clock in the SCN, this molecular clock mechanism 
is also present in most peripheral tissues, so-called peripheral clocks. 

Synchronizing internal rhythmicity with environmental time is es-
sential to optimally prepare the body for predictable daily challenges. 
Environmental light is the most dominant stimulus to synchronize the 
central clock in the SCN with environmental time [3, 4]. But besides 
the light/dark cycle, mammals also use non-photic stimuli to entrain 
the circadian timing system [2]. Non-photic stimuli such as feeding 
and locomotor activity mainly impact the peripheral clocks. Hypothet-
ically, entrainment stimuli such as exercise or food consumption dur-
ing the resting/fasting phase, deliver contradicting inputs to the cir-
cadian timing system. These conflicting stimuli may lead to abnormal 
daily rhythms of clock and metabolic functions, which eventually may 
contribute to development of metabolic diseases. Conflicting entrain-
ment stimuli occur frequently in shift workers, and indeed epidemi-
ological studies have shown an increased risk to develop metabolic 
health problems, such as obesity and diabetes type 2, in shift workers 
[5, 6]. Furthermore, experimental studies in rats reported that, for in-
stance, ‘working’ and eating during the sleep phase induced a loss or 
reversal of daily rhythms in plasma glucose and triglyceride concentra-
tions, which may be responsible for the increased adiposity observed 
in these animals [7]. In addition, in mice, daytime feeding resulted in 
body weight gain due to an increased calorie intake, whereas locomo-
tor activity remained the same [8]. These metabolic disturbances were 
always accompanied by abnormal daily rhythms of clock gene expres-
sion in peripheral organs, such as liver, muscle and adipose tissue. An-
imal studies have shown that daytime feeding (i.e., during the inac-
tive phase) fully reversed daily rhythms of clock and metabolic gene 



114 Effects of feeding time on hypothalamic neuropeptide and clock gene rhythms

expression in the liver [9–12]. Though, daily rhythms of peripheral 
clock gene expression were strongly influenced by the timing of feed-
ing, hardly any alterations were found in the central SCN clock [13–15], 
confirming the distinct pathways of entrainment for different ele-
ments of the circadian timing system.

Hypothalamic nuclei execute numerous functions important to main-
taining energy homeostasis, including regulation of the feeding/fasting 
rhythm [16], sleep/wake cycle, energy balance, and hormone secretion 
[17]. The highly heterogenic nature of hypothalamic structures includes 
the presence of numerous neuropeptides involved in energy homeosta-
sis. For instance, orexin (ORX) [18], also known as hypocretin [19], and 
melanin-concentrating hormone (MCH), are neuropeptides produced 
in the perifornical area (PeF) of the lateral hypothalamus (LH) [18, 20], 
albeit in separate neuron populations [21–23]. Both peptides are orexi-
genic [24, 25] and are oppositely involved in the control of the mamma-
lian sleep/wake cycle [26–28] and glucose metabolism [29]. Another key 
nucleus involved in the regulation of feeding behaviour is the arcuate 
nucleus (ARC) containing, amongst others, neuropeptide Y (NPY) pro-
ducing neurons. NPY has a strong stimulatory effect on food intake [30], 
influences the energy balance and glucose metabolism [31–33] and acts 
on the ORX- and MCH-neurons in the PeF [34]. A first attempt to study 
the hypothalamic reaction to conflicting input showed area-specific re-
sponses in animals forced to be active [35] or feed [36–38] during their 
normal sleep phase.

Balancing the excitatory glutamatergic and inhibitory  γ-aminobuteric 
acid (GABA)ergic neurotransmission in hypothalamic areas is an im-
portant SCN output mechanism [39]. Abundant presence of both the 
vesicular glutamate (vGlut2) and GABA transporter (vGat) has been 
reported in the LH, including on ORX- and MCH-producing neurons 
[40, 41]. Moreover, disruption of GABA functioning in the LH has been 
shown to disrupt ORX-mediated glucose control [42] and sleep [43]. 

Until now, there have only been limited studies on how the molecular 
clocks within these SCN target areas respond to conflicting entraining 
signals such as eating at the ‘wrong’ time-of-day (i.e., during the sleep 
period). We hypothesized that such conflicting signals will disturb the 
molecular clocks in these hypothalamic nuclei and subsequently their 
homeostatic functions. Therefore, we investigated whether alterations 
in the timing of food intake, known to affect entrainment of peripheral 
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clocks in liver and muscle, would affect the molecular clock and neuro-
peptide expression in SCN target areas. We studied the daily variation 
in the expression of clock (Per1, Per2 and Bmal1) and orexigenic (Orx, 
Orx receptors, Mch and Npy) genes in the PeF and ARC of male rats. Fur-
thermore, we studied whether feeding time affects the expression of 
genes involved in synaptic glutamate/GABA neurotransmission (vGat, 
vGlut2 and the chloride channel transporter Clc3) in the PeF.

MATERIALS AND METHODS

Animals and housing
The material for the current publication is derived from the previ-
ously published study by Reznick et al. [10]. For the current study, only 
brains were included from animals fed with regular chow (Rat mainte-
nance Diet, including 8% fat, 21% protein and 71% carbohydrate plus 
fibre, vitamins and minerals; Gordon’s Specialty Feeds, Sydney Aus-
tralia) from two groups of adult male Wistar rats (Animal Resources 
Centre, Perth, Australia): 

1) Ad libitum (ALF); animals fed ad libitum, these animals consumed 
~90% of their food during the dark phase;

2) Daytime fed (DTF); animals fed during daytime with food availa-
ble when lights were on (ZT0) to lights off (ZT12).

Water was available ad libitum for both groups. All experimental pro-
cedures performed were approved by the Animal Ethics Committee (Gar-
van Institute of Medical Research/St Vincent’s Hospital, Darlinghurst, 
Australia) and were in accordance with the National Health and Medical 
Research Council of Australia’s guidelines on animal experimentation.

Brain collection and brain areas separation
After four weeks on the feeding regime, rats were assigned to groups to 
be sacrificed at 3h intervals over the 24h period. Rats were sacrificed at 
ZT0, 3, 6, 9, 12, 15, 18 and 21, brains were immediately removed, placed 
on an aluminium plate cooled on dry ice, and stored at −80°C until 
brain area dissection. Each time point comprises 5–10 animals per feed-
ing group. The brains were sent to the Netherlands, and after arrival in 
Amsterdam, brains were sectioned into 250μm slices at −20°C with a 
cryostat (Leica CM 1950) and brain slices were soaked directly into RNA 
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later (Ambion, Waltham, MA, USA). Bilateral punches from the perifor-
nical area of the lateral hypothalamus (PeF) and arcuate nucleus (ARC) 
were obtained using a 1mm diameter needle and collected into tubes 
with green beads (Roche, Basel, Switzerland). Approximately 8 bilat-
eral PeF punches (bregma −2.40 to −3.84) and 4 bilateral ARC punches 
(bregma −1.72 to −3.12) were collected and homogenized by MagNA ly-
ser Green beads (30secs, 6500g, Roche, Basel, Switzerland) and stored 
in −80°C until RNA isolation.

RNA isolation and cDNA synthesis
Total RNA was isolated from brain punches using RNA isolation kit 
(ALF animals: high pure RNA tissue kit, Roche, USA; DTF animals: 
RNA, DNA & Protein purification kit, Bioké, the Netherlands) accord-
ing to manufacturer’s instructions. RNA levels were detected by UV 
spectrophotometer (DS-11, DeNovix, USA). Equal amounts of total RNA 
in the same brain area among both groups were reverse transcribed us-
ing Transcriptor First cDNA Synthesis Kit (Roche, USA) with oligo-  dT 
primers (30min at 55°C, 5min at 85°C). Additional reverse transcriptase 
minus (−RT) controls were randomly chosen and run to control for 
genomic DNA contamination.

Real-time quantitative PCR
The reaction system to measure gene expression using quantitative RT-
PCR is that 2µl 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), primer information is presented in Table 1. The 
qPCR data were first corrected by dividing the absolute expression by the 
mean expression of the whole plate (to correct of inter-plate differences). 
The relative amount of each gene was normalized against the expression 
of Hprt (Hypoxantine-guanine phosphoribosyl transferase) as a house-
keeping gene for both brain areas. Orx, OrxR1, OrxR2, Mch, vGlut2, Clc3 
and vGat were measured in the PeF, Npy was measured in the ARC. The 
clock genes Per1, Per2 and Bmal1 were measured in both brain areas.

Statistical analysis
All analyses were conducted using GraphPad Prism version 7.01 for 
Windows (GraphPad Software, La Jolla, CA, USA) and JTK Cycle software 
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[44]. For technical reasons RNA was prepared with a different protocol 
in the ALF-animals than in the DTF-animals. In order to compare am-
plitude and acrophase between the feeding groups, relative expres-
sion levels were converted to a percentage. This was done by setting the 
average 24h expression of each gene per feeding group at 100%, and 
subsequently converting the relative expression of each animal into a 
percentage. After conversion, the effect of Time in the single treatment 
groups was analysed using One-way ANOVA (Table 2). Furthermore, 
feeding groups were analysed by Two-way ANOVA analysis, for the ef-
fect of feeding group (Treatment), ZT time (Time) and Interaction (Table 4). 

In addition, gene expression in the single treatment groups was an-
alysed using JTK Cycle software to test for rhythmicity (Table 3). Ac-
rophase and p-value were obtained by fitting the data on a curve with a 
fixed 24h period and are only reported for rhythmically expressed genes. 
P-values reported are the result of the F-test, and the 24h rhythm was 
confirmed if p<0.05. JTK Cycle analysis produced equal p-value and ac-
rophase estimation for converted and non-converted data (Table 3: con-
verted data; Supplementary Table 1: non-converted data). Correlation 
analyses were done by calculation of Pearson’s correlation coefficient r 
in GraphPad. Results were considered statistically significant if p<0.05.

Table 1. Primer sequences for RT-qPCR

Gene Forward primer Reverse primer

Bmal1 CCGATGACGAACTGAAACACCT TGCAGTGTCCGAGGAAGATAGC

Per1 CGCACTTCGGGAGCTCAAACTTC GTCCATGGCACAGGGCTCACC

Per2 CACCCTGAAAAGAAAGTGCGA CAACGCCAAGGAGCTCAAGT

Orx TCCTCACTCTGGGAAAGCG CAGGGCAGGGATATGGCTCTA

OrxR1 AGAGAGCAGAGAGCGTTGTAAACC TTCACAGGGACACATTGCTGC

OrxR2 TGTTCAAGAGCACAGCCAAACG GCCAATACCATAAGACACAGGGG

Mch CCACAAAGAACACAGGCTCC GGTCCTTTCAGAGCGAGGTAAG

Npy GACAATCCGGGCGAGGACGC TCAAGCCTTGTTCTGGGGGCA

vGat GGGTCACGACAAACCCAAGA TAGGGTAGACCCAGCACGAA

vGlut2 ATCTGGTAAGGCTGGACACG TAGCGGAGCCTTCTTCTCAG

Clc3 ACTGGGTGCGAGAAAAGTGT AGCCATCCTGACCAAGCATC

Hprt TTGGTCAAGCAGTACAGCCC CTTGCCGCTGTCTTTTAGGC
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RESULTS

Metabolic data of the animals in this study have been published before 
[10] and therefore are not reported here. In short, the authors observed 
that restricting food availability to the light phase induced a decrease in 
food intake without alterations in body weight or adiposity, a reversal 
of the daily RER rhythm and a disruption of the daily locomotor activity 
pattern and the oxygen consumption rhythm. Furthermore, clock and 
metabolic gene expression and protein content were differentially af-
fected in liver and skeletal muscle tissue.

Effects of feeding time on clock gene expression in the perifornical 
area and arcuate nucleus of the hypothalamus
Control animals with food available ad libitum (ALF) demonstrated 
clear daily rhythms for the clock genes Per1 and Per2, but not for Bmal1, 
in the PeF. The rhythmic expression of both Per-genes showed a peak at 
the beginning of the dark phase, at ZT15, and a trough at the beginning 
of the light phase (Fig. 1A, C, E). One-way ANOVA showed a significant 
effect of Time for Per1 and Per2 (both genes p=0.002, Table 2), but not 
for Bmal1 (p=0.507) and JTK Cycle analysis indicated a significant 24h 
rhythm of expression for both Per-genes (Per1: p<0.001; Per2: p=0.009, 
Table 3), but not Bmal1. Animals with food available only during the 
day (DTF) showed pronounced alterations in the expression patterns 
of the clock genes with a loss of rhythmicity in both Per-genes (Fig. 1A, 
C, E, Tables 2–3). Two-way ANOVA analysis to compare ALF- and DTF- 
animals showed significant effects of Time in Per-genes, but no Treat-
ment (i.e., feeding group) or Interaction effects were observed (Table 4).

In the arcuate nucleus, ALF-animals also demonstrated clear daily 
variation in expression of Per1 and Per2, but not Bmal1, with peak ex-
pression at ZT13.5 and ZT15, respectively (Fig. 1B, D, F, Table 3). Signifi-
cant Time effects and JTK Cycle analysis were found for both Per-genes 
(ANOVA Per1: p=0.022; Per2: p<0.001, Table 2; JTK Cycle p<0.001 for 
both genes, Table 3). Again, alterations in the timing of feeding af-
fected clock gene expression and induced a loss of significant rhyth-
mic variation (Fig. 1B, D, F). Comparison between DTF- and ALF-an-
imals revealed a significant Time effect (p<0.001) for Per2 expression 
and a trend for a Time (p=0.089) and Interaction (p=0.077) effect in Per1 
expression (Table 4). In ALF-animals, the amplitude for the rhythm of 
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Per1 expression was larger in the PeF than in the ARC (32.8 vs. 20.5), 
whereas for Per2 this was comparable (22.5 vs. 26.9, Table 3). Daytime 
fed animals showed a lower amplitude in Bmal1 expression in the ARC 
compared to ALF-animals, whereas in the PeF the reverse was observed.
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Figure 1. Clock gene expression in hypothalamic nuclei. Double-plotted 
expression of (A, B) Per1, (C, D) Per2, and (E, F) Bmal1 in perifornical area (left 
graphs) and arcuate nucleus (right graphs) of ad libitum fed (solid lines) and day-
time fed (dashed lines) animals. Data are expressed as mean±SEM, n=5–10 animals 
per data point.
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Effects of feeding time on expression of orexigenic genes in PeF and 
ARC of the hypothalamus
To study whether timing of feeding affects daily expression rhythms of 
neuropeptides involved in energy homeostasis, we measured expres-
sion of Orx, orexin receptors 1 and 2, Mch in the PeF and Npy in the ARC. 
Overall, the amplitude values of neuropeptide expression rhythms 
were lower than those for clock genes. Orx (Fig. 2A) and Orx-receptor2 
(Fig. 2D) did not show significant diurnal variation of expression in the 
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Figure 2. Neuropeptide expression in hypothalamic nuclei. Double-plotted ex-
pression of (A) Orexin, (B) Mch (B), (C) OrxR1 and (D) OrxR2 in perifornical area and 
(E) Npy in arcuate nucleus of ad libitum fed (solid lines) and daytime fed (dashed 
lines) animals. Data are expressed as mean±SEM, n=5-10 animals per data point.
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Table 2. Results of One-way ANOVA analyses on gene expression. One-way 
ANOVA analysis was used to determine the effect of Time in individual feeding 
groups. P value is depicted for relative expression of each gene in perifornical area 
and arcuate nucleus of ad libitum fed (ALF) and daytime fed (DTF) groups. Signifi-
cant results are presented in bold, trends are underlined.

Perifornical area Arcuate nucleus
ALF DTF ALF DTF

Per1 0.002 0.524 Per1 0.022 0.531
Per2 0.002 0.437 Per2 <0.001 0.123
Bmal1 0.507 0.622 Bmal1 0.802 0.624
Orx 0.303 0.435 Npy 0.067 0.852
OrxR1 0.084 0.709
OrxR2 0.597 0.734
Mch 0.059 0.417
vGlut2 0.817 0.494
Clc3 0.318 0.092
vGat 0.702 0.811

Table 3. Results of JTK Cycle analyses on rhythmicity of gene expression. Pa-
rameters of fitted wave of JTK Cycle analysis for 24h rhythm of gene expression in 
perifornical area and arcuate nucleus of ad libitum fed (ALF) and daytime fed (DTF) 
groups. Converted values of gene expression into percentages are used. N.s indi-
cates no significant diurnal variation. Acrophase is only provided if a gene was sig-
nificantly rhythmic. P-value is provided when significant.

p-value Amplitude Acrophase
ALF DTF ALF DTF ALF DTF

PeF
Per1 <0.001 n.s 32.76 20.75 15
Per2 0.009 n.s 22.51 12.99 15
Bmal1 n.s n.s 5.28 12.75
Orx n.s n.s 4.96 2.68
OrxR1 0.005 n.s 10.39 5.48 15
OrxR2 n.s n.s 9.83 9.91
Mch n.s n.s 7.75 5.15
vGlut2 n.s n.s 2.57 7.33
Clc3 n.s n.s 7.01 12.94
vGat n.s n.s 12.99 7.74
ARC
Per1 <0.001 n.s 20.48 9.44 13.5
Per2 <0.001 n.s 26.85 7.85 15
Bmal1 n.s n.s 6.67 1.69
Npy n.s n.s 6.35 4.11
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ALF- or DTF-groups. Mch expression showed a trend (p=0.059) for an 
effect of Time in the ALF-group (Fig. 2B). Orx-receptor1 showed daily var-
iation in expression only in ALF-animals with an acrophase at ZT15 (JTK 
Cycle p=0.005, Table 3, ANOVA Time effect: p=0.084, Table 2, Fig. 2C). 
Comparison between DTF and ALF showed a significant Interaction ef-
fect for Mch (p=0.023) and OrxR1 (p=0.048) expression (Table 4).

None of the feeding groups demonstrated daily variation of Npy ex-
pression in the ARC, only a trend was found in One-way ANOVA analy-
sis of the ALF-animals (p=0.067, Fig. 2E, Table 2, 3).

Effects of feeding time on expression of genes involved with 
glutamate and GABA neurotransmission
In order to investigate the balance of glutamate and GABA neurotrans-
mission, expression of vGlut2, vGat and Clc3 in the PeF punches was 
studied for an effect of feeding time. Individual gene expression of 
vGlut2, vGat and Clc3 did not display significant daily fluctuations in 
either ALF- or DTF-animals (Fig. 3A–C, Table 3). Only a trend was found 
for an effect of Time in daytime fed animals in Clc3 expression (p=0.092, 
Table 2). The ratio of vGlut2/vGat provides an indication of the GABA-
ergic tone [44]. Average 24h levels of this ratio were not different be-
tween the feeding groups (ALF 1.11±0.05; DTF 1.06±0.04). No signifi-
cant effects of Time were found in DTF- (p=0.568) and ALF- (p=0.259) 

Table 4. Results of Two-way ANOVA analyses on the effect of time of feed-
ing on gene expression. Two-way ANOVA was used to detect Treatment (Feeding), 
Time and Interaction effects between ad libitum and daytime feeding groups. Con-
verted values of gene expression into percentages are used. P values are depicted 
for the three terms of the ANOVA and significant results are presented in bold.

Perifornical area Arcuate nucleus
Feeding Time Interaction Feeding Time Interaction

Per1 0.914 0.026 0.192 Per1 0.864 0.089 0.077
Per2 0.872 <0.001 0.455 Per2 0.713 <0.001 0.105
Bmal1 0.867 0.651 0.601 Bmal1 0.848 0.703 0.763
Orx 0.992 0.378 0.125 Npy 0.878 0.228 0.682
OrxR1 0.982 0.208 0.048
OrxR2 0.930 0.589 0.851
Mch 0.973 0.105 0.023
vGlut2 0.967 0.301 0.972
Clc3 0.791 0.107 0.300
vGat 0.996 0.923 0.434
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animals, nor did Two-way ANOVA reveal effects of feeding time (Time 
p=0.345, Feeding p=0.575, Interaction p=0.401, Fig. 3D) on the vGlut2/
vGat ratio. Inhibition by GABA is partly facilitated by CLC3, and, indeed, 
a significant positive correlation between vGat and Clc3 expression was 
observed in DTF-animals, but not in ALF-animals (Fig. 3E). Timing of 
food intake did not affect the negative correlation between GABA to-
nus (i.e., the vGlut2/vGat ratio) and orexin expression (Fig. 3F).

DISCUSSION

In the present study, we show that restricting food intake to an unnatu-
ral time-of-day (i.e., the light phase for rats) induces a loss of all rhythms 
present in the perifornical area and arcuate nucleus during ad libitum 
feeding conditions, both those of clock genes and neuropeptides in-
volved in the control of energy homeostasis. Thus contrary to the SCN 
itself, alterations in feeding time do affect the molecular clock mecha-
nism and neuropeptide expression in the hypothalamic nuclei that are 
targeted by SCN output. The a-rhythmicity of clock gene expression in 
the SCN target areas is most likely a reflection of the contrasting in-
puts received by these brain areas: entrained signals from the SCN and 
partly or completely shifted signals from the periphery. Thus compared 
to the SCN and peripheral clocks, the response of the SCN target areas 
probably best reflects the internal desynchronization caused by the op-
posing entrainment stimuli of feeding during the sleeping phase.

Desynchronization of molecular clocks as a result of opposing en-
training properties has been reported before and different kinds of 
desynchronization have been described after changes in the timing 
of food intake. Peripheral desynchronization has been demonstrated 
to occur between the central and peripheral clocks [13], as well as, be-
tween clocks of different peripheral organs [9, 10]. In addition, internal 
desynchronization has been proposed to occur between clock genes 
and metabolic genes and even within the molecular clock mecha-
nism, between different clock genes [45–47]. The concept of hypotha-
lamic desynchronization is relatively new and has only been studied 
occasionally [9, 35, 48]. Moreover, the interaction between clock genes, 
desynchronization and neuropeptide expression and function is com-
pletely unknown.
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The data in the current study were derived from brains of animals in a 
study comparing ad libitum feeding with daytime feeding, published pre-
viously [10]. Daytime fed animals in that study maintained equal body 
weight compared to animals eating ad libitum, suggesting alterations in 
nutrient absorption and/or oxidation. Daytime feeding affected concen-
trations of hormones, disturbed locomotor activity behaviour and in-
duced desynchronization between two essential metabolic organs, the 
liver and the skeletal muscle. Tissue-specific proteins were differently af-
fected in liver and muscle tissue by daytime feeding, demonstrating also 
functional changes besides changes in mRNA expression. These results 
were quite comparable to those of a previous study of our own using a 
longer period of daytime feeding (8 weeks versus 4 weeks) [9].

In addition to the SCN, other hypothalamic nuclei have also been re-
ported to express components of the molecular clock. The phase, robust-
ness and entraining properties, however, of these other hypothalamic 
clocks remain to be investigated. Localization of the lateral hypothal-
amus (LH) and arcuate nucleus (ARC) nearby the SCN, and the well- 
reported connectivity with the SCN, suggests strong influences of the 
SCN on these two brain regions. On the other hand, in vitro studies indi-
cate these rhythms to be independent of the SCN [49, 50]. Several studies 
have demonstrated that the SCN itself does not change its rhythmicity 
with alterations in the timing of food intake [13, 36]. On the other hand, 
the current and other studies [38] have shown that hypothalamic nuclei 
such as the LH [9] and ARC [48] are sensitive to changes in feeding time. 
For instance, daytime feeding was shown to reverse the daily rhythms 
of PER1 and PER2 protein expression in the dorsomedial hypothalamus 
(DMH) [51, 52], and affect diurnal gene expression levels of Per1, Per2 and 
Bmal1 in the PVN [53] and DMH [54] in mice. Our data are in line with the 
latter observations, as daily variation in Per1 and Per2 gene expression 
was lost in both the LH and the ARC by daytime feeding.

The hypothalamus is recognized for its metabolic functions, strate-
gically located near the third ventricle to sense fluctuations in energy 
levels immediately and respond accordingly by stimulating or inhibit-
ing food intake, sleep and activity, glucose production and body tem-
perature. Orexin and MCH, two of the neuropeptides contributing to 
this homeostasis and produced in the perifornical area of the LH, did 
not show a significant daily variation at the mRNA level in the cur-
rent study. For orexin, this agrees with our previous report [9] and two 



126 Effects of feeding time on hypothalamic neuropeptide and clock gene rhythms

previous studies in mice [55, 56]. However, these observations are not 
in line with another study showing daily oscillations in prepro-orexin 
[57], as well as reports of rhythmic orexin peptide levels in the cerebro-
spinal fluid [58–60] and the number of orexin-containing neurons [61]. 
Limited data are available on rhythmic expression of MCH peptide or 
mRNA, but in mice daily variation in hypothalamic Mch expression [56] 
and peptide concentrations [62] have been reported. Furthermore, di-
rect projections from the SCN to MCH neurons have been shown [62], 
suggesting them to be under circadian control. Changes in the timing 
of food intake did not induce major alterations in orexin and Mch ex-
pression. In our study, we did not measure peptide concentrations, and 
therefore it is possible that the orexin or MCH system is affected at the 
level of peptide production, release or function. Congruent with our 
previous study [9], OrxR1 was significantly rhythmic only in control ani-
mals with an acrophase at ZT15. This rhythm was lost in the daytime fed 
group, whereas no changes were observed in OrxR2 mRNA expression.

Previously it has been proposed that the daily rhythmicity of the 
orexin system is controlled by the GABAergic and glutamatergic out-
put from the SCN [42], and low GABA activity, occurring naturally dur-
ing the dark phase or induced by bicuculline infusion, increases orexin 
activity [43]. The negative correlation between orexin mRNA and the 
ratio of glutamate transporters over GABA transporters we observed, 
indicates increased orexin mRNA expression with increasing GABAer-
gic transmission. The unexpected direction of this correlation probably 
is explained by the fact that the peak activity of orexin mRNA expres-
sion is in opposite phase with the peak of peptide expression [57], as 
well as with extracellular orexin concentrations [59] and neuronal ac-
tivity of orexin neurons [61, 64]. The latter three peak during the dark 
(i.e., active) phase in nocturnal animals. Thus the negative correlation 
between the vGlut2/vGat ratio and orexin mRNA expression indicates 
more orexin release with lower GABA transmission. Studying the daily 
variation of the ratio of vGlut2/vGat expression indeed shows a lower 
ratio, i.e., more orexin mRNA but less orexin release, during the light 
period. The data in Fig. 3D also suggest that the time of the highest 
GABA tone shifted from the early light phase to the mid dark phase by 
daytime feeding, but these changes were not significant. Moreover, the 
relation between vGlut2/vGat and orexin mRNA was also not affected 
by feeding time (Fig. 3F).
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NPY neurons in the arcuate nucleus have been studied extensively 
for their role in feeding behaviour and are considered to act in part via 
the MCH- and orexin neurons in the LH [24, 65]. Several studies have 
shown (a trend towards) significant daily variation in Npy mRNA ex-
pression in ad libitum fed animals [56, 66–69]. Also in the current study, 
we only found a trend towards a significant effect of time-of-day.

The hypothalamic neuropeptides Orexin, Mch and Npy studied in 
this experiment did not show statistical significant daily variation of 
mRNA expression levels. Rhythmicity of the neuropeptides has been 
reported in cerebrospinal fluid [58–60, 70, 71], neuronal activity [48, 61] 
or in tissue [72], but likely it is more difficult to detect similar changes 
in mRNA expression. This might be due to post-transcriptional pro-
cesses, to the heterogeneity of the tissue punches or to the method of 
estimation. Absence of rhythmicity in ad libitum fed animals, for ei-
ther methodological or biological reasons, increased the challenge to 
observe effects of timing of food intake. Future experiments including 
other techniques should be done before discarding the idea that food 
timing affects these peptidergic systems.

Thus contrary to the SCN, restricting feeding time to the light phase 
induces significant changes in clock gene expression rhythms in SCN 
target areas, with all genes losing their rhythmicity. Daily rhythms in 
neuropeptide expression in SCN target areas were non-significant, but 
comparable reductions in amplitude were observed. Literature data 
support interactions between the molecular clock and hypothalamic 
neuropeptide expression. For instance, absolute expression and diur-
nal variation in, amongst others, orexin expression was affected in the 
hypothalamus of Clock mutant mice [73].

CONCLUSION

This study highlights that time-dependent food intake strongly influ-
ences the molecular clock in hypothalamic SCN target areas. Thus al-
though the molecular clock of the SCN itself seems to be insensitive 
for feeding at the wrong time-of-day, the hypothalamic clock in SCN 
target areas is clearly affected. ‘Wrong’ timing of food intake occurs 
frequently in large populations around the world, and literature is in-
creasing on which levels of physiology are influenced by food timing, 
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and possibly contribute to the increased risk of metabolic health prob-
lems. With this study, we emphasize the importance of including the 
hypothalamus, the epicentre of homeostatic regulation, in the hypoth-
esis that circadian desynchronization underlies metabolic disruption.
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SUPPLEMENTARY TABLE 1. Results of JTK Cycle analyses on the effect of 
time of feeding on rhythmicity of non-converted gene expression. Parame-
ters of fitted wave of JTK Cycle analysis for 24h rhythm of gene expression in PeF 
and ARC of ad libitum fed (ALF) and daytime fed (DTF) groups. Absolute gene ex-
pression, corrected by housekeeping gene, are used. N.s indicates no significant 
diurnal variation. Acrophase is only provided if a gene was significantly rhythmic. 
P-value is provided when significant, p<0.05.

p-value Amplitude Acrophase
ALF DTF ALF DTF ALF DTF

PeF
Per1 <0.001 n.s 0.35 0.09 15
Per2 0.009 n.s 0.23 0.11 15
Bmal1 n.s n.s 0.05 0.08
Orx n.s n.s 0.05 0.02
OrxR1 0.005 n.s 0.28 0.03 15
OrxR2 n.s n.s 0.11 0.07
Mch n.s n.s 0.08 0.05
vGlut2 n.s n.s 0.03 0.06
Clc3 n.s n.s 0.07 0.11
vGat n.s n.s 0.12 0.07
ARC
Per1 <0.001 n.s 0.20 0.10 13.5
Per2 <0.001 n.s 0.26 0.09 15
Bmal1 n.s n.s 0.07 0.02
Npy n.s n.s 0.06 0.05
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ABSTRACT

Aims/hypothesis Exposure to light at night (LAN) has increased dramat-
ically in recent decades. Animal studies have shown that chronic dim 
LAN induced obesity and glucose intolerance. Furthermore, several 
studies in humans have demonstrated that chronic exposure to artifi-
cial LAN may have adverse health effects with an increased risk of met-
abolic disorders, including diabetes type 2. It is well known that acute 
exposure to LAN affects biological clock function, hormone secretion 
and the activity of the autonomic nervous system, but data on the ef-
fects of LAN on glucose homeostasis are lacking. This study aimed to 
investigate the acute effects of LAN on glucose metabolism.

Methods Male Wistar rats were subjected to intravenous glucose or in-
sulin tolerance tests while exposed to 2h of LAN in the early or late dark 
phase. In subsequent experiments, different light intensities and wave-
lengths were used.

Results LAN exposure early in the dark phase at ZT15 caused increased 
glucose responses during the first 20 minutes after glucose infusion 
(p<0.001), whereas LAN exposure at the end of the dark phase, at ZT21, 
caused increased insulin responses during the first 10 minutes (p<0.01), 
indicating that LAN immediately induces glucose intolerance in rats. 
Subsequent experiments demonstrated that the effect of LAN was both 
intensity- and wavelength-dependent. White light of 50 and 150 lx in-
duced greater glucose responses than 5 and 20 lx, whereas all intensi-
ties, but 5 lx, reduced locomotor activity. Green light induced glucose 
intolerance, but red and blue light did not, suggesting the involvement 
of a specific retina–brain pathway.

Conclusions/interpretation Together, these data show that exposure to 
LAN has acute adverse effects on glucose metabolism in a time-, inten-
sity- and wavelength-dependent manner.
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INTRODUCTION

Electric lighting is widely used around the world, but possible harmful 
effects of the presence of light 24h a day 7 days a week have become 
apparent only recently. In particular, the use of light at night (LAN) is 
considered potentially disruptive, as organisms are not physiologically 
prepared to deal with light signals during the night. Light is caught 
by the eyes and transformed into electrical signals by retinal recep-
tors and conducted through the optic nerves to the brain areas impor-
tant for vision, autonomic functions and circadian timing. Historically, 
sunlight would be mainly responsible for these functions, but artificial 
light with the appropriate wavelength and intensity may mimic the ef-
fects of sunlight.

Exposure to LAN has been correlated with an increased risk of devel-
oping obesity [1, 2], diabetes mellitus [3] and dyslipidaemia [2] in hu-
mans. In addition, rodent studies showed that chronic exposure to LAN 
reduces the amplitude of the sleep/wake rhythm [4–6], increases body 
weight and decreases glucose tolerance [4, 5]. Acute exposure to LAN has 
been shown to alter the profiles of the hormones melatonin and corti-
costerone [7, 8]. Moreover, LAN alters clock gene expression in the hy-
pothalamic circadian clock [9], and affects gene expression in peripheral 
organs [7, 10]. Light is the most important cue for the circadian clock to 
synchronise its endogenously generated rhythmic activity with the en-
vironmental light/dark cycle. The clock, located in the suprachiasmatic 
nucleus (SCN), transmits timing information to downstream targets via 
hormones and the autonomic nervous system (ANS) to optimally pre-
pare the organism for regular daily changes. For example, the SCN di-
rectly controls glucose homeostasis, including basal glucose levels and 
glucose tolerance [11, 12], at least partly through the ANS [13].

Visual and non-visual effects of light are mediated initially by retinal 
cells. Intense research into the non-visual effects of light revealed the 
existence of a novel retinal photoreceptor, the intrinsically photosensi-
tive retinal ganglion cells (ipRGCs), that express the photopigment mel-
anopsin [14, 15]. Knowledge of rods and cones is well established, and 
these cells are still considered to be the most important photoreceptors 
for vision, with rods being dominantly active in dim light and cones in 
bright light conditions. The ipRGCs provide the majority of retinal in-
put to non-visual brain structures and dominantly innervate the SCN, 
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providing information essential for circadian physiology [14]. However, 
the visual and non-visual pathways are not completely separate entities, 
as ipRGCs also receive indirect input from rods and cones [14, 16, 17].

The correlation between LAN and metabolic disorders together with 
the power of light to control the SCN and downstream targets led to 
the development of a hypothesis that LAN affects glucose homeostasis. 
The current study tested this hypothesis by subjecting Wistar rats to 
glucose and insulin tolerance tests during acute LAN at the beginning 
and end of the dark phase. As a secondary objective, we investigated 
glucose intolerance induced by acute LAN exposure in the early dark 
phase as a function of light intensity and wavelength.

MATERIALS AND METHODS

Animals and housing
Male Wistar rats (Charles River Breeding Laboratories, Sulzfeld, Ger-
many) weighing 300–350g were maintained under a controlled 12/12 
light/dark cycle (lights on 07:00, Zeitgeber Time 0 (ZT0); lights off 
19:00, ZT12), with ad libitum access to water and a regular chow diet 
(Teklad Global Diet, Harlan, Horst, the Netherlands), unless stated oth-
erwise. Red dim light (max. 5 photopic lux [lx]) was present in the room 
during the dark phase, whereas mixed white fluorescent light (max. 
150lx) was present during the light phase. All experimental procedures 
were performed in accordance with the Council Directive 2010/63EU of 
the European Parliament and the Council of 22 September 2010 on pro-
tection of animals used for scientific purposes. All experimental pro-
cedures were approved by the Animal Ethics Committee of the Royal 
Dutch Academy of Arts and Sciences (KNAW, Amsterdam, the Nether-
lands) and in accordance with the guidelines on animal experimenta-
tion of the Netherlands Institute for Neuroscience.

Experimental design
After adaptation to the animal facility, all rats, except the experimen-
tal groups for locomotor activity recordings, were anaesthetised with 
80mg/kg ketamine (Eurovet Animal Health, Bladel, the Netherlands), 
8mg/kg Rompun (xylaxine, Bayer Health Care, Mijdrecht, the Nether-
lands) and 0.1mg/kg atropine (Pharmachemi, Haarlem, the Netherlands). 
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Subsequently, an intra-atrial silicone catheter was implanted unilaterally 
in the jugular vein and fixed on the skull [12]. Animals were left to recover 
for at least 1 week before the start of experiments. To study whether LAN 
affects glucose or insulin tolerance, animals were exposed to 2h of light 
during which an IVGTT or intravenous insulin tolerance test (IVITT) 
[12] was performed. Food was removed 2.5h prior to the tests. In a ran-
domly assigned crossover design, all animals included in the final data 
sets were tested twice, once under control (i.e., dim red light) and once 
under experimental (i.e. LAN) conditions, with a 1-week recovery period 
between. Animals with incomplete recovery of body weight or blockage 
of the catheter were excluded from the experiment.

Experiment 1 — timing
Animals were randomly assigned to one of two groups to study the ef-
fects of LAN (white light ~125±25lx) on glucose tolerance: 

• Group 1A (n=11) ZT15: under LAN conditions the light was turned 
on from ZT14–16 and the IVGTT started at ZT15, and under control 
conditions the IVGTT started at ZT15; or

• Group 1B (n=10) ZT21: under LAN conditions the light was turned 
on from ZT20–22 and the IVGTT started at ZT21, and under con-
trol conditions the IVGTT started at ZT21.

Two additional groups of animals were used to study insulin tolerance 
using an IVITT under the same light conditions as described for groups 
1A and 1B:

• Group 1C (n=13) were exposed to light conditions of group 1A and 
IVITT started at ZT15; or

• Group 1D (n=7) were exposed to light conditions of group 1B and 
IVITT started at ZT21.

Experiment 2 — intensity
Four groups were included to study the effect of different light intensi-
ties. The conditions were similar to Experiment 1A: mixed white LAN 
from ZT14–16 and an IVGTT started at ZT15. Animals were randomly 
assigned to one of four groups: 
Group 2A (n=10): 5lx, 
Group 2B (n=7): 20lx, 
Group 2C (n=9): 50lx; or 
Group 2D (n=9): 150lx.



142 Light at night acutely impairs glucose tolerance in rats

To study the effects of LAN on locomotor activity, four additional 
groups of animals were solitary housed in transparent cages to record 
locomotor activity with pressure plates [12]. Each measurement in-
cluded 48h continuous recording with 6min intervals. In the first 24h, 
locomotion was measured while animals were exposed to the normal 
(12/12) lighting schedule. In the second 24h recording period, animals 
were exposed to LAN from ZT14–16. LAN exposure during this 2h pe-
riod was at 5lx (n=7), 20lx (n=5), 50lx (n=6) or 150lx (n=6).

Experiment 3 — wavelength
Four groups were included to study the effects of wavelength. The con-
ditions were similar to Experiment 1A. Animals were randomly as-
signed to one of four groups and exposed to
Group 3A (n=9): white light ranging from 400–700nm, 
Group 3B (n=9): blue light with a peak at 457nm, 
Group 3C (n=8): green light with a peak at 520nm; or 
Group 3D (n=10): red light with a peak at 633nm.

Four additional groups of animals were included as described in Ex-
periment 2 to study the effects of wavelength on locomotor activity. 
LAN exposure was the same as for the IVGTTs: white (n=8), blue (n=9), 
green (n=9) or red (n=9).

Light exposure
White light exposure during Experiments 1 and 2 was done with 
SMD3528 light-emitting diodes (LEDs; Watshome). Light exposure of 
different wavelengths in Experiment 3 was done with SMD5050 LEDs 
(Watshome). Adhesive strips of LEDs were attached to in-house-built 
plastic walls surrounding the animal cages with horizontal light expo-
sure at eye level of the animals. LEDs were controlled by software built 
in-house. The illuminance of the light for the different conditions in 
Experiment 3 was adjusted such that photon flux and irradiance were 
similar between LAN conditions (see Table 1 and Supplementary Fig. 1 
for irradiance spectrum [18]).

Plasma measurements
Blood samples were cooled after collection, subsequently centrifuged 
(4°C, 1699×g, 15min) and plasma was stored at −20°C until further anal-
ysis. Plasma glucose concentrations were determined immediately 
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after blood sampling with a blood glucose monitoring system (Free-
Style Freedom-Lite, Abbott Diabetes Care, Alameda, CA, USA). Radi-
oimmunoassays were used according to the manufacturer’s protocol 
to measure plasma insulin concentrations (Millipore, St Charles, MO, 
USA) and plasma corticosterone concentrations (MP Biomedicals, 
Santa Ana, CA, USA). Samples with incomplete duplicates due to tech-
nical reasons were excluded from the data.

Statistical analysis
All data are expressed as means ± SEM. Paired t tests were used to de-
tect group differences in baseline concentrations for glucose (Exper-
iments  1,  2, 3), insulin (Experiments 1, 3) and corticosterone (Experi-
ments 1, 3). Paired t tests were also used to detect group differences in 
locomotor activity in Experiments 2 and 3. A repeated measures Two-
way ANOVA was used to test for effects of Treatment (control or LAN), 
Time or Interaction (Treatment x Time) on the responses of glucose (Exper-
iments 1, 2, 3), insulin (Experiments 1 and 3) and corticosterone (Exper-
iments 1 and 3). If a Treatment or Interaction effect was found, post hoc 
Sidaks multiple comparisons tests were used to determine differences 
between light conditions at individual time points. The net AUC was de-
termined from 0–60min using the trapezoid rule. Delta values are calcu-
lated by subtracting the baseline (t=0min) from each time sample (t=5, 
10, 20, 30 and 60min) raw data value. Paired t tests were used to detect 
group differences in AUC for glucose (Experiments 1, 2, 3), insulin (Exper-
iments 1, 3) and corticosterone (Experiments 1, 3). All statistical analyses 

Table 1. Spectral sensitivity of light conditions used in experiment 3. All 
data based on the rodent-toolbox provided by Lucas et al 2014 [18]. The upper rows 
represent weighted contribution of rodent retinal photopigments (S-cone, ipRGC 
[melanopsin], rod, M-cone) in α-opic rodent lux. The lower rows represent un-
weighted characteristics of the LEDs (irradiance, photon flux).

Retinal photopigment complement White Blue Green Red
S-cone (rNsc[λ]) 0.41 1.46 0.17 0.08
Melanopsin (rNz[λ]) 52.61 265.07 150.85 1.40
Rod (rNr[λ]) 64.08 202.74 212.35 1.50
M-cone (rNmc[λ]) 72.84 168.80 232.98 2.10
Irradiance (µW/cm²) 46.01 52.95 47.24 23.23
Photon flux (1/cm²/s) 1.35x1014 1.28x1014 1.28x1014 0.74x1014
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were performed with GraphPad Prism version 7.01 for Windows (Graph-
Pad Software, La Jolla, CA, USA) using a significance level of p<0.05.

RESULTS

Experiment 1 — Timing
Effects of acute exposure to LAN on glucose homeostasis were tested by 
exposing rats to 2h light at the beginning (ZT14–16) or end (ZT20–22) of 
the dark phase. In the early dark phase (ZT15), LAN induced increased 
plasma glucose levels after glucose infusion (Fig. 1A, B). No signifi-
cant differences were observed for insulin (Fig. 1E, F). In the late dark 
phase (ZT21), LAN caused a trend towards increased plasma glucose 
(Fig.  1C,  D). In contrast to ZT15, insulin plasma levels were increased 
by LAN at ZT21 after glucose infusion (Fig. 1G), resulting in a trend to-
wards a higher AUC for insulin (Fig. 1H). Corticosterone responses were 
unaffected by LAN at ZT14 or ZT20 (Table 2). 

Tolerance tests were initiated at the start of the second hour of the 
light exposure; therefore, baseline samples (t=0min) were obtained af-
ter 1h light exposure (both ZT15 and ZT21). Baseline glucose concen-
trations were unaffected by 1h LAN at both time points (Fig. 2A). Base-
line insulin concentrations tended to be lower both at ZT15 and ZT21 
(Fig. 2B). Baseline levels of corticosterone were slightly reduced by LAN 
at ZT15 and showed a trend towards decreased levels at ZT21 (Fig. 2C).

To investigate whether LAN affects insulin sensitivity, animals were ex-
posed to an IVITT. LAN did not induce changes in plasma glucose concen-
trations after insulin infusion at ZT15 (Fig. 3A, B) or ZT21 (Fig. 3D, E). Also, 
corticosterone responses were not different between control and LAN 
conditions. Baseline concentrations of glucose (ZT15 Fig. 3C, ZT21 Fig. 3F) 
and corticosterone (ZT15: 41±9 in control vs. 70±19 in LAN, p=0.2318; 
ZT21: 41±16 vs. 61±27, p=0.3881) were unaffected by LAN at both time 
points. The statistical analyses of Experiment 1 are reported in Table 2.

Experiment 2 — Intensity
The effects of LAN on glucose tolerance were largest in the early dark 
phase (at ZT15) and therefore this time point was chosen to further in-
vestigate the characteristics of light-induced glucose intolerance. Four 
different light intensities were used to test whether the effects of light on 
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Figure 1. LAN decreases glucose tolerance at ZT15 and increases insulin 
responses at ZT21. (A, B) LAN from ZT14–16 decreased glucose tolerance with 
higher glucose concentrations and (E, F) unchanged insulin responses. (C, D) LAN 
from ZT20–22 did not affect plasma glucose concentrations (AUC p=0.08), but (G, 
H) increased insulin concentrations (AUC p=0.059). AUC figures show the group 
mean on the left and individual animals on the right. Control (C), solid lines, black 
columns and symbols; LAN, dashed lines, white columns and symbols. *p<0.05, **p<0.01, 

***p<0.001
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glucose tolerance depend on intensity. Significantly higher peaks were 
found after glucose infusions in 50 and 150lx conditions when com-
pared with 5 and 20lx (Time p<0.0001; Treatment [intensity] p=0.0125; 
Interaction [intensity × Time] p=0.0066). A significant Treatment effect 
was only observed in the 50 and 150lx conditions with higher glucose 
levels in LAN conditions when compared with control (Fig. 4A–D). AUC 
was significantly higher with 50lx and tended to be at 150lx. Baseline 
levels of glucose were unaffected by 5, 20 or 150lx, and slightly reduced 
with 50lx LAN (Fig. 4E–H). Locomotor recordings during LAN and con-
trol conditions showed decreased locomotion with 20, 50 and 150lx. 
The decrease was significant for 20 and 150lx (20lx p=0.0007; 150lx 
p=0.0067), with a similar trend for 50lx (p=0.0520). Locomotor activity 
in animals exposed to 5lx was unaffected (p=0.9145, Fig. 4I–L). The sta-
tistical analyses of Experiment 2 are reported in Table 3.
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Figure 2. LAN decreases baseline corticosterone at ZT15 but does not affect 
baseline glucose and insulin concentrations. (A) No significant differences were 
observed in baseline glucose and (B) insulin concentrations between control (black 
symbols) and LAN (white symbols) conditions during Experiment 1. (C) LAN signifi-
cantly decreased basal corticosterone concentrations at ZT15, but not at ZT21. *p<0.05
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Experiment 3 — Wavelength
To study whether LAN-induced glucose intolerance was wavelength- 
dependent, four different wavelengths were used: short (blue), middle 
(green) and long (red), as well as broad-spectrum white light including 
all wavelengths (Table 1). As reported for Experiments 1 and 2, white 
LAN induced glucose intolerance during a 2h exposure starting at ZT14 
(Fig.  5A, B). Increased glucose concentrations in the LAN condition 
were also observed in green light (Fig. 5I, J), but not in blue (Fig. 5E, F) 

Table 3. Statistical analyses of effects of light on glucose responses during 
glucose tolerance tests in experiment 2. Treatment (intensity), Time (sample 
time) and Interaction effects were determined using repeated measures Two-way 
ANOVA. Glucose responses are reported for the IVGTT during four light intensi-
ties. The AUC column contains results of paired t test on the net AUC curve. The 
threshold for significance is p<0.05.

Intensity Variable Treatment Time Interaction AUC
5lx Glucose p=0.383 p<0.001 p=0.078 p=0.524
20lx Glucose p=0.362 p<0.001 p=0.015 p=0.686
50lx Glucose p=0.010 p<0.001 p<0.001 p=0.009
150lx Glucose p=0.030 p<0.001 p=0.073 p=0.106

Table 2. Statistical analyses of effects of light on glucose, insulin and cor-
ticosterone responses during glucose and insulin tolerance tests in experi-
ment 1. Treatment (light condition), Time (sample time) and Interaction effects were 
determined using repeated measures Two-way ANOVA. Glucose, insulin and corti-
costerone responses are reported for the IVGTT at ZT15 and ZT21. Glucose and cor-
ticosterone responses are reported for the IVITT at ZT15 and ZT21. The AUC column 
contains results of a paired t test on a net AUC curve.

Experiment Variable Treatment Time Interaction AUC
IVGTT
  ZT15 Glucose p=0.002 p<0.001 p<0.001 p=0.003

Insulin p=0.769 p<0.001 p=0.122 p=0.719
Corticosterone p=0.208 p=0.560 p=0.518 p=0.254

  ZT21 Glucose p=0.090 p<0.001 p=0.063 p=0.080
Insulin p=0.015 p<0.001 p=0.004 p=0.058
Corticosterone p=0.648 p=0.054 p=0.585 p=0.732

IVITT
  ZT15 Glucose p=0.106 p<0.001 p=0.298 p=0.118

Corticosterone p=0.532 p<0.001 p=0.312 p=0.975
  ZT21 Glucose p=0.817 p<0.001 p=0.250 p=0.617

Corticosterone p=0.061 p=0.114 p=0.240 p=0.069
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5

or red light (Fig. 5M, N). Insulin responses were not affected by wave-
length (Fig.  5C, G, K, O). Corticosterone responses were unaffected by 
blue, green or red light, but were significantly increased by white light 
exposure. Locomotor activity recordings demonstrated that white 
(p=0.0261), blue (p=0.0185) and green (p=0.0284), but not red (p=0.8118), 
light decreased locomotion compared with the control dark conditions 
(Fig. 5D, H, L, P). Baseline concentrations of glucose, insulin and corti-
costerone were unaffected by any of the light conditions (Fig.  6). The 
statistical analyses of Experiment 3 are reported in Table 4.

DISCUSSION

We show that exposure to LAN causes acute glucose intolerance in 
rats and that this effect is dependent on the time-of-day, intensity and 
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Figure 6. Baseline concentrations of glucose, insulin and corticosterone are 
unaffected by LAN at different wavelengths. No significant differences were 
observed in baseline (A) glucose, (B) insulin and (C) corticosterone concentrations 
between control (black symbols) and LAN conditions (white symbols).
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wavelength of the light exposure. The LAN-induced glucose intoler-
ance at the start of the dark period was reflected by increased plasma 
glucose levels, whereas LAN-induced glucose intolerance at the end of 
the dark period was mainly reflected by increased plasma insulin. Sur-
prisingly, green, but not blue, light best mimicked the effects of white 
light. These results suggest an important role for middle-wavelength 
cones in the LAN-induced effects on glucose intolerance.

Most non-visual light responses, such as the pupillary light re-
sponse, melatonin inhibition and modulation of heart rate, are ex-
erted via the ANS. Animal studies have shown that LAN acutely in-
creases sympathetic activity and decreases parasympathetic activity 
of the autonomic nerves innervating peripheral organs, including the 
liver and pancreas [7, 19, 20]. Moreover, denervation of target organs, 
such as the liver [10] and adrenal gland [7], prevented LAN-induced 
changes in gene expression.

Here, we demonstrated that early LAN increased glucose levels 
without an accompanying increase in insulin response. In contrast, 
late LAN increased the insulin response with only small effects on 
the glucose response. These data suggest that LAN may affect glucose 

Table 4. Statistical analyses of effects of light on glucose, insulin and corticoste-
rone responses during glucose tolerance tests in experiment 3. Treatment (wave-
length), Time (sample time) and Interaction effects were determined using repeated 
measures Two-way ANOVA. Glucose, insulin and corticosterone responses are re-
ported for the glucose tolerance test in LAN conditions with four different wavelength 
spectra. The AUC column contains results of paired t test on the net AUC curve.

Wavelength Variable Treatment Time Interaction AUC
White Glucose p=0.002 p<0.001 p=0.018 p=0.009

Insulin p=0.616 p<0.001 p=0.462 p=0.611
Corticosterone p=0.0412 p<0.001 p=0.114 p=0.008

Blue Glucose p=0.459 p<0.001 p=0.154 p=0.602
Insulin p=0.609 p<0.001 p=0.181 p=0.587
Corticosterone p=0.102 p=0.275 p=0.308 p=0.162

Green Glucose p=0.021 p<0.001 p=0.001 p=0.027
Insulin p=0.428 p<0.001 p=0.810 p=0.426
Corticosterone p=0.760 p=0.001 p=0.787 p=0.523

Red Glucose p=0.421 p<0.001 p=0.172 p=0.603
Insulin p=0.375 p<0.001 p=0.003 p=0.766
Corticosterone p=0.095 p=0.004 p=0.692 p=0.095
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metabolism by several parallel mechanisms. LAN may have stimu-
lated hepatic glucose production, which would explain the hypergly-
caemia and is congruent with the reported upregulation of Pepck in the 
liver by LAN [10]. Stimulation of glucose production can lead to hyper-
glycaemia if the insulin response is inadequate. The discrepancy be-
tween the adequate insulin response at ZT21 and inadequate response 
at ZT15 indicates that the observed glucose intolerance at ZT15 is prob-
ably due to reduced beta cell sensitivity or an inhibition of insulin re-
lease. The inhibitory effect on insulin release seems to be reflected by 
the reduced baseline insulin concentration at ZT15 and ZT21. Such an 
inhibitory effect is in line with the previously reported light-induced 
reduction of glucose-stimulated insulin secretion [21] and the light- 
induced decreased parasympathetic and increased sympathetic input 
to the pancreas [21]. Moreover, in a recent study we found increased 
fasting and postprandial glucose levels as well as increased sympa-
thetic activity in individuals with diabetes type 2 during early morn-
ing exposure to bright light [22].

Glucose intolerance could also have been caused by impaired insulin- 
independent and/or insulin-dependent glucose uptake by metabolic 
tissues. Little is known about the role of the ANS in glucose uptake, al-
though it has been suggested that insulin-independent glucose uptake 
in adipose tissues and skeletal muscle depends on sympathetic inner-
vation [23–26]. Whether light exposure stimulates sympathetic or par-
asympathetic innervation to muscles in a similar way to the liver and 
pancreas [19–21] has not been studied, and whether this would result 
in an increase or decrease in glucose uptake remains to be determined. 
However, the IVITT experiments showed that LAN did not reduce 
whole-body insulin sensitivity.

The discrepancy between insulin responses at the beginning and end 
of the dark period suggests that the SCN may modulate the light signal 
towards the pancreas in a time-dependent manner. Indeed, many other 
SCN-mediated effects of light have been shown to differ across the day 
[10, 27], and tracing studies have shown neural connections between 
the SCN and pancreas [28]. Hypothetically, light-induced SCN stimula-
tion may also affect muscle function in glucose homeostasis, as it was 
reported that a daily rhythm exists in glucose uptake by muscle tissue 
in vitro [29], and disruption of the intrinsic muscle clock leads to the 
disturbance of glucose metabolism [30, 31].
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One of the best-studied effects of LAN is the suppression of noctur-
nal melatonin release by the pineal gland. Experimental [32, 33] and ge-
netic studies [34–36] have associated dysfunction of the melatonin sys-
tem with glucose metabolism. Green and blue light exposure have both 
been shown to suppress melatonin secretion [37, 38]. However, the dis-
tinct glucose responses to LAN with blue and green light in this study 
make it unlikely that melatonin suppression is a major contributor to 
the observed glucose intolerance.

Melanopsin, the photosensitive pigment in ipRGCs, is most sensitive 
to short-wavelength light (~λ450nm, the blue spectrum) and is respon-
sible for phase-shifting [14], melatonin suppression [39] and arousal 
[40]. Our data, surprisingly, showed no effect of blue light on glucose 
metabolism. In contrast, green light clearly induced glucose intoler-
ance. Therefore, our data do not support a direct role for the melanop-
sin pathway in the glucoregulatory effects of light. The human retina 
contains three types of cones: short (S-), middle (M-) and long (L-)cones, 
with M-cones being specifically sensitive to the green spectrum of light 
(λ520nm). Data are limited on the physiological effects of green light 
and the role of M-cones, besides the suppression of melatonin secretion 
[37, 38] and involvement in circadian clock entrainment [41]. A recent 
study in mice [40] described distinct melanopsin-dependent effects of 
blue and green light on sleep, arousal and corticosterone release. The 
authors proposed that blue light stimulates M1-type ipRGCs projecting 
to the SCN and thereby acts on arousal and the ANS, whereas green 
light stimulates a different M-type of ipRGC that projects to the ven-
trolateral preoptic area and affects sleep. In line with this model, the 
effects of light on glucose metabolism in our study may be exerted via 
a non-M1 ipRGC subtype probably projecting preferentially to non-SCN 
target areas. Indeed, light-evoked effects on heart rate variability [42] 
and adrenal function [43] were also shown to be independent of ipRGCs 
innervating the SCN. Nocturnal rodents lack L-cones (λmax630nm) 
and therefore do not show circadian, behavioural or metabolic effects 
in response to red light [37, 38, 44]. Our study is congruent with this as 
low illuminance (5lx) and red light, main stimulators for L-cones, did 
not induce glucose intolerance. Furthermore, it is unlikely that S-cones 
play a significant role as none of our light sources stimulated these pho-
toreceptors (Table 1). In addition to M-cones, rod photoreceptors also 
respond to green light and, therefore, a mediating role of rods in the 
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effects of light on glucose tolerance cannot be excluded. However, the 
blue and green LEDs used in our study cause near-equal rod stimula-
tion, whereas M-cone stimulation is higher with green light compared 
with blue light; therefore, we argue that M-cones are more important 
than rods in mediating the effects of LAN on glucose metabolism.

The inhibitory effects of LAN on behavioural activity in nocturnal 
animals are well known and often reported as masking [45]. Inhibition 
of locomotor activity may result in reduced glucose uptake by muscle 
tissue; hypothetically explaining the observed glucose intolerance in 
this study. However, in view of the distinct responses of locomotion 
and glucose tolerance to blue light and low intensity white light, it is 
unlikely that the observed effects on glucose metabolism are mediated 
via this pathway.

Due to the widespread availability of artificial light, humans and an-
imals around the world are increasingly exposed to LAN and knowl-
edge on the metabolic effects of LAN is thus crucial. Disturbance of the 
circadian organised physiology by LAN is thought to lead to adverse 
metabolic health conditions in long-term studies [46]. Our study shows 
that LAN acutely affects the important homeostatic process of glucose 
tolerance. The effects on glucose and insulin suggest that light acutely 
affects the body at multiple levels downstream of the retina and hypo-
thalamus. The nocturnality of rats and the diurnality of humans, as 
well as the differences in retinal sensitivity, should be taken into con-
sideration when attempting to translate the findings in this study from 
animal to human. Results of two recent human studies, although per-
formed during daytime, are nicely in line with our current findings in 
demonstrating the potential of acute light exposure to affect glucose 
metabolism [22, 47]. Therefore, chronic and acute light exposure now 
have been demonstrated to affect glucose metabolism in both rodent 
[5] and human studies [1–3, 22, 47, 48]. Chronic and acute LAN expo-
sure are both representative conditions for human shift workers [46, 
49], as well as for the global community exposed to increasing light pol-
lution and the growing use of light-emitting products. Our study in-
creases the knowledge of light effects on physiology, which may con-
tribute to a better understanding of the correlation between LAN, shift 
work and metabolic disorders including diabetes mellitus.

In conclusion, we showed in rats that nocturnal light exposure 
acutely induced glucose intolerance, possibly via reduced beta cell 
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sensitivity. This effect depended on the time-of-day, pointing towards 
an interaction with circadian physiology. The effect of light on glu-
cose tolerance was also dependent on intensity and wavelength, sug-
gesting a mediating role of non-M1 ipRGCs and cone photoreceptors. 
Our study warrants attention for the potentially hazardous actions of 
light on health in order to control the regulation of design and use of 
light-emitting products, along with advice for and protection of fre-
quently exposed individuals.
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ABSTRACT

The importance of (sun)light signals for the circadian system has been 
well established, but exposure to light at night (LAN) has been increas-
ingly associated with negative health consequences in animals and hu-
mans. Previously, LAN exposure was described to acutely affect healthy 
glucose metabolism in rats, by decreasing glucose tolerance after 1h of 
LAN. These effects were dependant on time-of-day, light intensity and 
wavelength. In the current study, we investigated whether the duration 
and timing of the LAN exposure, relative to glucose infusion, affected 
the LAN-induced increase of glucose concentrations. Furthermore, 
LAN-exposure at ZT15 was tested with animals fed a high-fat diet and 
in overnight fasted animals to study whether changes in insulin sensi-
tivity would modulate the effects of LAN on glucose tolerance. At last, 
experiments with two paradigms for daytime dark exposure were per-
formed to investigate the effect of an unusual timing of darkness on 
glucose metabolism. We observed that fasting or a high-fat diet did not 
modulate the LAN-induced glucose intolerance, suggesting that insu-
lin sensitivity is not the primary pathophysiological pathway. Further-
more, LAN exposure needed to be present prior and during the glucose 
testing to observe glucose intolerance. Finally, extension of the dark 
period induced glucose intolerance at ZT3, but a sudden darkness ex-
posure starting at ZT2 did not. In conclusion, this study further char-
acterizes of the effects of LAN on glucose metabolism, but additional 
experiments are needed to reveal its exact mechanism.
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INTRODUCTION

Appropriate plasma glucose concentrations result from a complex inter-
play of processes involving multiple organs. In Chapter 5 [1], we found 
that exposure to light at night (LAN) acutely disrupts glucose homeo-
stasis in male rats. In a glucose tolerance test, at ZT15, LAN further in-
creased glucose concentrations, whereas insulin concentrations were 
unaffected. We hypothesized that the light signals act on pre-autonomic 
neurons in the hypothalamus and thereby modulate activity of sympa-
thetic and parasympathetic efferents [2, 3], reaching different organs. 
For instance, stimulation of the sympathetic nerve to the liver may in-
crease glucose production and thereby result in hyperglycaemia when 
a proper insulin response is lacking. Indeed, increased hepatic glucose 
production was indicated by increased PEPCK levels in an earlier LAN 
study [4]. Additionally, increased sympathetic input to muscle tissue 
might reduce glucose uptake [5, 6], which will also cause hyperglycae-
mia when a proper insulin response is absent. Indeed, hyperglycaemia 
was minimal when insulin concentrations were increased with LAN ex-
posure at ZT21. Finally, the absence of adequate (extra) glucose-stimu-
lated insulin release at ZT15 [7] might be due to LAN-induced suppres-
sion of vagal pancreatic activity [3]. Until now, it is unknown whether 
indeed one or more of these underlying pathways contribute to the glu-
cose intolerance in the LAN conditions reported in Chapter 5.

The SCN is considered to play an important role in the transduction of 
the light signal to the brain and the rest of the body. As indicated above we 
found that, depending on the time-of-day, LAN led to hyperglycaemia (at 
ZT15) or to hyperinsulinemia (at ZT21). To further investigate the involve-
ment of the SCN and the time-dependency of the effects of (absence of) 
light on glucose tolerance the first study of this chapter includes a set of 
two experiments performed at ZT3, a 12h phase difference with the origi-
nal experiment at ZT15. Since this is during the regular light period of the 
L/D-cycle, animals were exposed to unexpected timing of darkness in two 
distinct settings: extension of the normal dark period and exposure to a 
dark pulse. In addition, the results of this experiment may be helpful in 
the translation of the animal experiments to human conditions.

In Chapter 5 of this thesis, we examined certain characteristics of 
light, such as wavelength and intensity, and how they influenced the 
LAN effects on glucose tolerance. The second experiment of the current 



164 Effects of diet, fasting and darkness on glucose intolerance

chapter describes an additional set of experimental groups in which 
the duration of LAN exposure was modulated. We hypothesized that 
alongside a threshold for intensity; there may be a threshold for the 
duration and timing (relative to the glucose bolus) of LAN exposure to 
disrupt glucose tolerance. We tested whether the glucose intolerance 
found at ZT15 results from the hour of LAN prior to the IVGTT as an 
‘after- effect’, or whether the light exposure is necessary simultaneously 
with the IVGTT to induce glucose intolerance.

Food intake is a major contributor to glucose homeostasis by supply-
ing new glucose and other nutrients to the body, and a key behavioural 
trait in survival. When food is scarce, the body adjusts its physiology 
to optimally use energy reserves, while minimizing energy expendi-
ture. During fasting, both glucose production and insulin sensitivity 
are upregulated in rats to maintain euglycemia [8]. The third part of 
this chapter describes an experiment with animals fasted for 24h to 
further investigate the involvement of the abovementioned pathways, 
i.e., glucose production and insulin sensitivity. We hypothesized that if 
LAN-induced hyperglycaemia involves either a change in (hepatic) glu-
cose production and/or in insulin sensitivity, fasting might modulate 
the response to LAN in a glucose tolerance test.

Besides the influence of periods of fasting, glucose homeostasis is 
strongly affected by the (mixture of) nutrients absorbed. In general, a 
healthy diet contains a mixture of carbohydrates, fat and proteins, and 
the control of fatty acid and carbohydrate levels are closely intertwined to 
maintain energy homeostasis. Overconsumption results in a dysregula-
tion of energy metabolism, and eventually to obesity and the accompanied 
increased risk of metabolic diseases. For instance, increased ingestion of 
fat by a high-fat diet leads to impaired glucose tolerance [9] and insulin 
resistance in a rat model [10]. In the final experiment of this chapter, we 
aimed to study whether diet-induced glucose intolerance modulates the 
effects of LAN on glucose homeostasis by feeding animals a high-fat diet.

MATERIALS AND METHODS

Experimental design
Surgical procedure, housing conditions, blood sampling protocols and 
statistical analyses were equal to experiments described in Chapter 5 
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[1]. Four additional experiments were performed to investigate further 
the mechanism of LAN-induced glucose tolerance.

Experiment 1 — Darkness
To study the effect of unusual timing of dark exposure, two groups of 
animals were included. Both groups underwent two intravenous glu-
cose tolerance tests (IVGTTs) and food was removed 2.5h prior to the 
test. The IVGTT in the control condition was equal in both groups, be-
ing an IVGTT at ZT3 in lights-on condition.

• Dark extension (n=9): lights were left off from ZT0 to ZT4 to ex-
tend the dark period. IVGTT started at ZT3.

• Dark pulse (n=9): lights were turned on at the usual time (i.e., 
ZT0) and turned off from ZT2 to ZT4 to expose animals to a dark 
pulse. IVGTT started at ZT3.

Experiment 2 — Duration
Four groups of animals were included to study the effects of different 
duration and timing of LAN exposure (white light ~125±25 photopic 
lux). All animals underwent IVGTT in a control condition; lights re-
mained off from ZT14–ZT16 and IVGTT started at ZT15. The following 
LAN-conditions were used during the second IVGTT:

• “Prior” (n=7): lights were turned on from ZT14–15, were then turned 
off and IVGTT started at ZT15 (in dark)

• “During” (n=10): lights were turned on from ZT15–16 and IVGTT 
started at ZT15

• “Prior+During” (n=5): lights were turned on from ZT14.5–15.5 and 
IVGTT started at ZT15

• “2H” (n=6): lights were turned on from ZT14–16 and IVGTT started 
at ZT15.

Experiment 3 — Fasting
To study the effect of fasting on LAN-induced glucose intolerance, a 
group of rats (n=11) was fasted for 24h prior to the IVGTT at ZT15. Food 
was removed at ZT15 on the day prior to the experimental day. Lighting 
conditions were equal to Experiment 1A in Chapter 5. In order to com-
pare effects of LAN between fed and fasted animals, the combined data 
from Experiments 1A (ZT15), 2D (150lx) and 3A (white light) in Chapter 5 
were used. The animals from Chapter 5 were fasted for only 2.5h (i.e., 
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the FED group in the current comparison) before the IVGTT in control 
or LAN conditions. The data of these three experimental groups were 
merged for glucose (n=29) and insulin (n=19).

Experiment 4 — High-fat diet
To study the effects of LAN in a model with disrupted insulin signalling, 
an additional group of animals was fed a high-fat diet (HFD). A disc of 
saturated fat was provided additionally to the regular chow food for 
4 weeks. A control group (CHOW) was fed with only regular chow. Wa-
ter was available ad libitum for both groups. HFD and CHOW animals 
were exposed to two IVGTTs which differed 30 minutes from experi-
ments performed in Chapter 5 and from Experiment 3 of this chapter:

• Control condition: lights were left off from ZT12 onwards and 
IVGTT started at ZT14.5

• LAN condition: lights were turned on from ZT13.5–15.5 and IVGTT 
started at ZT14.5.

After the IVGTTs, animals were sacrificed and visceral white adipose 
tissue was obtained to estimate adiposity.

Statistical analyses
Two-way repeated measures ANOVA was used to detect differences in 
glucose and insulin responses between control and LAN conditions 
(Exp1: dark pulse/dark extension; Exp2–4: LAN). Sidaks multiple com-
parisons test was used to detect differences between groups. Paired 
t-test was used to detect group differences in area under the curve 
(AUC) of glucose or insulin, or baseline concentrations of glucose and 
insulin. In Experiment 3, Two-way ANOVA was used to detect group 
differences in baseline glucose and insulin levels and in AUC glucose 
and insulin between fed and fasted animals in control and LAN condi-
tions. In Experiment 4, Two-way ANOVA was used to detect group dif-
ferences in baseline glucose and insulin levels and in AUC glucose and 
insulin between CHOW- and HFD-fed animals in control and LAN con-
ditions. Unpaired t-test was used to detect group differences in visceral 
adiposity, with a significance level of p<0.05.
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RESULTS

Experiment 1 — Darkness
Two conditions with an unnatural timing of darkness were used to 
study its effects on glucose tolerance. Extension of the dark period in-
creased levels of plasma glucose during the IVGTT at 5, 10 and 20min-
utes after infusion of the glucose bolus (Fig. 1A, B, Table 1) when com-
pared to the control condition in normal light. Insulin responses were 
unaffected by the dark extension condition (Fig. 1C, D). Baseline con-
centrations of glucose (t-test p=0.637, data not shown) and insulin 
(t-test p=0.856, data not shown) were not affected by extension of the 
dark period. Exposure to a dark pulse with onset at ZT2 did not affect 
glucose (Fig. 1E, F) and insulin responses (Fig. 1G, H), nor baseline levels 
(t-test glucose p=0.088, insulin p=0.537, data not shown).

Experiment 2 — Duration
To study whether the duration and timing of the light exposure af-
fected glucose intolerance, we used four different durations of light ex-
posure. Two hours of white LAN exposure, as reported in Experiments 
1, 2 and 3 of Chapter 5, increased glucose concentrations significantly 
(Fig. 2D, H, Table 1). When animals were exposed to 1h LAN prior to the 
glucose challenge, glucose tolerance remained unaffected (Fig. 2A, E). 
One-hour LAN exposure initiated at the start of the test induced a small 
increase in glucose levels at 5 minutes after infusion (Fig. 2B), but did 
not change the AUC (Fig. 2F). If 1h LAN exposure was started 30 min-
utes prior to and continued for the first 30 minutes during the glucose 
infusion, glucose levels seemed to rise, though, were not significantly 
increased (Fig. 2C, G). Baseline glucose concentrations showed a trend 
towards an increase in animals exposed to 1h LAN during and prior+-
during IVGTT (p=0.06 in both; Fig. 2I–L).

Experiment 3 — Fasting
Animals were fasted for 24h prior to glucose tolerance testing to study 
whether feeding status would affect the glucose intolerance induced by 
LAN. Glucose concentrations were higher during LAN when compared 
to control conditions in fasted animals (Fig. 3A, B), whereas baseline 
glucose concentrations were unaffected by LAN (Fig. 3C). No differ-
ences were observed in insulin responses (Fig. 3D, E) or baseline insulin 



168 Effects of diet, fasting and darkness on glucose intolerance

0
10

20
30

40
50

60

-505101520

Ti
m

e (
m

in
)

Δglucose(mmol/L)
co

nt
ro

l (
n=

9)
da

rk
 ex

te
ns

io
n 

(n
=9

)

**
**

*

**
**

0
10

20
30

40
50

60

-505101520

Ti
m

e (
m

in
)

Δglucose(mmol/L)

co
nt

ro
l (

n=
9)

da
rk

 p
ul

se
 (n

=9
)

A E

Co
nt

ro
l

D
E

05010
0

15
0

20
0

AUCglucose(mmol/lxtime)

*

Co
nt

ro
l

D
P

05010
0

15
0

20
0

AUCglucose(mmol/lxtime)B F

0
10

20
30

40
50

60

-2
,0

000

2,
00

0

4,
00

0

6,
00

0

Ti
m

e (
m

in
)

Δinsulin(pmol/L)

0
10

20
30

40
50

60

-2
,0

000

2,
00

0

4,
00

0

6,
00

0

Ti
m

e (
m

in
)

Δinsulin(pmol/L)C G

Co
nt

ro
l

D
E

0

20
,0

00

40
,0

00

60
,0

00

80
,0

00

AUCinsulin(pmol/lxtime)

Co
nt

ro
l

D
P

0

20
,0

00

40
,0

00

60
,0

00

80
,0

00

AUCinsulin(pmol/lxtime)

D H

Fi
gu

re
 1

. U
nu

su
al

 ti
m

in
g 

of
 e

xp
os

ur
e 

to
 d

ar
kn

es
s a

ff
ec

ts
 g

lu
co

se
 to

le
ra

nc
e.

 (A
, B

) H
yp

er
gl

yc
ae

m
ia

 w
as

 in
du

ce
d 

by
 e

xt
en

di
ng

 th
e 

da
rk

 p
er

io
d 

un
til

 Z
T4

, (
C,

 D
) b

ut
 le

ft
 in

su
lin

 le
ve

ls
 u

nc
ha

ng
ed

. E
xp

os
ur

e 
to

 a
 d

ar
k 

pu
ls

e 
w

ith
 o

ns
et

 a
t Z

T2
 d

id
 n

ot
 a

ffe
ct

 (E
, F

) g
lu

co
se

 o
r 

(G
, H

) i
ns

ul
in

 co
nc

en
tr

at
io

ns
. *

p<
0.

05
, *

**
*p

<0
.0

00
1



Results 169

6

concentrations between control and LAN conditions in fasted ani-
mals (Fig. 3F, Table 1). Glucose responses were similar in fed and fasted 
groups, both in control (i.e., dark condition; Two-way ANOVA Interac-
tion p=0.791, Fasting effect p=0.735, Fig. 4A) and LAN (i.e., light con-
dition; TW-ANOVA Interaction p=0.934, Fasting effect p=0.627, Fig. 4B) 
conditions. Analysis of the AUC of glucose responses showed an effect 
of LAN, but not fasting status (TW-ANOVA Interaction p=0.713, Fast-
ing effect p=0.060, LAN effect p<0.0001, Fig. 4C). On the other hand, 
the insulin response was significantly reduced in fasted animals in the 
control condition when compared to fed animals (TW-ANOVA Inter-
action p=0.005, Fasting effect p=0.057, AUC p=0.068, Fig. 4E). A sim-
ilar trend was seen in the LAN condition, but here the decrease was 
not significant (TW-ANOVA Interaction p=0.219, Fasting effect p=0.123, 
AUC p=0.143, Fig. 4F). AUC of insulin showed no significant effects of 
fasting status (TW-ANOVA p=0.065, Fig 4G), LAN condition (p=0.569) 
nor Interaction (p=0.859). Fasting for 24h significantly reduced baseline 
glucose (TW-ANOVA Interaction p=0.727, Fasting effect p<0.0001, LAN 
effect p=0.826, Fig. 4D), as well as insulin levels (TW-ANOVA Interaction 
p=0.875, Fasting effect p<0.001, LAN effect p=0.251, Fig. 4H) when com-
pared to fed animals.

Table 1. Statistical analyses of glucose and insulin responses in IVGTT ex-
periments. Treatment (light condition), Time (sample time) and Interaction effects 
were determined using repeated measures Two-way ANOVA.

Experiment Variable Treatment Time Interaction AUC
Dark extension Glucose p=0.012 p<0.001 p<0.001 p=0.018

Insulin p=0.634 p<0.001 p=0.489 p=0.405
Dark pulse Glucose p=0.188 p<0.001 p=0.257 p=0.237

Insulin p=0.693 p<0.001 p=0.937 p=0.903
1h prior Glucose p=0.321 p<0.001 p=0.706 p=0.459
1h during Glucose p=0.644 p<0.001 p=0.044 p=0.730
prior+during Glucose p=0.338 p<0.001 P=0.498 p=0.289
2h Glucose p<0.001 p<0.001 p=0.002 p=0.004
Fasting Glucose p=0.002 p<0.001 P=0.001 p=0.005

Insulin p=0.283 p<0.001 p=0.318 p=0.371
HFD Glucose p=0.050 p<0.001 p=0.020 p=0.313
CHOW Glucose p=0.534 p<0.001 p=0.015 p=0.956
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Figure 4. Effects of LAN in fasted and fed animals. (A) Twenty-four hour fast-
ing did not affect glucose responses in control or (B) LAN condition. (C) AUC of 
glucose responses was higher in LAN condition in fed animals and fasted animals. 
(D) Baseline glucose and (H) insulin concentration were reduced by fasting in con-
trol and LAN conditions. (E) Insulin responses were reduced due to fasting in con-
trol, (F, G) but not in LAN condition. *p<0.05, **p<0.01, ***p<0.001
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Experiment 4 — High-fat diet
Animals were fed a free-choice high-fat diet, aiming to induce an obese 
phenotype and subsequent disruption of insulin signalling, or normal 
chow diet. Exposure to LAN induced a small effect on glucose tolerance 
in both the control group fed with a chow only diet (CHOW, Fig. 5A) and 
in the group fed a free-choice high-fat diet (HFD, Fig. 5B, Table 1). Diet 
did not affect glucose responses in control condition (Two-way ANOVA 
Interaction p=0.439, Diet effect p=0.620, Sample time effect p<0.0001) 
or LAN condition (TW-ANOVA Interaction p=0.080, Diet effect p=0.666, 
Sample time effect p<0.0001). AUC analysis (data not shown) did not 
show effect of diet or LAN (TW-ANOVA Interaction p=0.564, Diet ef-
fect p=0.780, LAN effect p=0.503). Baseline glucose levels were unaf-
fected by diet or LAN (Two-way ANOVA Interaction p=0.386, Diet effect 
p=0.172, LAN effect p=0.532, Fig. 5C). Adiposity (t-test p=0.181, Fig. 5D) 
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Figure 5. A high-fat diet does not modulate effects of LAN. Animals fed (A) a 
normal chow diet (CHOW) or (B) a free-choice high-fat diet (HFD) showed a small 
increase of glucose after LAN exposure. (C) Baseline glucose levels were unaffected 
by light or diet. (D) High-fat diet did not increase visceral white adipose tissue cor-
rected for bodyweight. *p<0.05, **p<0.01
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nor body weight (p=0.716, data not shown) were different between con-
trol and HFD animals.

DISCUSSION

This chapter confirms and further expands the observations that light 
exposure is an important factor in the regulation of glucose homeosta-
sis. We showed that glucose intolerance induced by nocturnal light was 
still present in 24h fasted animals. Twenty-four hour fasting decreased 
plasma levels of glucose and insulin, in both LAN and control condi-
tions, a well-known phenomenon. However, it did not affect glucose 
tolerance, as the plasma glucose responses were equal between fed and 
fasted animals in both the control and LAN conditions. On the other 
hand, fasting decreased the insulin responses in control and LAN con-
ditions, although only significantly in the control condition, which is 
in line with previous studies showing reduced glucose-stimulated insu-
lin release [11, 12] and increased insulin clearance and improved insulin 
sensitivity during fasting [13]. Surprisingly, the increased insulin sen-
sitivity did not prevent the hyperglycaemia induced by light exposure. 

Increased hepatic glucose production is another potential mecha-
nism responsible for the LAN-induced increased glucose levels. Dur-
ing ad libitum conditions, hepatic glucose production is mainly derived 
from glycogenolysis, but once glycogen stores are depleted after pro-
longed fasting, hepatic glucose is mainly derived from gluconeogen-
esis. If indeed LAN would mainly act through hepatic glycogenolysis 
to increase glucose levels, then 24h fasting would be expected to pre-
vent or reduce the LAN-induced glucose intolerance. The results of the 
current experiment thus make it unlikely that the effects of LAN on 
glucose tolerance are solely mediated by increased hepatic glycogenol-
ysis. Altogether, fasting for 24h did not modulate the effect of LAN on 
glucose tolerance. These results suggest that light signals affecting glu-
cose homeostasis likely run through distinct processes than increased 
hepatic glycogenolysis or decreased insulin sensitivity, and make it 
more likely that LAN during the early dark period suppresses both glu-
cose uptake and insulin release.

Feeding rats a high-fat diet potentially induces obesity and impairs 
insulin sensitivity. We aimed to study in obese rats whether reduced 
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insulin signalling would modulate LAN-induced glucose intolerance. 
However, we observed no differences between chow-fed and high-fat-
fed animals, probably because obesity was not sufficiently induced in 
this experiment, as body weight and adiposity were not significantly 
increased. Moreover, the results so far of the glucose tolerance test did 
not provide evidence for impaired glucose tolerance. However, more 
definitive conclusions can only be drawn when also the insulin data 
are available. Therefore, at this point, we cannot draw any definitive 
conclusions on whether obesity or insulin resistance would be able to 
modulate the effects of LAN on glucose homeostasis.

Characteristics of LAN, including intensity and wavelength, are im-
portant for the distinct effects of LAN on glucose control and locomo-
tor activity. All previous experiments were performed with 2h light 
exposure, of which the last hour coincided with the glucose tolerance 
test. Theoretically, the effect observed during the test could result from 
the light exposure prior to the glucose infusion, for example through 
an indirect effect of LAN via corticosterone release, causing a delayed 
increase in glucose production. The current data show that LAN expo-
sure solely prior to glucose infusion (i.e., prior) is not sufficient to induce 
glucose intolerance. LAN exposure only during the IVGTT (i.e., starting 
together with the bolus injection, during), induced a small but signifi-
cant increase after 5 minutes. Possibly this is a fast and immediate effect 
of LAN, stimulating glucose release, hypothetically by nervous stim-
ulation. This effect is unlikely to be due to a corticosterone-mediated 
pathway as corticosterone levels were not affected by LAN (AUC corti-
costerone response p=0.894, baseline levels p=0.806, data not shown). 
Exposure to LAN 30 minutes prior to and during the first 30 minutes af-
ter infusion of the glucose bolus increased glucose concentrations, but 
this increase did not reach significance. However, this group may be un-
derpowered (n=5 versus n=6–10 in the other groups) and ideally should 
be repeated. Therefore, only a 2h LAN exposure was sufficient to induce 
significant glucose intolerance, although it seems that the most sensi-
tive period is concentrated around the start of the IVGTT.

In this chapter, we also further studied the influence of time-of-day 
by testing animals at ZT3. This beheld exposure to prolonged or sud-
den darkness instead of light, which, interestingly, also induced hy-
perglycaemia without changes in the insulin response, and despite a 
darkness-induced increase of locomotor activity (t-test sum of activity 
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between ZT0–ZT4: p=0.007, data not shown). However, glucose intol-
erance was only observed when the dark period was extended, but not 
with a dark pulse starting at ZT2. A time-of-day dependency for the ob-
served effects on glucose tolerance suggests that the SCN plays a me-
diating role in the effects observed. If the effects of LAN on glucose in-
volve a SCN-gated pathway, potentially, LAN induces a phase-shift in 
the daily rhythm of glucose tolerance, which was shown before to de-
pend on the SCN [14]. The same holds for exposure to darkness, as both 
exposure to darkness during the light period and exposure to light dur-
ing the dark period have been demonstrated to induce a phase-delay or 
phase-advance in the daily activity rhythm. Light-induced phase shift-
ing of the core clock genes is an essential mechanism of daily entrain-
ment of the SCN to external time. The upregulation of Per1 and Per2 
expression in the SCN by light exposure causes a phase-shift of the mo-
lecular clock, the direction of which is depending on the time of expo-
sure [15, 16]. Exposure to darkness has been demonstrated to induce a 
phase-shift by downregulation of Per1 expression in the SCN [17], with 
midday (ZT6–12) as maximum responsive [15, 16].

Glucose tolerance is maximal at ZT14, according to the rhythm in 
IVGTT glucose responses in the experiments of La Fleur et al. [14]. A 
phase-delay induced by LAN exposure at ZT14 then would induce 
glucose and insulin responses resembling more the results of ZT11. 
Indeed, glucose levels were upregulated whereas insulin levels re-
mained equal. Moreover, a phase-advance induced by LAN exposure 
at ZT21 would result in responses resembling those of ZT2: a slight 
increase in glucose levels and a large rise in insulin levels. This, too, 
we observed after exposure to LAN in experiments of Chapter 5. How-
ever, the effects of the dark pulse and dark extension are rather diffi-
cult to interpret. A dark pulse at ZT3 would induce a phase-advance, 
but showed no effect on glucose tolerance. On the other hand, the 
dark extension did ameliorate glucose tolerance, but its phase-shift-
ing effect is rather limited or non-existing. Therefore, we cannot con-
clude on whether phase shifting is involved in the effects of light and 
darkness on glucose tolerance. Moreover, the absent changes in the 
glucose response of Experiment 2A of the current study (i.e., lights on 
1h prior to but turned off at the time of glucose infusion at ZT15) sug-
gest that the phase shifting mechanism is not involved in the LAN- 
induced glucose intolerance.



Discussion 177

6

On the other hand, the increases in cFOS and PER expression in-
duced by light and dark pulses indicate that the SCN is affected. More-
over, there is also clear evidence that different populations of SCN 
neurons are affected depending on the time-of-day [18], resulting in 
different SCN outputs generated at ZT15, ZT21 and ZT3. These different 
outputs result in different phase-shifts, but, of course, may also result 
in different effects on the autonomic nervous system, i.e., inhibition 
of insulin release or not. A major challenge for the future therefore is 
to study whether indeed different pre-autonomic neurons are affected 
by light at the different ZT times, or whether the same pre-autonomic 
neurons are affected differently at the different ZT times.

Finally, it is still possible that the effects on glucose metabolism ob-
served do not involve a direct effect on the SCN. It is well known that 
ipRGCs also project directly to a number of non-SCN target areas [19], 
and although it is not known whether there are direct projections to 
pre-autonomic neurons, the effects observed could also involve pro-
jections from non-SCN ipRGC target areas to the pre-autonomic neu-
rons. Furthermore, a study using different wavelengths of light demon-
strated that non-SCN target areas, such as the ventrolateral preoptic 
area (VLPO), receive direct light signals and acutely control sleep/wake 
behaviour in mice [20], and potentially glucose metabolism.

In conclusion, manipulation of the normal timing of light exposure 
affects glucose homeostasis. This indicates that the glucose balance is 
a tightly regulated system in which an exogenous stimulation such as 
unexpected exposure to light or darkness can cause disruptions. The 
time-dependency of the effect implies the involvement of the SCN, 
however, it is not clear yet whether this is a direct or indirect effect. Fur-
thermore, changing the energy status of the body by fasting or a high-
fat diet did not protect or aggravate the glucose intolerance, indicating 
that the effects of LAN on glucose tolerance are rather robust and po-
tentially involve different metabolic pathways, although increased gly-
cogenolysis does not seem to be the primary mechanism.
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ABSTRACT

The central clock of the brain uses external light signals to keep its 
molecular mechanism entrained to the outside world, thereby coordi-
nating physiological adaptations to clock time in the rest of the body. 
The autonomic nervous system (ANS) connects pre-autonomic hypo-
thalamic neurons with peripheral organs and facilitates rapid adjust-
ments of organ functions. It has been reported that light signals also 
acutely reach peripheral organs, including the liver, via the ANS. In 
this study, we first investigated the effects of hepatic denervation on 
the liver transcriptome and metabolome using an unbiased approach. 
We then investigated the effects of exposure to 1h or 2h external light 
at night (LAN) on the liver transcriptome using a microarray. Lastly, we 
studied whether the ANS mediates the observed effects of light on the 
liver transcriptome. Experiment 1 included five groups of animals: two 
groups with selective hepatic denervation (sympathectomy or para-
sympathectomy), one group with removal of both nerves (total dener-
vation), and two control groups (sham denervation and animals with-
out surgery). The second experiment included three groups of animals 
of which two groups were exposed to LAN, for 1h or 2h and the con-
trol group remained in the dark. The third experiment included three 
groups of animals: groups 1 and 2 were sham-denervated animals, 
without or with exposure to 1h of LAN, and group 3 received a total liver 
denervation together with 1h of LAN. Liver tissue was obtained and 
used for microarray analysis to study differentially expressed genes 
and significantly enriched pathways. Denervation of the liver modu-
lated the liver transcriptome, with removal of the parasympathetic 
nerve or a total denervation resulting in more significantly enriched 
pathways than a sympathectomy. In particular, pathways related to in-
tracellular and insulin signalling and circadian rhythms were affected. 
Exposure to LAN also affected the liver transcriptome, particularly 
pathways related to lipid metabolism. The effects of LAN exposure on 
the liver transcriptome could only partly be prevented by removal of 
the autonomic nerves. In conclusion, we showed that the autonomic 
innervation of the liver modulates hepatic gene expression in selected 
metabolic pathways, and that LAN acutely affects liver metabolism in 
part via these neural pathways.
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INTRODUCTION

Nowadays, artificial light exposure surpasses the importance of sunlight 
for human daily activity. Light exposure at night (LAN) is increasingly 
affecting organisms worldwide [1], and associated with numerous health 
problems in humans, including metabolic disorders such as obesity and 
diabetes mellitus [2, 3]. Human and animal studies have reported adverse 
effects of chronic and acute LAN exposure on glucose metabolism [4–9], 
release of hormones such as melatonin [4, 10, 11] and corticosterone [12], 
and sleep and arousal [13, 14]. Previously our lab showed that 2h of LAN 
acutely decreases glucose tolerance, as LAN exposure at the beginning of 
the dark phase increases glucose concentrations during an intravenous 
glucose tolerance test without changing insulin levels [9]. The potential 
participating mechanisms probably involve light-induced stimulation of 
glucose production by the liver and inhibition of glucose uptake by liver 
and/or muscle tissue, together leading to increased plasma glucose lev-
els. Indeed, in 2009 we showed that 1h of LAN exposure causes upreg-
ulation of phosphoenolpyruvate carboxykinase mRNA expression in the 
liver, which codes for PEPCK, an important enzyme for glucose produc-
tion [15]. Together these data suggest that the liver is important for the 
light-mediated effects on glucose tolerance.

Light effects on the liver, and potentially on other peripheral organs 
as well, may involve hormonal, behavioural and nervous pathways, 
which are not mutually exclusive. Previous studies have shown that 
light exposure acutely affects the activity of nerves of the autonomic 
nervous system (ANS) innervating a variety of metabolic organs, in-
cluding the liver [12, 16–18]. The role of the ANS in mediating light sig-
nals was further shown by removal of the autonomic innervation to-
wards the liver abolishing light-induced changes in the expression of 
metabolic genes in this organ [15]. Therefore, we hypothesized that the 
liver is an important target organ to receive light signals in order to 
rapidly adjust physiological functions, including glucose metabolism, 
and that this control may be (partly) executed via the ANS. To test this 
hypothesis, we first studied the effects of hepatic denervation on the 
liver transcriptome using an unbiased approach, then investigated the 
effects of light exposure on the liver transcriptome using microarrays, 
and finally examined whether hepatic denervation prevents or modu-
lates the effects of light on the liver transcriptome.
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The autonomic innervation of the liver was shown earlier to be in-
volved in the control of glucose and lipid metabolism [19–24], includ-
ing its daily rhythmicity [25, 26]. The ANS is a division of the periph-
eral nervous system, which together with the central nervous system 
regulates vital functions, such as body temperature, heart rate, blood 
flow and glucose and lipid metabolism [24, 27]. In general, the sympa-
thetic branch is dominant when the organism requires an active state, 
whereas the parasympathetic branch is leading during rest. A balance 
between the often complementary sympathetic and parasympathetic 
branches of the ANS is required to alternately act in physiological con-
trol [27]. The activity of both branches is controlled by pre-autonomic 
neurons found, amongst others, in the paraventricular nucleus (PVN) 
of the hypothalamus [27–29]. These neurons were identified in stud-
ies using injections of viral trans-synaptic tracers in peripheral organs 
including liver, adipose tissue, adrenal glands, and pancreas [29–32]. 
These direct neural connections between the brain and peripheral or-
gans facilitate rapid communication and tight control of metabolism. 

Disruption of autonomic hepatic innervation has been associated 
with metabolic pathologies. For instance, patients receiving liver trans-
plants frequently suffer from metabolic derangements as well as im-
mune system failure [33–35], likely due to the consequential (partial) 
disruption of autonomic input to the liver. Moreover, metabolic dis-
eases, such as non-alcoholic fatty liver disease (NAFLD), obesity and di-
abetes type 2, include symptoms of autonomic deregulation, sometimes 
even manifested prior to disease development [36, 37]. It is unknown 
how disturbance of the autonomic balance results in liver-related met-
abolic problems, but it is important to study this since the ANS may 
be a novel target to prevent or treat metabolic disorders, amongst oth-
ers those caused by dysregulation of the molecular clock system. This 
molecular clock mechanism is an evolutionary well-conserved internal 
clock system that enables organisms to adapt their physiological func-
tions to daily changes in the environment. The oscillations generated 
by the molecular clock system occur in an approximately 24h rhythm, 
also known as circadian (i.e., circa means about, dies a day) rhythms. 
The major and central clock of the circadian timing system resides in 
the suprachiasmatic nucleus (SCN) of the brain, from where ‘time’ sig-
nals are communicated to the rest of the brain and body via multiple 
pathways, including hormonal regulation, behavioural changes and 
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direct nervous innervation of organs, to control peripheral functions 
and facilitate adjustments of bodily functions to recurring daily chal-
lenges. Currently, human lifestyle with shift work, constant (indoor) 
light exposure and frequent crossing of time zones often disrupts the 
circadian organization of physiology. Although the associations be-
tween the disruption of the circadian system and pathologies, includ-
ing cancer, NAFLD, obesity and diabetes type 2, have been clearly estab-
lished [38, 39], the pathophysiology of circadian disruption leading to 
metabolic disorders is largely unknown, and current hypotheses com-
prise a consequential disturbance of the autonomic balance [36, 40].

Thus, although the biological importance of the ANS for metabolic 
modulation is evident, it is unclear how the ANS imposes its physio-
logical effects on the liver. The primary goal of this study was to inves-
tigate the acute effects of exposure to external light at night on the liver 
transcriptome and the possible involvement of the ANS in the effects 
observed. The second aim was to investigate the effect of selective liver 
denervations on the liver metabolome and transcriptome. 

MATERIAL AND METHODS

Animals and housing
Male Wistar rats (Charles River Breeding Laboratories, Sulzfeld, Ger-
many) weighing 280–300g were housed in constant conditions with a 
controlled 12/12 light/dark cycle (lights on at 7:00, lights off at 19:00) 
and constant temperature (21±2°C), humidity (60±5%) and back-
ground noise (radio). Animals had ad libitum access to water and reg-
ular chow (Teklad Global Diet, Harlan, Horst, the Netherlands) during 
the complete experiment, unless stated otherwise. All experimental 
procedures performed were in accordance with the Council Directive 
2010/63EU of the European Parliament and the Council of 22 Septem-
ber 2010 on protection of animals used for scientific purposes. All ex-
perimental procedures performed were approved by the Animal Ethics 
Committee of the Royal Dutch Academy of Arts and Sciences (KNAW, 
Amsterdam) and were in accordance to the guidelines on animal exper-
imentation of the Netherlands Institute for Neuroscience.
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Experiment 1 — Liver denervation
Animals were randomly assigned to one of five surgical groups, one 
week after adaptation to the animal facility:
Intact (n=5): Animals were not operated upon.
Sham (n=5): Animals received a sham hepatic denervation.
Sympathectomy (Sx) (n=7): Animals received a sympathetic hepatic 
denervation.
Parasympathectomy (Px) (n=7): Animals received a parasympathetic 
hepatic denervation.
Total hepatectomy (Tx) (n=7): Animals received a sympathetic and 
parasympathetic hepatic denervation.

SURGERY
Animals in all groups were anesthetized with 80mg/kg Ketamine (Eu-
rovet Animal Health, Bladel, the Netherlands) and 8mg/kg Rompun 
(xylaxine, Bayer Health Care, Mijdrecht, the Netherlands). Intact ani-
mals only received anaesthesia and were left to recover. Sham surgery 
included the laparotomy and destruction of connective tissue but did 
not include destruction of any parasympathetic or sympathetic nerve 
branches of the liver. Hepatic sympathectomy (Sx) and parasympathec-
tomy (Px) were performed as previously reported [41]. Total denerva-
tion (Tx) included removal of both sympathetic and parasympathetic 
branches to the liver. The same experimenter (EFo) performed all sur-
geries. After surgery, animals were monitored in an incubator (30°C) 
until wakening. Afterwards animals were returned to their home cage 
and left to recover in group-housing and monitored closely.

EXPERIMENTAL DESIGN — EXPERIMENT 1
At the experimental day, two weeks after surgery, food was removed 4h 
prior to sacrifice. Animals were anesthetized with O2:CO2 (20%:80%) 
gas for 1 minute before decapitation at 13:00 (i.e., 6h after lights on). 
Immediately the abdominal cavity was opened and a section of the left 
lateral lobe of the liver was obtained and snap frozen in liquid nitrogen. 
All tissues were stored in −80°C until further processing. Tissue collec-
tion of 10–11 animals was finished within 1h. Collection of tissues of all 
animals (n=31) was spread over 3 days to minimize variation in time 
of sacrifice. The same experimenter (ALO) obtained all liver sections. 
Ten samples (n=5/5 from groups Intact/Sham, respectively) were used 
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for metabolomics analysis. For microarray analysis two animals from 
the Sx-, Px- and Tx-groups (total n=6) were excluded due to incom-
plete recovery or incomplete denervation, while one animal from the 
Intact-group was excluded due to reduced body weight. Thus, twenty- 
four samples (n=4/5/5/5/5 from groups Intact/Sham/Sx/Px/Tx, re-
spectively) were analysed by microarray.

Experiment 2 — Light at night (LAN)
Animals were housed individually and randomly assigned to one of 
three experimental groups, one week after adaptation to the animal fa-
cility:
DARK (n=8): Animals remained in darkness and were sacrificed at 
22:30;
1hLAN (n=8): Animals were exposed to LAN from 21:00–22:00 and 
sacrificed at 22:00;
2hLAN (n=8): Animals were exposed to LAN from 21:00–23:00 and 
sacrificed at 23:00.

Food and water were available continuously for all groups until sac-
rifice. Animals did not undergo surgery and were handled every other 
day. Light exposure was done with mixed white TL-light from the ceil-
ing of ~125±25 photopic lux and animals remained in their own cage 
and were not touched or moved during the exposure.

EXPERIMENTAL DESIGN — EXPERIMENT 2
At the experimental day, one week after adaptation to the individual 
cages, animals were exposed to darkness or LAN depending on the 
experimental group. After the light exposure (1hLAN and 2hLAN) or 
darkness (DARK), all animals were sacrificed by the method described 
in Experiment 1. Tissue collection of 12 animals was finished within 1h, 
and collection of all tissues (n=24) was spread and randomized over two 
days to minimize variation in time of sacrifice. The same experimenter 
(ALO) obtained all liver sections. In total, 24 samples (n=8/group) were 
analysed by microarray analysis.

Experiment 3 — Liver denervation + LAN
Animals were randomly assigned to one of three experimental groups, 
one week after adaptation to the animal facility:
Sham-DARK (n=8): Animals received a sham hepatic denervation. At 
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the experimental day, animals remained in darkness and were sacri-
ficed at 22:00 (i.e., 3h after lights off).
Sham-LAN (n=8): Animals received a sham hepatic denervation. At 
the experimental day, animals were exposed to LAN from 21:00–22:00 
and sacrificed at 22:00.
Tx-LAN (n=10): Animals received a total hepatic denervation. At the 
experimental day, animals were exposed to LAN from 21:00–22:00 and 
sacrificed at 22:00.

Surgeries were done by the methods described in Experiment 1. The 
same experimenter (EFo) performed all surgeries. After surgery, ani-
mals were monitored in an incubator (30°C) until wakening and after-
wards returned to their home cage and left to recover in-group housing. 
After one week, animals were housed individually for another week 
and monitored closely until sacrifice. 

EXPERIMENTAL DESIGN — EXPERIMENT 3
At the experimental day, i.e., 2 weeks after surgery, food was removed 
at 21:00 until sacrifice (22:00). LAN exposure was done by the same 
methods as in Experiment 2, and started at 21:00 for animals in groups 
Sham-LAN and Tx-LAN. After the light exposure or darkness (Sham- 
DARK), all animals were sacrificed by the method described in Exper-
iment 1. Tissue collection of 13 animals was finished within 1h, and 
collection of all tissues from all animals (n=26) was spread and rand-
omized over two days to minimize variation in time of sacrifice. The 
same experimenter (ALO) obtained all liver sections. Two animals from 
Tx-LAN were excluded due to incomplete recovery or incomplete den-
ervation. In total, 24 samples (n=8/group) were analysed by microarray 
analysis.

RNA isolation
The following steps were similar for tissues from all experiments. Liver 
tissue was cut on dry ice with a razor blade (max. 5mm), added to 1mL 
of TRIzol (Macherey-Nagel Ltd., Oensingen, Switzerland) and homog-
enized by Ultra Turrax homogenizer (IKA, Staufen, Germany). Total 
RNA was isolated from tissues using TRIzol reagent (Macherey-Nagel 
Ltd., Oensingen, Switzerland). RNA concentration was determined us-
ing Nanodrop DS (Thermo Scientific, Wilmington, USA) and RNA qual-
ity was determined using BioAnalyzer (Agilent, Santa Clara, USA). Ten 
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microliter of RNA was used for microarray analysis (described below). 
Samples included in the microarray analysis had RNA concentration 
>100ng/μl and RIN values for RNA quality >8.0.

Noradrenaline
Liver tissue of Experiments 1 and 3, was cut on dry ice, added to 100mg 
tissue/mL homogenous solution (0.08M acetic acid + 80mg/mL glu-
tathione) and homogenized by Ultra Turrax homogenizer (IKA, Staufen, 
Germany). Samples were centrifuged (4°C, 2500×g, 15min) and super-
natant was stored at −80°C. Noradrenaline concentration was deter-
mined by LCMS as described previously [42]. 

Microarray procedure
Amplification of 100ng total RNA was done using the GeneChip 3’ IVT 
Plus Reagent kit (Thermo Fisher Scientific, Massachusetts, USA) gen-
erating biotinylated complementary RNA. The labeled samples were 
hybridized to GeneChip HT RG-230 PM arrays (Thermo Fisher Scien-
tific). GeneTitan Wash and Stain Kit for 3’ IVT Array Plates were used to 
perform washing and staining steps. Scanning was performed with the 
 GeneTitan Instrument (Thermo Fisher Scientific).

Metabolomics procedure
Liver tissue of Experiment 1 was freeze dried overnight. Two mg of 
freeze dried liver tissue was transferred in a 2mL tube and the follow-
ing internal standards, dissolved in MQ, were added, D3-aspartic acid, 
D3-serine, D5-glutamine, D3-glutamate, 13C3-pyruvate, 13C6-isoleucine, 
13C6-glucose, 13C6-fructose-1,6-biphosphate, 13C6-glucose-6-phosphate, 
adenosine-15N5-monophosphate and guanosine-15N5-monophosphate 
(5µM). MQ was added to a total volume of 500µL and subsequently 
500µL of MeOH and 1mL of chloroform was added. Samples were kept 
on ice, vortexed, sonicated by needle sonication for 30 seconds at 5W 
output and centrifuged for 10 minutes at 14.000rpm at 4°C. The “polar” 
top layer ~800µL was transferred to a new 1.5mL tube and dried to dry-
ness in a vacuum concentrator. Dried samples were dissolved in 100µL 
methanol/water (6/4; v/v). For the analysis, we used a Thermo Scien-
tific ultra-high pressure liquid chromatography system (Waltman, MA, 
USA) coupled to Thermo Q Exactive (Plus) Orbitrap mass spectrometer 
(Waltman, MA, USA). The autosampler was held at 10°C during the runs 
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and 5µL of sample was injected on the analytical column. The chroma-
tographic separation was established using a SeQuant ZIC-cHILIC col-
umn (PEEK 100 × 2.1mm, 3.0µm particle size, Merck, Darmstadt, Ger-
many) and kept at 15°C. The flow rate was 0.250mL/min. The mobile 
phase was composed of (A) 9/1 acetonitrile/water with 5mM ammo-
nium acetate; pH 6.8 and (B) 1/9 acetonitrile/water with 5mM ammo-
nium acetate; pH 6.8, respectively. The LC gradient program was: be-
ginning with 100% (A) hold 0–3min; ramping 3–20min to 36% (A); 
ramping from 20–24min to 20% (A); hold from 24–27min at 20% (A); 
ramping from 27–28min to 100% (A); and re-equilibrate from 28–35min 
with 100% (A). The MS data were acquired in negative ionization mode 
at full scan range at 140.000 resolution.

Statistical analysis
MICROARRAY DATA
The raw data per experiment were subjected to a set of quality controls. 
The quality checks revealed no significant hybridization and experi-
mental blocking effects. All arrays used in the final analysis passed the 
quality control and were annotated [43, 44]. Normalized expression 
values were calculated using the robust multi-chip average (RMA) al-
gorithm [45]. Differential gene expression between the experimen-
tal groups and the control group were statistically analysed using 
the Limma package [46] in R-3.2.1 (http://cran.r-project.org). False Dis-
covery Rate correction was performed as described by John D. Storey 
[47]. Gene expression data have been deposited at the public reposi-
tory Gene Expression Omnibus, accession number: t.b.d. The top 5% 
genes according to their q-value were mapped against the KEGG data-
base [48] for pathway analysis. P-values were calculated using a statis-
tical test based on the hypergeometric distribution. Venn diagrams of 
DEGs were created of top 100 DEGs (based on p-value) for Experiment 1 
and with DEGs p<0.001 for Experiments 2 and 3. Venn diagrams of sig-
nificant pathways for all experiments contain pathways with p<0.05. 
Heatmaps for the three different experiments were created with the top 
100 DEGs (based on p-value) of included comparisons (Experiment 1: 
Sham vs. Px, Sham vs. Sx, Sham vs. Tx; Experiment 2: DARK vs. 1hLAN, 
DARK vs. 2hLAN, 1hLAN vs. 2hLAN; Experiment 3: Sham-DARK vs. 
Sham-LAN, Sham-LAN vs. Tx-LAN, Sham-DARK vs. Tx-LAN). Data 
are clustered on genes and samples. Heatmaps of Experiments 2 and 
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3 include horizontal representation of the cluster analysis and divides 
the heatmap in 6 and 7 clusters for Experiments 2 and 3, respectively. 
The clusters of Experiment 3 were further analysed by pathway analysis 
as described above.

METABOLOMICS DATA
Interpretation of the metabolomics data was performed in the Xcali-
bur software (Thermo scientific, Waltman, MA, USA). The amount of 
metabolite is a ratio based on the internal standards used. Statistical 
analysis and the generation of the heatmap and volcano plot was per-
formed using the programming language R.

BODY WEIGHT AND NORADRENALINE
All data are expressed as mean ± standard error of the mean (SEM). 
Body weight (Experiments 1, 2 and 3) and noradrenaline (Experiments 
1 and 3) were analysed with One-way ANOVA to test for group effects. If 
a significant effect was found, post-hoc Tuckey’s multiple comparisons 
test was performed. Results are significant when p<0.05.

RESULTS

Experiment 1 — Liver denervation
Five groups of rats were used to study the effects of removal of nerv-
ous innervation on the liver transcriptome and metabolome. Removal 
of the sympathetic (Sx), parasympathetic (Px) or both nerves (Tx) did 
not significantly affect body weight, when compared to the two control 
groups, i.e., receiving laparotomy (Sham) or anaesthesia only (Intact). 
Body weight after recovery was nearly equal between all groups in Ex-
periment 1, except for a small difference between Intact- and Tx-animals 
(p=0.03, Fig. 1A). Body weight was unaffected by the procedures in Ex-
periment 2 (p=0.61, Fig. 1A) or Experiment 3 (p=0.77, Fig 1A). Noradren-
aline content in liver tissue was assessed in all groups of Experiments 
1 and 3 to confirm whether removal of the sympathetic nerve was suc-
cessful in Sx- and Tx-animals. Significantly reduced levels of noradren-
aline were found in Sx- and Tx-animals compared to animals with intact 
sympathetic nerves (Exp1: p<0.0001, Exp3: p<0.0001, Fig. 1B), indicat-
ing successful removal of the sympathetic nerve in Sx- and Tx-animals. 
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One Sx-animal (Sx4 in Fig. 3) had a relatively high noradrenaline con-
tent. One Px-animal (sample Px5 in Fig. 3) and one Sham-animal (Sham4 
in Fig. 3) showed relatively low noradrenaline content.

Inclusion of two control groups was necessary to control for the ef-
fect of the laparotomy, therefore, first we tested whether the Intact- and 
Sham-animals were divergent. With a semi-targeted metabolomics ap-
proach, we studied the effect of a laparotomy on 78 metabolites by com-
paring Sham- to Intact-animals. Both groups showed variation between 
individual samples, in particular Sham-operated animals (see heatmap in 
Fig. 2A). Volcano plot analysis (Fig. 2B) revealed 10 metabolites with fold 
change (FC)>2 (log2(FC)>1 or <−1, depicted in yellow) and 6 metabolites 
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Figure 1. Body weight and noradrenaline values. (A) Pre-sacrifice body weight 
was nearly equal in all experimental groups. In Experiment 1, a slightly higher body 
weight was found in Intact-animals when compared to Tx-animals. (B) Noradren-
aline levels were estimated for Experiments 1 and 3 and showed that animals with 
removal of the sympathetic nerve (Exp1: Sx and Tx, Exp3: Tx) have greatly reduced 
noradrenaline content in the liver, indicating successful removal of the sympa-
thetic nerve. * p<0.05; ab p<0.01
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with significant changes p<0.05 (−10log(pval)>1.3, depicted in red) due to 
Sham-surgery. A laparotomy increased the expression of valine, proline, 
aspartate, glycerol-3phosphate and oxiglutathione, whereas it decreased 
cis-aconitate (Fig. 2C). From these data, we conclude that the laparotomy 
induces slightly discernible effects on the liver metabolome, despite a 
recovery time of approximately two weeks. In order to better compare 
the within-experiment effects between surgical groups, we removed the 
Intact- animals from the remainder of the analyses of Experiment 1.

Microarray analysis was performed on liver tissue of the four re-
maining experimental groups (Sham, Sx, Px and Tx) to study whether 
specific genes and pathways were affected by removal of autonomic 
innervation. Analysis of ~30.000 transcripts was performed to iden-
tify specific differentially expressed genes (DEGs) and/or pathways 
uniquely affected by removal of the sympathetic or parasympathetic 
branch of the ANS. Analysis demonstrated that a sympathectomy (Sx) 
or parasympathectomy (Px) of the liver did not cause single genes to be 
significantly (q<0.05) up- or downregulated. A total denervation by re-
moval of both nerves (Tx) induced significant (q<0.05) differential ex-
pression of 17 transcripts (Table 1). Analysis of the top 100 DEGs (based 
on p-value) between the Sham-group and each denervation-group (Sx 
vs. Sham, Px vs. Sham and Tx vs. Sham, i.e., 3 comparisons) resulted 
in 252 affected genes (Fig. 3A). Of these 252 genes 69, 68 and 72 genes 
were uniquely affected by Px, Sx and Tx, respectively, and 43 more 
genes were overlapping between 2/3 or 3/3 comparisons (Fig. 3B). The 
heatmap (Fig. 3A) shows nearly complete separation of the four bio-
logical groups, except for one sample in the Px-group, which aligned 
between Sham- and Sx- animals. This sample (Px3) may be divergent 
from the others because the animal needed a short extra isoflurane an-
aesthesia to re-stitch the wound at the first day after surgery.

Pathway analysis is helpful to identify whether the observed, subtle, 
changes in DEGs are related to particular biological functions. The top 
5% of DEGs (based on p-value, FDR corrected) was used to study pathway 
enrichment. Out of 301 pathways, Sx-animals showed significant en-
richment of 20 pathways when comparing to Sham (Table 2), whereas 
Px- and Tx-surgeries induced enrichment of 41 (Table  3) and 43 path-
ways (Table 4), respectively. A number of pathways was overlapping be-
tween the comparisons, with 9 pathways between Px and Tx, and only 
2 pathways between Sx and Tx (Fig. 4). One pathway was affected in all 
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Figure 2. The effects of a Sham surgery on metabolites. (A) Heatmap and 
(B) Volcano Plot depict the analysis of 78 metabolites in Sham-denervated and 
Intact animals, demonstrating different expression of a large set of metabolites. 
The heatmap, on the left, is ranked on p-values, and shows mainly upregulation 
in Sham-animals when compared to Intact-animals. The volcano plot on the right 
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shows a large number of metabolites with a divergent expression pattern. Metabo-
lites identified in red showed statistical significant changes of p<0.05 (-log10>1.3), 
metabolites in yellow showed a fold change >2 (log2FC>1). (C, page 196) 78 metab-
olites are depicted comparing Sham-denervated and Intact-animals. Six metabo-
lites were significantly affected by Sham-surgery (red bars). Data are normalized to 
Intact-expression (i.e., 100%). t-test * p<0.05; ** p<0.01;*** p<0.001
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Figure 3. Heatmap and Venn diagram of hepatic denervations. (A) Heatmap, 
clustered on samples and genes, presents 252 unique genes resulting from top 100 
DEGs of 3 comparisons (Sham vs. Px, Sham vs. Sx, Sham vs. Tx), based on p-value. 
Individual samples are presented in columns. Biological groups separate com-
pletely, except for Px3, which is aligned between Sham- and Sx-animals. (B) Venn 
diagram of top 100 DEGs per comparison (Px vs. Sham, Sx vs. Sham, Tx vs. Sham) 
and the number of overlapping genes between comparisons.
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denervation groups when compared to Sham: AGE-RAGE signalling 
pathway in diabetic complications.

Experiment 2 — Light at night (LAN)
In Experiment 2, we studied whether acute exposure to light at night 
(LAN) for 1h or 2h induces direct changes in the liver transcriptome. 
Analysis of the top 100 DEGs (based on p-value) of the three compar-
isons (i.e., 1hLAN vs. DARK, 2hLAN vs. DARK and 1hLAN vs. 2hLAN) 
resulted in 284 unique DEGs presented in the heatmap (Fig. 5). The bi-
ological groups completely separate after clustering on genes and sam-
ples. Exposure to LAN up- and downregulated clusters of genes when 
compared to the control DARK condition (Fig. 5), with 2h of LAN induc-
ing a more divergent pattern than 1hLAN. Similar expression patterns 

Pathway name Pathway 
number

# genes in 
pathway

Overlap 
in Px

p-value
Px

Overlap 
in Tx

p-value
Tx

Circadian rhythm 04710 30 7 0.0006 6 0.0033

Colorectal cancer 05210 64 10 0.0012 7 0.0401

Thyroid hormone signaling

pathway
04919 119 13 0.0066 11 0.0362

Acute myeloid leukemia 05221 57 8 0.0072 8 0.0072

Adherensjunction 04520 74 8 0.0312 9 0.0113

Protein processing in 

endoplasmic reticulum
04141 165 14 0.0376 22 0.0000

Proteinexport 03060 26 4 0.0387 4 0.0387

FoxO signaling pathway 04068 136 12 0.0402 22 0.0000

Pathway name Pathway 
number

# genes in 
pathway

Overlap 
in Sx

p-value
Sx

Overlap 
in Tx

p-value
Tx

ErbB signalingpathway 04012 91 10 0.0155 9 0.0382
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04933 104 16 0.0001 12 0.0058 11 0.01493
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Figure 4. Pathways affected by denervations. The Venn diagram presents the 
number of pathways that are significantly (p<0.05) enriched with top 5% (FDR 
corrected) DEGs by Sx-, Px- or Tx-denervation when compared to Sham-animals. 
Tx-denervation resulted in most pathways significantly enriched. One pathway 
was overlapping between all non-Sham denervation groups, and one other path-
way overlapped between Sx- and Tx-animals. Most overlapping pathways were 
found between Px- and Tx-groups (9 overlapping). 
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for 1hLAN and 2hLAN are found in cluster 1 with downregulated genes, 
and clusters 4 and 5 with upregulated genes. The expression pattern of 
2hLAN is brighter in clusters 1 and 4, indicating increasing effects on 
gene expression with increasing light exposure. Upregulation of genes 
in clusters 2 and downregulation in cluster 3 was found after 1hLAN, but 
not after 2hLAN. From the top 100 DEGs, thirteen DEGs were affected 
by both 1hLAN and 2hLAN when compared to DARK (Fig. 6A), only four 
have been identified, but zero DEGs were found with q<0.05. Coronin6 
(Coro6) was the top DEG for both 1hLAN and 2hLAN analyses, though 
not significant after correction (1hLAN q=0.2515; 2hLAN q=0.1666). In 

C2
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C5

C4

C6

C1

Figure 5. Heatmap of LAN-exposure. Heatmap, clustered on samples and genes, 
presents 284 unique genes resulting from top 100 DEGs of 3 comparisons (DARK vs. 
1hLAN, DARK vs. 2hLAN, 1hLAN vs. 2hLAN), based on p-value. Biological groups 
separate completely and 2hLAN induces a more divergent expression pattern from 
DARK than 1hLAN. White lines and C-numbers on the right indicate cluster groups 
of genes representing the differences between biological groups.
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an additional analysis, combining 1hLAN with 2hLAN in comparison 
with DARK resulted in significant downregulation of Coro6 (q=0.0145, 
logFC=−0.292), but no other genes with q<0.05.

Pathway analysis demonstrated 15 pathways significantly (p<0.05) 
enriched with DEGs when comparing DARK-animals to 1hLAN and 
15 pathways when compared to 2hLAN (Fig. 6B), with three pathways 
overlapping (Table in Fig. 6B). Two enriched pathways are involved 
in lipid metabolism: glycerolipid metabolism (7/60 in 1hLAN; 9/60 in 
2hLAN) and glycerophospholipid metabolism (10/95 genes affected by 
1hLAN; 12/95 by 2hLAN). Five genes of this pathway were overlapping 
between 1hLAN and 2hLAN, including Diacylglycerol kinases ε (Dgke) 
and β (Dgkb), Lipin 3 (Lpin3), Glycerol-3-phosphate acyltransferase  4 
(Gpat4), Glycerol-3-phopshate dehydrogenase 1-like (Gpd1l), which all play 

Gene IDs Gene 
symbols

Gene names p-value
1hLAN

adj. p-val
1hLAN

p-value
2hLAN

adj. p-val
2hLAN

1370390_PM_at Coro6 coronin 6 0.0000 0.2515 0.0000 0.1804
1375017_PM_at NA NA 0.0001 0.4721 0.0021 0.6901
1377456_PM_at NA NA 0.0001 0.4721 0.0000 0.2081
1379567_PM_at Med13 mediator complex subunit13 0.0001 0.4721 0.0015 0.6901
1396155_PM_at NA NA 0.0003 0.6275 0.0003 0.6539
1378441_PM_at NA NA 0.0004 0.6275 0.0001 0.3522
1377753_PM_at NA NA 0.0006 0.6777 0.0014 0.6901
1392392_PM_at NA NA 0.0009 0.6974 0.0000 0.2136
1382978_PM_at NA NA 0.0014 0.7866 0.0008 0.6799
1390373_PM_at Smad5 SMAD family member 5 0.0016 0.8033 0.0021 0.6901
1389566_PM_at Ccnb2 cyclin B2 0.0018 0.8174 0.0022 0.6901
1383881_PM_at NA NA 0.0022 0.8420 0.0015 0.6901
1379426_PM_at NA NA 0.0022 0.8435 0.0007 0.6799
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Pathway name Pathway 
number

# genes 
in 

pathway

Overlap 
in 

1hLAN

p-value
1hLAN

Overlap 
in 

2hLAN

p-value
2hLAN

Glycerophospholipid metabolism 00564 95 10 0.0204 12 0.0028

Glycerolipid metabolism 00561 60 7 0.0296 9 0.0028

Aminosugar and nucleotide 

sugar metabolism
00520 48 8 0.0024 7 0.0094

B

12 12

2hLAN1hLAN

3

Figure 6. Venn diagrams of effects of LAN. (A) Overlapping DEGs of top 100 
(based on p-value) after 1h or 2hrs of LAN when compared to DARK. Thirteen genes 
are listed including uncorrected and corrected p-values. (B) Number of pathways 
significantly enriched (p<0.05) by 1hLAN or 2hLAN. Three pathways were overlap-
ping as they were significantly enriched by both 1hLAN and 2hLAN exposure when 
compared to DARK. The overlapping pathways are listed in the table on the right, 
including the number of genes in the pathway, the number of genes affected by the 
1hLAN or 2hLAN intervention, and the according p-value.
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important roles in lipid metabolism. Several enriched pathways are in-
volved in cancer metabolism, and amino acids metabolism. A list of 
all pathways affected (p<0.05) by 1h or 2hLAN can be found in Table 5. 
The additional analysis combining 1hLAN and 2hLAN resulted in seven 
significantly enriched pathways, including the three above- mentioned 
overlapping pathways besides the pathways for adherens junction, 
2- oxocarboxylic acid metabolism, galactose metabolism and Wnt signaling.

C2
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C4

C6

C1

C7

Figure 7. Heatmap LAN and denervation. Heatmap of top 100 DEGs of 3 com-
parisons (Sham-DARK vs. Sham-LAN, Sham-LAN vs. Tx-LAN, Sham-DARK vs. Tx-
LAN), presents expression profile of 244 unique genes. Individual subjects (ani-
mals) are presented by columns. Data are clustered on genes and samples. White 
lines and C-numbers on the right indicate clustered groups of genes responsible for 
the differences between biological groups.
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Experiment 3 — Liver denervation + light at night
To study whether the effect of LAN on the liver transcriptome is me-
diated through the autonomic nervous system, we included three ex-
perimental groups: Sham-animals sacrificed in the dark (Sham-DARK), 
Sham-animals sacrificed after LAN (Sham-LAN) and Tx-denervated an-
imals sacrificed after LAN (Tx-LAN).

Selection of the top 100 DEGs based on p-value resulted in 244 unique 
DEGs of the three possible comparisons (i.e., Sham-LAN vs. Sham- 
DARK, Tx-LAN vs. Sham-DARK and Sham-LAN vs. Tx-LAN) after anal-
ysis of all transcripts. Clustering on genes and samples completely 
separated the three biological groups, as all samples aligned within 
their experimental group (Fig. 7). Exposure to LAN in Sham-animals 
(Sham-LAN) induced alterations in the expression pattern when com-
pared to Sham-animals not exposed to LAN (Sham-DARK). Comparing 
Sham-DARK with Sham-LAN animals resulted in 80 DEGs (p<0.001) 
and 47 pathways (p<0.05, Table 6) affected by LAN (Fig. 8). Several of 
these 47 pathways are involved in endocrine signalling, including oxy-
tocin signalling, bile secretion, oestrogen signalling, thyroid signalling and 
glucagon signalling (Table 6).

Removal of the hepatic nerves significantly modified the LAN- 
induced expression pattern (Fig. 7, Tx-LAN). Exposure to LAN after 

Enriched PathwaysDi�erentially Expressed Genes

Sham-LAN

69 11 52 33 14 22

Tx-LAN Sham-LAN Tx-LAN

Figure 8. Venn diagrams of LAN and autonomic innervation. (A) Venn 
diagram representing the number of affected DEGs (p<0.001) when compar-
ing Sham-LAN or Tx-LAN with Sham-DARK. Eleven DEGs were affected by both 
Sham-LAN and Tx-LAN when compared to Sham-DARK. (B) Venn diagram rep-
resenting the number of pathways significantly (p<0.05) enriched with top 5% of 
genes, based on p-value (FDR corrected), after exposure to LAN in Sham- or Tx-ani-
mals, compared to Sham-DARK.

A BA B
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Tx-denervation affected 63 DEGs (p<0.001) and 36 pathways (p<0.05) 
when compared to Sham-DARK (Fig. 8). From those, 11 DEGs and 
14  pathways were overlapping between Sham-LAN and Tx-LAN when 
compared to Sham-DARK (see Table 7 for overlapping pathways, Table 8 
for overlapping DEGs). Several pathways related to endocrine signal-
ling significantly enriched due to Sham-LAN were still significantly af-
fected by Tx-LAN, including bile secretion and thyroid signalling. In addi-
tion, also several pathways related to virus and cancer signalling were 
significantly affected by both Sham-LAN and Tx-LAN, when compared 
to Sham- DARK (Table 7).

The heatmap (Fig. 7) divides in seven clusters of genes that were af-
fected by either of the interventions. Clusters 1 and 7 contain genes that 
were downregulated by LAN, both in the presence or absence of hepatic 
nerves, whereas genes in clusters 4 and 5 were upregulated by LAN in 
both the Sham and Tx-group. Genes in cluster 3 were upregulated by 
LAN, but this effect was prevented by the total denervation. Cluster 6 
contains genes that were not affected by LAN in the Sham-animals, but 
upregulated when the autonomic nerves had been removed. The oppo-
site was seen in cluster 2, as these genes were also not affected by LAN 
in the Sham-group, but were downregulated in the denervated group. 
Pathway analysis on genes within the seven separate clusters did not 
reveal strong involvement of specific pathways accounting for the dis-
crepancy between biological groups.

DISCUSSION

The hypothalamus has long been appreciated to be pivotal in the con-
trol and coordination of homeostatic activity. Historically, this has 
been viewed in terms of the extensive neuroendocrine control system 
resulting from processing of hypothalamic signals relayed to the pitu-
itary. Through these actions, endocrine signals are integrated through-
out the body, modulating a vast array of physiological processes [49]. 
More recently, the control emanating from the hypothalamus over the 
autonomic nervous system (ANS) has been increasingly recognized 
as a powerful additional modulator of peripheral tissues. The neural 
regulation is believed to be fine and rapid, whereas the hormonal reg-
ulation is more stable and widespread. Pre-autonomic neurons in the 
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hypothalamus regulate outgoing signals via nerves of the sympathetic 
and parasympathetic branches of the ANS innervating all organs in the 
body, including metabolic organs such as the liver. This hypothalamus- 
ANS pathway has also been shown to be essential for communicating 
environmental time-of-day information received by the central biolog-
ical clock, to peripheral organs such as pineal and adrenal. In this study, 
we aimed to investigate: 1) the effects of hepatic denervation on the liver 
transcriptome, 2) whether light at night (LAN) affects liver functions at 
the level of the transcriptome, and 3) whether the autonomic innerva-
tion is essential for transmitting the effects observed in aim 2. Microar-
ray analysis revealed that the changes induced by the different dener-
vation protocols were small with no major fold changes in expression 
levels of individual genes. On the other hand, the surgical interventions 
did result in a nearly complete separation of the different groups in the 
microarray study, indicating clearly that the individual branches of the 
ANS differentially affect cellular mechanisms in the liver. The second 
experiment demonstrated that LAN signals acutely affect liver physiol-
ogy of non-operated animals, with 2hLAN exposure causing a more di-
vergent expression pattern than 1hLAN. The third experiment demon-
strated that removal of the autonomic nervous input to the liver does 
change the effects of LAN on the liver transcriptome, but does not com-
pletely abolish its effects, indicating that light signals also use pathways 
other than the hepatic nerves to affect the liver transcriptome.

Performing a surgical ablation of hepatic nerves requires a large lap-
arotomy. Phenotypic parameters to estimate recovery in animals, in-
cluding body weight, appetite [50], visible wound healing, regrowth of 
fur, improved fast in the first days after surgery and had normalized 
before sacrifice. Nevertheless, in Experiment 1 we included an exper-
imental group with animals without a laparotomy to control for the 
effect of laparotomy per se. Interestingly, metabolites showed unequal 
expression between Sham- and Intact-animals with significant up- and 
downregulation of several metabolites. Similar results were found for 
the genomic effects as we found little or no overlap between DEG and 
pathway analyses of Sx-, Px- and Tx-groups comparisons with Sham- or 
Intact-animals (data not shown). These effects were found even two 
weeks after surgeries, likely due to ongoing reconstruction of connec-
tive tissue and small blood vessels in muscle and skin and ongoing ac-
tivity of a protective and restorative immune response. Therefore, in 
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order to be able to analyse the effects of the actual hepatectomies, we 
removed the Intact-group from our further analysis.

The first experiment of this study was designed to reveal potential 
primary pathways targeted by the autonomic nerves. We expected large 
modifications of individual genes by removal of autonomic innervation 
of the liver, potentially eligible as future biomarkers for (removal of) au-
tonomic innervation. However, we did not find any gene, or combina-
tions of several genes (data not shown), to be uniquely and significantly 
up- or downregulated by either sympathectomy or parasympathectomy. 
The surgeries induced rather subtle changes, which were only signifi-
cant at the pathway level. The absence of large effects is potentially due 
to the biological function of the ANS. A proportion of human liver trans-
plantation-patients and animals with a (partial) liver denervation live 
relatively healthy when not challenged by extreme conditions. Most 
experimental setups showing clear effects of ANS-function used acute 
stimulation or inhibition of ANS activity. Our laboratory, and others, 
have used this approach to show the need for a functional autonomic 
balance in the control of, for instance, glucose and lipid metabolism [20, 
51, 52]. The animals in the current study were not challenged before sac-
rifice, except for a 4h food deprivation during their sleep period, and 
thus we consider that the animals were in a ‘steady’ state, i.e., with bal-
anced ANS activity. Despite the absence of large up- or down-regulation 
in gene expression of single genes, the small changes were consistent 
within the distinct experimental groups as the heatmap aligns the sam-
ples of the individual groups, resulting in homogeneous changes in the 
expression patterns induced by the surgeries.

Interestingly, the Px-, Sx- and Tx-surgery significantly affected one 
overlapping KEGG-pathway when compared to Sham-surgery: AGE-
RAGE signalling in diabetic complications. This pathway plays a role in 
the activation of several intracellular signalling cascades [53], includ-
ing calcium signalling, janus kinase (Jak)-signal transducer and acti-
vator of transcription (STAT) signalling, phosphoinositide-3-kinase 
(PI3K)-protein kinase B (PKB or AKT) signalling, which was significant 
in Tx-animals, and mitogen-activated protein kinase (MAPK) signal-
ling, which was significant in Px-animals. In various pathologies in-
cluding diabetes mellitus, this pathway is activated, e.g., by hypergly-
caemia and can have long-term effects on the immune response, cell 
cycle and the vascular system [53, 54]. Indeed, genes coding for proteins 
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or enzymes essential in intracellular signalling in many functions were 
slightly affected in all denervation groups, including Phosphokinase C 
(Pkc), Nicotinamide adenine dinucleotide phosphate hydrogen (Nadph), 
Pi3k and Tumour necrosis factor alpha (Tnfα). Modulations in expres-
sion of genes coding for intracellular signalling molecules can have 
wide-ranging effects, including processes involved with inflammation 
and cancer development. Inflammatory markers or cancer progression 
were not examined in the animals in this study, but autonomic func-
tions have been associated with cancer development [55] and control 
of immune function [56–58]. Furthermore, patients with a liver trans-
plantation, and thus a (partial) denervation, have been reported to have 
an increased risk of cancer and hepatitis, besides cardiovascular prob-
lems and metabolic dysregulation [33, 59, 60].

Thus, in general, pathways involved in intracellular signalling were 
most affected by the denervations, including circadian rhythm and AGE-
RAGE signalling. The pathway analysis did not reveal a pronounced he-
patic function (e.g. lipid or glucose metabolism, immune functions, 
detoxification) to be primarily affected in either of the hepatectomy 
groups. However, animals with a total denervation showed signifi-
cant enrichment of the foxO signalling, non-alcoholic fatty liver disease 
(NAFLD), insulin resistance and insulin signalling pathways. These path-
ways were within the top 14 of the 43 enriched pathways by Tx, and 
thereby strengthen the association between autonomic activity and en-
ergy metabolism [23, 38, 61, 62] at the transcriptome level. These path-
ways may act as a reference point for further research on the role of the 
ANS in the development of metabolic pathologies.

Alterations in intracellular signalling cascades after denervation 
may have been a result of removal of neurotransmitter secretion from 
the autonomic nerve endings. Release of noradrenaline by the sym-
pathetic nerves activates α- and/or β-adrenergic receptors, which are 
G-protein coupled receptors (GPCRs). Depending on the subtype of the 
receptor, bound noradrenaline will activate an adenylate cyclase, phos-
pholipase C (PLC) or calcium signalling cascade [63, 64]. The parasympa-
thetic nerve is considered to mainly release acetylcholine, which binds 
to muscarinic- or nicotinergic-receptors [65, 66]. Muscarinic receptors 
are GPCRs and again the exact mode of action depends on the subtype 
[65], whereas nicotinergic-receptors are ligand-gated ion channels, but 
have also been associated with G-protein complexes [66]. In the current 
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experiments, noradrenaline content was clearly reduced by removal 
of the sympathetic nerve, but reduced neurotransmission by the par-
asympathetic branch is still difficult to estimate. The KEGG pathways 
most closely related to ANS neurotransmission are cholinergic synapse, 
which was not significantly enriched by either of the denervations, and 
adrenergic signalling in cardiomyocytes, which was affected by parasym-
pathectomy. Activation of these pathways is associated with intracel-
lular signalling pathways such as calcium, MAPK and cAMP signalling, 
and the latter pathways were also found to be significantly enriched by 
parasympathetic denervation.

The sympathetic and parasympathetic branches are considered to 
alternate in being dominantly active, depending on the time-of-day 
and required physiological status. In nocturnal rats, the sympathetic 
branch is more active during the dark phase of the day when the an-
imals are awake and active, and sympatho-excitation stimulates pro-
cesses to increase readily usable energy. However, the time of sacrifice 
in the current experiment was during the resting phase characterized 
by mainly energy conserving activities and more dominant activity of 
the parasympathetic branch. Therefore, sacrifice during the daytime 
(i.e., sleeping period) likely revealed more effects of the removal of 
the parasympathetic nerve than removal of the inactive, sympathetic 
nerve. This may indeed be reflected in the double number of pathways 
affected by parasympathectomy (41 pathways) over sympathectomy 
(20 pathways). Theoretically, the total denervation would represent a 
combination of Sx and Px, possibly leading to an intermediate or com-
bined phenotype. Indeed, the heatmap presentation aligns the Tx-an-
imals in between the Px- and Sx-groups, suggesting that there is not 
a much stronger similarity to either of the two single denervations. 
Nevertheless, the number of shared pathways between the Tx-group 
and Sx- animals was smaller (2 pathways) than those with Px-animals 
(9 pathways), suggesting that the total denervation resembles more the 
parasympathectomized rats, which is in line with the clustering tree 
above the heatmap (Fig. 3A) showing the closest connecting between 
the Px- and Tx-groups. Probably again due to the time-of-day depend-
ent higher activity of the parasympathetic branch. It will be interesting 
to investigate whether these results will be inverted when the experi-
ment is executed 12h later, i.e., sacrifice at a time point at which sym-
pathetic nervous activity is predominant.
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The liver consists of a number of different liver lobes and cell types, 
necessary to enable the range of hepatic functions in physiology. In the 
current study, we did not separate the different cell types, possibly con-
tributing to the different classes of pathways found to be affected by the 
denervations or light interventions. Although it is unknown whether 
the ANS differentially affects the distinct liver lobes or cell types [67], 
the current setup cannot distinguish the more specialized effects on, 
for instance, Kupffer cells, oval cells, hepatocytes or lymphocytes. Fur-
thermore, liver anatomy is different between rats and humans, includ-
ing the degree of autonomic innervation on to hepatocytes [67], which 
complicates the translation of these data to human conditions. Never-
theless, cell types and liver functions show large similarities between 
species, and more importantly, the hepatic genome is a well-conserved 
biological system [68, 69].

Environmental light exposure has clear physiological effects, particu-
larly for synchronization of the circadian system, but also was shown to 
affect the ANS, and the control of glucose metabolism [9, 12, 16, 17]. In 
the current study, we investigated the effects of LAN exposure on the 
level of the liver transcriptome in two separate experiments, one with 
non-operated (Experiment 2) and one with operated rats (Experiment 3). 
We compared the significantly enriched pathways of the 1hLAN con-
dition in Exp. 2 with those of the Sham-LAN-animals in Exp. 3, as the 
experimental setup and amount of light exposure was equal between 
these groups. Interestingly, only one pathway was overlapping: central 
carbon metabolism in cancer. This pathway is involved in the regulation 
of glucose uptake by (cancer) cells and its conversion into usable energy, 
and thus this interestingly correlates with our earlier data on effects 
of LAN on glucose metabolism [9]. The pathway consists of 65 genes 
and 9 genes were affected by Experiment 2 and 7 genes by Experiment 3. 
Three genes were overlapping between the two experiments: Glutami-
nase (Gls), Ret proto-oncogene (Ret) and Fibroblast growth factor receptor 2 
(Fgfr2). These genes do not share a common function and to what extent 
the changes on gene expression level translate to functional changes re-
mains to be investigated. The low number of shared pathways between 
the two experiments, further confirms the major (disturbing) conse-
quences of a (Sham-) surgery and/or anaesthesia.

LAN exposure in the non-operated animals affected several path-
ways, and the overlap in results between 1h and 2h of exposure was 
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minimal. The heatmap also demonstrates that several clusters of genes 
respond increasingly with the duration of light exposure as they re-
sponded a little after 1h and stronger after 2h. On the other hand, other 
genes only responded with 1h exposure and returned to normal (i.e., 
at the level of DARK) after 2h of exposure. These different clusters 
may represent different physiological functions, and this requires fur-
ther research. Interestingly, the circadian rhythm pathway was affected 
by 1hLAN, suggesting that LAN rapidly affects the molecular clock in 
liver cells. However, this pathway was not significantly affected after 
2hLAN, with 2hLAN affecting 3/30 genes in this pathway compared to 
5/30 for 1hLAN. A number of pathways overlapping between the two 
LAN-groups and a few other pathways affected in either of the LAN-
groups were involved in lipid metabolism. Since glucose and lipid me-
tabolism are closely linked, and the liver is an important organ for lipid 
control, this may be a point for further investigation. Analysis of the 
top 100 DEGs revealed four identified transcripts to be affected by both 
1h and 2h of LAN, the most affected gene being Coronin6 (Coro6). This 
gene is a (muscle) subtype of the, evolutionary well-conserved, coronin 
protein family, which is known for its actin-binding properties to fa-
cilitate cell transport [70]. Coronins are involved with innate immune 
function, and one subtype has been reported to be important for insu-
lin release by the pancreas [71, 72]. Coro6 is relatively unknown, but has 
been shown to be involved in the regulation of acetylcholine receptor 
clustering in the cell membrane [73], and thus may be involved in the 
activity of the parasympathetic nervous system. At this point, it is un-
known what the function of Coro6 in the liver is and why LAN would 
affect its expression.

Light exposure has been demonstrated to modulate activity of au-
tonomic nerves innervating the adrenal glands, pancreas and kidneys 
[12, 16–18]. Subsequent modulation of hormone secretion from these 
organs may also act on liver function. For instance, light exposure sup-
presses melatonin secretion by the pineal gland [74], glucocorticoid se-
cretion by the adrenal glands [12, 31] and insulin release by the pancreas 
[75], which are all known as important signalling molecules for the liver. 
The third experiment of the current study revealed that LAN exposure 
also significantly affected signalling pathways of other hormones, in-
cluding thyroid hormone, bile acids, glucagon, oestrogen, gonadotro-
pin-releasing hormone (GnRH) and oxytocin. A few of these pathways 
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are initiated by binding of the hormone to a GPCR in the membrane 
and thereby initiate intracellular signalling cascades through activa-
tion of PI3K, PLC, cyclic adenosine monophosphate (cAMP) or MAPK. 
Downstream targets act as promotors or inhibitors on DNA binding 
sites to regulate gene expression. Most endocrine- related pathways sig-
nificantly affected by Sham-LAN were still significantly affected after 
liver denervation. Thyroid and bile acid signalling were significantly 
enriched in Tx-LAN, whereas oestrogen and oxytocin signalling were 
close to significance (p=0.05 and p=0.06, respectively). On the other 
hand, glucagon and GnRH signalling were not affected anymore by LAN 
in Tx-animals. Therefore, pathways involved in thyroid, oestrogen, oxy-
tocin and bile signalling may use ANS- independent routes to affect the 
liver. A limited number of studies, in chickens and related to growth re-
sponses, have reported early associations between light exposure and 
GnRH [76] and thyroid hormone levels [77], besides the well-described 
effects on melatonin and corticosterone. Future studies should investi-
gate whether light indeed also affects the HPG- and HPT-axis.

Removal of the autonomic input to the liver clearly modulated the ef-
fects of LAN. Moreover, the denervated-LAN-exposed animals resem-
bled more the expression pattern of unexposed animals than that of the 
LAN-exposed animals, suggesting that the ANS is an important path-
way for light signals to reach the liver. It is unknown through which 
process the autonomic nerves facilitate light signalling on liver func-
tion. Modulation of the molecular circadian hepatic clock is a poten-
tial cellular mechanism of action. Light exposure has been described 
to affect clock gene expression within a few hours in rat liver [15] and 
mouse adrenal gland [12, 78], and this depended on autonomic inner-
vation. Furthermore, direct effects of autonomic activity on the hepatic 
molecular clock have been described [79, 80]. Our current study sup-
ports these findings: the circadian rhythm pathway was one of the most 
affected pathways by both a parasympathetic and a total denervation. 
Approximately 20% of the genes in this pathway were modulated by the 
denervations, including Cryptochrome (Cry) 2 and RAR-related orphan re-
ceptor (Ror) beta in Tx-animals and Brain and muscle ARNT-like 1 (Bmal1), 
Cry1, Rorα and neuronal PAS domain protein 2 (Npas2, also known as Cir-
cadian locomotor output cycles protein kaput; Clock) in Px-animals. Mod-
ifications in core clock gene expression, hypothetically, lead to subse-
quent effects in clock controlled genes, which are important in a wide 



Acknowledgements 211

7

spread array of functions including energy metabolism. However, it is 
important to note that in the current microarray study, the effects on 
individual clock genes were small and further investigations are neces-
sary to study the effect on actual circadian liver functions.

In conclusion, control of peripheral organs by the autonomic nerv-
ous system is a delicate mechanism: it is essential in energetically chal-
lenging conditions, but seems largely dispensable in steady state con-
ditions. One hour of light exposure induces widespread changes at 
the level of the hepatic transcriptome, partly transmitted via the auto-
nomic nervous innervation of the liver. The underlying cellular mech-
anisms of hepatic autonomic innervation are unknown, but this study 
presents several possible starting points, such as intracellular signal-
ling pathways. Removal of the autonomic nerves to the liver affected 
the hepatic molecular clock at the level of the transcriptome, poten-
tially an efficient method by which the central biological clock in the 
brain communicates and synchronizes the rhythms in different organs. 
This study contributes to our understanding of the role of the auto-
nomic nervous system in the development of metabolic diseases, po-
tentially through disruption of the circadian system.
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Table 2. Pathways significantly (p<0.05) enriched with DEGs (p<0.001) after com-
paring sympathectomised animals (Sx) with Sham-denervated animals (Sham). 
Pathway rno indicates the pathway number for rattus norvegicus; n genes the num-
ber of genes in the pathway; overlap the number of genes of the pathway present in 
list of DEGs; p-value the level of significance in enrichment.

pathway pathway rno n genes overlap p-value
Hypertrophic cardiomyopathy (HCM) 05410 85 16 0.0000
Dilated cardiomyopathy 05414 91 15 0.0000
Focal adhesion 04510 206 22 0.0007
Protein digestion and absorption 04974 93 12 0.0023
Pathways in cancer 05200 400 33 0.0036
AGE-RAGE signaling pathway in diabetic complications 04933 104 12 0.0058
Proteoglycans in cancer 05205 208 19 0.0085
ECM-receptor interaction 04512 84 10 0.0091
Arrhythmogenic right ventricular cardiomyopathy (ARVC) 05412 74 9 0.0113
African trypanosomiasis 05143 40 6 0.0138
ErbB signaling pathway 04012 91 10 0.0155
Axon guidance 04360 179 16 0.0180
Rap1 signaling pathway 04015 216 18 0.0240
HTLV-I infection 05166 295 23 0.0241
Platelet activation 04611 127 12 0.0255
Transcriptional misregulation in cancer 05202 176 15 0.0312
Amoebiasis 05146 106 10 0.0395
Morphine addiction 05032 92 9 0.0405
Glycine, serine and threonine metabolism 00260 40 5 0.0479
Cardiac muscle contraction 04260 81 8 0.0493
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Table 3. Pathways significantly (p<0.05) enriched with DEGs (p<0.001) after 
comparing parasympathectomised animals (Px) with Sham-denervated animals 
(Sham). Pathway rno indicates the pathway number for rattus norvegicus; n genes 
the number of genes in the pathway; overlap the number of genes of the pathway 
present in list of DEGs; p-value the level of significance in enrichment.

pathway pathway rno n genes overlap p-value
AGE-RAGE signalling pathway in diabetic complications 04933 104 16 0.0001
Circadian rhythm 04710 30 7 0.0006
Colorectal cancer 05210 64 10 0.0012
Osteoclast differentiation 04380 134 15 0.0029
Toll-like receptor signalling pathway 04620 97 12 0.0033
Hepatitis C 05160 129 14 0.0052
Thyroid hormone signalling pathway 04919 119 13 0.0066
Acute myeloid leukaemia 05221 57 8 0.0072
Endocrine resistance 01522 95 11 0.0078
Fructose and mannose metabolism 00051 38 6 0.0108
Pathways in cancer 05200 400 31 0.0110
cGMP-PKG signalling pathway 04022 171 16 0.0121
Rap1 signalling pathway 04015 216 19 0.0124
Tight junction 04530 143 14 0.0126
Central carbon metabolism in cancer 05230 65 8 0.0154
HIF-1 signalling pathway 04066 109 11 0.0206
Carbohydrate digestion and absorption 04973 44 6 0.0215
Oestrogen signalling pathway 04915 96 10 0.0217
Apoptosis 04210 141 13 0.0247
Melanoma 05218 71 8 0.0251
Platelet activation 04611 127 12 0.0255
Bile secretion 04976 72 8 0.0270
Regulation of lipolysis in adipocytes 04923 59 7 0.0272
Focal adhesion 04510 206 17 0.0300
Wnt signalling pathway 04310 145 13 0.0301
Transcriptional misregulation in cancer 05202 176 15 0.0312
Adherens junction 04520 74 8 0.0312
Adrenergic signalling in cardiomyocytes 04261 148 13 0.0348
MAPK signalling pathway 04010 259 20 0.0366
cAMP signalling pathway 04024 196 16 0.0375
Protein processing in endoplasmic reticulum 04141 165 14 0.0376
Leukocyte transendothelial migration 04670 120 11 0.0381
Dilated cardiomyopathy 05414 91 9 0.0382
Protein export 03060 26 4 0.0387
RIG-I-like receptor signalling pathway 04622 64 7 0.0401
FoxO signalling pathway 04068 136 12 0.0402
Chagas disease (American trypanosomiasis) 05142 107 10 0.0417
Type II diabetes mellitus 04930 52 6 0.0444
Hepatitis B 05161 139 12 0.0462
TNF signalling pathway 04668 110 10 0.0488
Bacterial invasion of epithelial cells 05100 81 8 0.0493
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Table 4. Pathways significantly (p<0.05) enriched with DEGs (p<0.001) after com-
paring complete denervated animals (Tx) with Sham-denervated animals (Sham). 
Pathway rno indicates the pathway number for rattus norvegicus; n genes the number 
of genes in the pathway; overlap the number of genes of the pathway present in list 
of DEGs; p-value the level of significance in enrichment.

pathway pathway rno n genes overlap p-value
FoxO signalling pathway 04068 136 22 0.0000
N-Glycan biosynthesis 00510 50 11 0.0000
Protein processing in endoplasmic reticulum 04141 165 22 0.0000
Non-alcoholic fatty liver disease (NAFLD) 04932 163 18 0.0014
Ubiquitin mediated proteolysis 04120 141 16 0.0019
Complement and coagulation cascades 04610 83 11 0.0028
Circadian rhythm 04710 30 6 0.0033
Insulin resistance 04931 111 13 0.0037
Metabolic pathways 01100 1308 87 0.0042
Chronic myeloid leukaemia 05220 76 10 0.0045
Longevity regulating pathway - multiple species 04213 65 9 0.0049
Signalling pathways regulating pluripotency of stem cells 04550 142 15 0.0051
Acute myeloid leukaemia 05221 57 8 0.0072
Insulin signalling pathway 04910 140 14 0.0106
Adherens junction 04520 74 9 0.0113
Adipocytokine signalling pathway 04920 75 9 0.0123
AMPK signalling pathway 04152 129 13 0.0126
Thyroid cancer 05216 29 5 0.0135
AGE-RAGE signalling pathway in diabetic complications 04933 104 11 0.0149
Starch and sucrose metabolism 00500 53 7 0.0159
Pyrimidine metabolism 00240 107 11 0.0181
Glycosaminoglycan degradation 00531 21 4 0.0188
Galactose metabolism 00052 32 5 0.0203
RNA polymerase 03020 32 5 0.0203
Non-small cell lung cancer 05223 56 7 0.0210
Cell cycle 04110 127 12 0.0255
Terpenoid backbone biosynthesis 00900 23 4 0.0258
Cysteine and methionine metabolism 00270 47 6 0.0288
Proteasome 03050 47 6 0.0288
Fatty acid biosynthesis 00061 14 3 0.0300
mTOR signalling pathway 04150 160 14 0.0301
Prolactin signalling pathway 04917 76 8 0.0358
Glycosphingolipid biosynthesis — ganglio series 00604 15 3 0.0362
Thyroid hormone signalling pathway 04919 119 11 0.0362
ErbB signalling pathway 04012 91 9 0.0382
Protein export 03060 26 4 0.0387
Jak-STAT signalling pathway 04630 151 13 0.0399
Colorectal cancer 05210 64 7 0.0401
Glycosaminoglycan biosynthesis — keratan sulfate 00533 16 3 0.0429
Maturity onset diabetes of the young 04950 27 4 0.0437
Arginine and proline metabolism 00330 52 6 0.0444
Endometrial cancer 05213 52 6 0.0444
Longevity regulating pathway 04211 94 9 0.0455
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Table 5. Pathways significantly (p<0.05) enriched with DEGs (p<0.001) after com-
paring 1hLAN (above) or 2hLAN (below) with DARK-animals. Pathway rno indicates 
the pathway number for rattus norvegicus; n genes the number of genes in the path-
way; overlap the number of genes of the pathway present in list of DEGs; p-value the 
level of significance in enrichment.

pathway pathway rno n genes overlap p-value
1hLAN
Amino sugar and nucleotide sugar metabolism 00520 48 8 0.0024
Carbon metabolism 01200 121 14 0.0029
Central carbon metabolism in cancer 05230 65 9 0.0049
2-Oxocarboxylic acid metabolism 01210 19 4 0.0132
Pyruvate metabolism 00620 40 6 0.0138
Valine, leucine and isoleucine biosynthesis 00290 4 2 0.0140
Circadian rhythm 04710 30 5 0.0156
Steroid biosynthesis 00100 20 4 0.0159
Arginine biosynthesis 00220 20 4 0.0159
Glycerophospholipid metabolism 00564 95 10 0.0204
Non-homologous end-joining 03450 13 3 0.0245
AMPK signalling pathway 04152 129 12 0.0283
Glycerolipid metabolism 00561 60 7 0.0296
Fatty acid biosynthesis 00061 14 3 0.0300
mRNA surveillance pathway 03015 94 9 0.0455
2hLAN
Thyroid hormone signalling pathway 04919 119 15 0.0009
Glycerophospholipid metabolism 00564 95 12 0.0028
Glycerolipid metabolism 00561 60 9 0.0028
Amino sugar and nucleotide sugar metabolism 00520 48 7 0.0094
Prostate cancer 05215 89 10 0.0134
Aminoacyl-tRNA biosynthesis 00970 69 8 0.0215
Sphingolipid signalling pathway 04071 124 12 0.0216
Proximal tubule bicarbonate reclamation 04964 22 4 0.0221
Lysosome 04142 129 12 0.0283
Adherens junction 04520 74 8 0.0312
Endocytosis 04144 290 22 0.0350
RNA transport 03013 165 14 0.0376
Colorectal cancer 05210 64 7 0.0401
Pancreatic cancer 05212 65 7 0.0431
Collecting duct acid secretion 04966 27 4 0.0437
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Table 6. Pathways significantly (p<0.05) enriched with DEGs (p<0.001) after com-
paring Sham-DARK and Sham-LAN animals. Pathway rno indicates the pathway 
number for rattus norvegicus; n genes the number of genes in the pathway; overlap 
the number of genes of the pathway present in list of DEGs; p-value the level of sig-
nificance in enrichment.

pathway pathway rno n genes overlap p-value
Oxytocin signalling pathway 04921 160 21 0.0001
Oestrogen signalling pathway 04915 96 15 0.0001
Influenza A 05164 171 21 0.0001
Adherens junction 04520 74 12 0.0003
Gap junction 04540 88 13 0.0004
Thyroid hormone signalling pathway 04919 119 15 0.0009
Oocyte meiosis 04114 113 14 0.0015
Toxoplasmosis 05145 123 14 0.0034
Cell cycle 04110 127 14 0.0046
Amphetamine addiction 05031 65 9 0.0049
Glucagon signalling pathway 04922 102 12 0.0049
Epstein-Barr virus infection 05169 231 21 0.0062
Prion diseases 05020 34 6 0.0062
Phosphatidylinositol signalling system 04070 96 11 0.0085
Vascular smooth muscle contraction 04270 123 13 0.0087
Circadian entrainment 04713 97 11 0.0091
Platelet activation 04611 127 13 0.0112
Apoptosis 04210 141 14 0.0112
Salivary secretion 04970 76 9 0.0134
Dopaminergic synapse 04728 130 13 0.0134
Glycine, serine and threonine metabolism 00260 40 6 0.0138
Longevity regulating pathway — multiple species 04213 65 8 0.0154
GnRH signalling pathway 04912 92 10 0.0166
Osteoclast differentiation 04380 134 13 0.0169
Renin secretion 04924 67 8 0.0183
Aldosterone synthesis and secretion 04925 84 9 0.0243
Bile secretion 04976 72 8 0.0270
Pertussis 05133 73 8 0.0290
Glutamatergic synapse 04724 115 11 0.0292
Inflammatory mediator regulation of TRP channels 04750 115 11 0.0292
Pathways in cancer 05200 400 29 0.0298
Inositol phosphate metabolism 00562 74 8 0.0312
Prostate cancer 05215 89 9 0.0338
Adrenergic signalling in cardiomyocytes 04261 148 13 0.0348
Progesterone-mediated oocyte maturation 04914 90 9 0.0359
Leukocyte transendothelial migration 04670 120 11 0.0381
Fc gamma R-mediated phagocytosis 04666 91 9 0.0382
Amoebiasis 05146 106 10 0.0395
Morphine addiction 05032 92 9 0.0405
Rheumatoid arthritis 05323 92 9 0.0405
Chagas disease (American trypanosomiasis) 05142 107 10 0.0417
Glycosaminoglycan biosynthesis — keratan sulfate 00533 16 3 0.0429
Long-term potentiation 04720 65 7 0.0431
Central carbon metabolism in cancer 05230 65 7 0.0431
Notch signalling pathway 04330 52 6 0.0444
African trypanosomiasis 05143 40 5 0.0479
Homologous recombination 03440 28 4 0.0490
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Table 7. Common pathways significantly (p<0.05) enriched by DEGs (p<0.001) in 
both Sham-LAN and Tx-LAN when compared to Sham-DARK. Sorted on signifi-
cance in Sham-LAN.

Pathway name Pathway nr n genes overlap in 
Sham-LAN

p-value overlap in 
Tx-LAN

p-value

Influenza A 05164 171 21 0.0001 18 0.0024
Thyroid hormone signalling 
 pathway

04919 119 15 0.0009 12 0.0161

Epstein-Barr virus infection 05169 231 21 0.0062 21 0.0062
Phosphatidylinositol signalling 
system

04070 96 11 0.0085 11 0.0085

Apoptosis 04210 141 14 0.0112 14 0.0112
Glycine, serine and threonine 
 metabolism

00260 40 6 0.0138 7 0.0034

Bile secretion 04976 72 8 0.0270 12 0.0002
Pathways in cancer 05200 400 29 0.0298 31 0.0110
Inositol phosphate metabolism 00562 74 8 0.0312 8 0.0312
Adrenergic signalling in 
 cardiomyocytes

04261 148 13 0.0348 14 0.0166

Leukocyte transendothelial 
 migration

04670 120 11 0.0381 11 0.0381

Fc gamma R-mediated 
 phagocytosis

04666 91 9 0.0382 9 0.0382

Amoebiasis 05146 106 10 0.0395 11 0.0170
Central carbon metabolism in 
cancer

05230 65 7 0.0431 7 0.0431



Tables 219

7

Ta
bl

e 
8.

 T
he

 e
le

ve
n 

ov
er

la
pp

in
g 

D
EG

s m
os

t a
ffe

ct
ed

 (p
<0

.0
01

) b
y 

bo
th

 S
ha

m
-L

A
N

 a
nd

 T
x-

LA
N

 w
he

n 
co

m
pa

re
d 

to
 S

ha
m

-D
A

RK
. T

he
 

ge
ne

s a
re

 re
pe

at
ed

 in
 th

e 
up

pe
r a

nd
 lo

w
er

 p
ar

t. 
Th

e 
si

x 
m

os
t r

ig
ht

 c
ol

um
ns

 c
on

ta
in

 v
al

ue
s f

or
 th

e 
Sh

am
-L

A
N

 g
ro

up
 v

s.
 S

ha
m

-D
A

RK
 

(u
pp

er
 p

ar
t) 

an
d 

th
e 

Tx
-L

A
N

 g
ro

up
 v

s.
 S

ha
m

-D
A

RK
 (l

ow
er

 p
ar

t).
 lo

gF
C 

in
di

ca
te

s l
og

 F
ol

d 
Ch

an
ge

, A
ve

Ex
pr

 is
 th

e a
ve

ra
ge

 ex
pr

es
si

on
 o

f t
he

 
tr

an
sc

rip
t b

y T
x-

 a
nd

 S
ha

m
-a

ni
m

al
s, 

t i
nd

ic
at

es
 F

C 
di

vi
de

d 
by

 st
an

da
rd

 er
ro

r

Ge
ne

 ID
s

Ge
ne

 sy
m

bo
ls

Ge
ne

 n
am

es
lo

gF
C

Av
eE

xp
r

t
p-

va
lu

e
ad

j.p
-v

al
q-

va
lu

es
Sh

am
-L

AN
13

73
67

9_
PM

_a
t

N
A

N
A

0.
38

58
6.

29
72

5.
46

16
0.

00
00

0.
13

32
0.

12
25

13
91

42
9_

PM
_a

t
H

fe
2

he
m

oc
hr

om
at

os
is 

ty
pe

 2
 (j

uv
en

ile
)

0.
36

92
9.

46
83

4.
74

89
0.

00
01

0.
19

37
0.

17
81

13
74

26
1_

PM
_a

t
N

A
N

A
0.

22
65

3.
41

26
4.

54
85

0.
00

01
0.

23
98

0.
22

05
13

73
73

6_
PM

_a
t

N
A

N
A

0.
39

29
6.

49
95

4.
47

85
0.

00
01

0.
25

77
0.

23
70

13
69

27
0_

PM
_a

t
N

r1
i2

nu
cl

ea
r r

ec
ep

to
r s

ub
fa

m
ily

 1,
 gr

ou
p 

I, m
em

be
r 2

0.
22

61
9.

15
93

4.
42

38
0.

00
02

0.
25

77
0.

23
70

13
83

69
7_

PM
_a

t
N

A
N

A
−0

.3
70

6
4.

60
88

−4
.2

77
0

0.
00

02
0.

27
05

0.
24

88
13

96
16

8_
PM

_a
t

N
A

N
A

0.
21

82
3.

39
47

4.
21

91
0.

00
03

0.
29

59
0.

27
20

13
68

24
7_

PM
_a

t
N

A
N

A
−0

.8
18

6
4.

70
36

−4
.0

52
7

0.
00

04
0.

33
37

0.
30

68
13

82
13

8_
PM

_a
t

N
ra

rp
N

ot
ch

-re
gu

la
te

d 
an

ky
rin

 re
pe

at
 p

ro
te

in
−0

.3
36

2
4.

15
55

−4
.0

41
5

0.
00

04
0.

33
37

0.
30

68
13

71
24

5_
PM

_a
_a

t
N

A
N

A
0.

73
08

10
.4

03
2

3.
86

59
0.

00
07

0.
35

39
0.

32
54

13
70

91
2_

PM
_a

t
H

sp
a1

a
he

at
 sh

oc
k 7

0k
D 

pr
ot

ei
n 

1A
−0

.74
75

6.
69

83
−3

.8
50

1
0.

00
07

0.
35

39
0.

32
54

Tx
-L

AN
13

73
67

9_
PM

_a
t

N
A

N
A

0.
28

78
6.

29
72

4.
07

46
0.

00
04

0.
36

46
0.

32
88

13
91

42
9_

PM
_a

t
H

fe
2

he
m

oc
hr

om
at

os
is 

ty
pe

 2
 (j

uv
en

ile
)

0.
37

72
9.

46
83

4.
85

26
0.

00
01

0.
27

05
0.

24
39

13
74

26
1_

PM
_a

t
N

A
N

A
0.

21
82

3.
41

26
4.

38
22

0.
00

02
0.

31
20

0.
28

14
13

73
73

6_
PM

_a
t

N
A

N
A

0.
38

40
6.

49
95

4.
37

78
0.

00
02

0.
31

20
0.

28
14

13
69

27
0_

PM
_a

t
N

r1
i2

nu
cl

ea
r r

ec
ep

to
r s

ub
fa

m
ily

 1,
 gr

ou
p 

I, m
em

be
r 2

0.
20

57
9.

15
93

4.
02

41
0.

00
05

0.
39

12
0.

35
28

13
83

69
7_

PM
_a

t
N

A
N

A
−0

.3
54

7
4.

60
88

−4
.0

93
4

0.
00

04
0.

36
46

0.
32

88
13

96
16

8_
PM

_a
t

N
A

N
A

0.
20

42
3.

39
47

3.
94

91
0.

00
06

0.
42

75
0.

38
55

13
68

24
7_

PM
_a

t
N

A
N

A
−1

.0
68

2
4.

70
36

−5
.2

88
3

0.
00

00
0.

27
05

0.
24

39
13

82
13

8_
PM

_a
t

N
ra

rp
N

ot
ch

-re
gu

la
te

d 
an

ky
rin

 re
pe

at
 p

ro
te

in
−0

.3
47

5
4.

15
55

−4
.17

68
0.

00
03

0.
35

12
0.

31
67

13
71

24
5_

PM
_a

_a
t

N
A

N
A

0.
94

04
10

.4
03

2
4.

97
49

0.
00

00
0.

27
05

0.
24

39
13

70
91

2_
PM

_a
t

H
sp

a1
a

he
at

 sh
oc

k 7
0k

D 
pr

ot
ei

n 
1A

−0
.8

83
1

6.
69

83
−4

.5
48

2
0.

00
01

0.
28

53
0.

25
73



220 Omics to study effects of LAN and the autonomic nervous system

REFERENCES

1. Falchi, F., et al., The new world atlas of 

artificial night sky brightness. Sci Adv, 

2016. 2(6): p. e1600377.

2. McFadden, E., et al., The relationship 

between obesity and exposure to light at 

night: cross-sectional analyses of over 

100,000 women in the Breakthrough 

Generations Study. Am J Epidemiol, 

2014. 180(3): p. 245–50.

3. Obayashi, K., et al., Exposure to light at 

night, nocturnal urinary melatonin ex-

cretion, and obesity/dyslipidemia in the 

elderly: a cross-sectional analysis of the 

HEIJO-KYO study. J Clin Endocrinol 

Metab, 2013. 98(1): p. 337–44.

4. Albreiki, M.S., B. Middleton, and S.M. 

Hampton, A single night light exposure 

acutely alters hormonal and metabolic 

responses in healthy participants. En-

docr Connect, 2017. 6(2): p. 100–110.

5. Cheung, I.N., et al., Morning and Evening 

Blue-Enriched Light Exposure Alters Met-

abolic Function in Normal Weight Adults. 

PLoS One, 2016. 11(5): p. e0155601.

6. Versteeg RI, S.D., Visintainer D, 

 Linnenbank A, Tanck M,  Zwanenburg 

G, Smilde AK, Fliers E, Kalsbeek A, 

 Serlie MJ, la Fleur SE, Bisschop PH, 

Acute effects of morning light on plasma 

glucose and triglycerides in healthy men 

and men with type 2 diabetes. Journal 

of Biological Rhythms, 2017. In press.

7. Fonken, L.K., et al., Light at night in-

creases body mass by shifting the time 

of food intake. Proc Natl Acad Sci U S A, 

2010. 107(43): p. 18664–9.

8. Coomans, C.P., et al., Detrimental ef-

fects of constant light exposure and high-

fat diet on circadian energy metabolism 

and insulin sensitivity. Faseb j, 2013. 

27(4): p. 1721–32.

9. Opperhuizen, A.L., et al., Light at night 

acutely impairs glucose tolerance in a 

time-, intensity- and wavelength-depen-

dent manner in rats. Diabetologia, 2017.

10. Kozaki, T., et al., Light-induced melatonin 

suppression at night after exposure to dif-

ferent wavelength composition of morning 

light. Neurosci Lett, 2016. 616: p. 1–4.

11. Kalsbeek, A., et al., GABA release from 

suprachiasmatic nucleus terminals is 

necessary for the light-induced inhibition 

of nocturnal melatonin release in the rat. 

Neuroscience, 1999. 91(2): p. 453–61.

12. Ishida, A., et al., Light activates the ad-

renal gland: timing of gene expression 

and glucocorticoid release. Cell Metab, 

2005. 2(5): p. 297–307.

13. Daneault, V., et al., Light-sensitive 

brain pathways and aging. J Physiol An-

thropol, 2016. 35(1): p. 9.

14. Pilorz, V., et al., Melanopsin Regulates 

Both Sleep-Promoting and Arousal-Pro-

moting Responses to Light. PLoS Biol, 

2016. 14(6): p. e1002482.

15. Cailotto, C., et al., Effects of nocturnal 

light on (clock) gene expression in pe-

ripheral organs: a role for the autonomic 

innervation of the liver. PLoS One, 2009. 

4(5): p. e5650.

16. Niijima, A., et al., Effects of light stim-

ulation on the activity of the autonomic 

nerves in anesthetized rats. Physiol Be-

hav, 1993. 54(3): p. 555–61.



References 221

7

17. Niijima, A., et al., Light enhances sympa-

thetic and suppresses vagal outflows and 

lesions including the suprachiasmatic nu-

cleus eliminate these changes in rats. J Au-

ton Nerv Syst, 1992. 40(2): p. 155–60.

18. Mutoh, T., et al., Melatonin modulates 

the light-induced sympathoexcitation 

and vagal suppression with participation 

of the suprachiasmatic nucleus in mice. J 

Physiol, 2003. 547(Pt 1): p. 317–32.

19. Bisschop, P.H., E. Fliers, and A.  Kalsbeek, 

Autonomic regulation of hepatic glucose 

production. Compr Physiol, 2015. 5(1): 

p. 147–65.

20. Bruinstroop, E., et al., The autonomic ner-

vous system regulates postprandial hepatic 

lipid metabolism. Am J Physiol Endocri-

nol Metab, 2013. 304(10): p. E1089–96.

21. Shimazu, T., Glycogen synthetase activity 

in liver: regulation by the autonomic nerves. 

Science, 1967. 156(3779): p. 1256–7.

22. Shimazu, T. and A. Fukuda, Increased 

activities of glycogenolytic enzymes in 

liver after splanchnic-nerve stimulation. 

Science, 1965. 150(3703): p. 1607–8.

23. Mizuno, K. and Y. Ueno, Autonomic 

Nervous System and the Liver. Hepatol 

Res, 2016.

24. Martinez-Sanchez, N., et al., Hypotha-

lamic AMPK-ER Stress-JNK1 Axis Medi-

ates the Central Actions of Thyroid Hor-

mones on Energy Balance. Cell Metab, 

2017. 26(1): p. 212–229.e12.

25. Cailotto, C., et al., The suprachiasmatic 

nucleus controls the daily variation of 

plasma glucose via the autonomic output 

to the liver: are the clock genes involved? 

Eur J Neurosci, 2005. 22(10): p. 2531–40.

26. La Fleur, S.E., et al., A suprachiasmatic 

nucleus generated rhythm in basal glu-

cose concentrations. J Neuroendocrinol, 

1999. 11(8): p. 643–52.

27. Buijs, R.M., The autonomic nervous sys-

tem: a balancing act. Handb Clin Neurol, 

2013. 117: p. 1–11.

28. Buijs, R.M., et al., The suprachiasmatic 

nucleus balances sympathetic and para-

sympathetic output to peripheral organs 

through separate preautonomic neurons. 

J Comp Neurol, 2003. 464(1): p. 36–48.

29. la Fleur, S.E., et al., Polysynaptic neural 

pathways between the hypothalamus, in-

cluding the suprachiasmatic nucleus, and 

the liver. Brain Res, 2000. 871(1): p. 50–6.

30. Buijs, R.M., et al., Parasympathetic and 

sympathetic control of the pancreas: a 

role for the suprachiasmatic nucleus and 

other hypothalamic centers that are in-

volved in the regulation of food intake. J 

Comp Neurol, 2001. 431(4): p. 405–23.

31. Buijs, R.M., et al., Anatomical and func-

tional demonstration of a multisynaptic 

suprachiasmatic nucleus adrenal (cortex) 

pathway. Eur J Neurosci, 1999. 11(5): 

p. 1535–44.

32. Kreier, F., et al., Selective parasympa-

thetic innervation of subcutaneous and 

intra-abdominal fat — functional im-

plications. J Clin Invest, 2002. 110(9): 

p. 1243–50.

33. Russo, M.W., The Care of the Postliver 

Transplant Patient. J Clin Gastroenterol, 

2017. 51(8): p. 683–692.

34. Luca, L., R. Westbrook, and E.A. 

 Tsochatzis, Metabolic and car-

diovascular complications in the 



222 Omics to study effects of LAN and the autonomic nervous system

liver transplant recipient. Ann 

Gastroenterol, 2015. 28(2): 

p. 183–192.

35. Thoefner, L.B., et al., Risk factors for met-

abolic syndrome after liver transplanta-

tion: A systematic review and meta-anal-

ysis. Transplant Rev (Orlando), 2017.

36. Licht, C.M., E.J. de Geus, and B.W. 

 Penninx, Dysregulation of the autonomic 

nervous system predicts the development 

of the metabolic syndrome. J Clin Endo-

crinol Metab, 2013. 98(6): p. 2484–93.

37. Wulsin, L.R., et al., Autonomic Imbal-

ance as a Predictor of Metabolic Risks, 

Cardiovascular Disease, Diabetes, and 

Mortality. J Clin Endocrinol Metab, 

2015. 100(6): p. 2443–8.

38. Sabath, E., A. Baez-Ruiz, and R.M. 

Buijs, Non-alcoholic fatty liver disease as 

a consequence of autonomic imbalance 

and circadian desynchronization. Obes 

Rev, 2015. 16(10): p. 871–82.

39. Zhou, D., et al., Evolving roles of circadian 

rhythms in liver homeostasis and pathol-

ogy. Oncotarget, 2016. 7(8): p. 8625–39.

40. Del Rio, R., et al., Neuron-Glia Cross-

talk in the Autonomic Nervous System 

and Its Possible Role in the Progression of 

Metabolic Syndrome: A New Hypothesis. 

Front Physiol, 2015. 6: p. 350.

41. Kalsbeek, A., et al., Suprachiasmatic 

GABAergic inputs to the paraventricu-

lar nucleus control plasma glucose con-

centrations in the rat via sympathetic in-

nervation of the liver. J Neurosci, 2004. 

24(35): p. 7604–13.

42. norvan Vliet, D., et al., Large Neutral 

Amino Acid Supplementation Exerts Its 

Effect through Three Synergistic Mech-

anisms: Proof of Principle in Phenylke-

tonuria Mice. PLoS One, 2015. 10(12): p. 

e0143833.

43. TB, P., htrat230pmcdf: htrat230pmcdf. R 

package version 2.18.0. 2015.

44. M, C., hgu133plus2.db: Affymetrix Hu-

man Genome U133 Plus 2.0 Array anno-

tation data (chip hgu133plus2). R pack-

age version 3.0.0. . 2015.

45. Irizarry, R.A., et al., Summaries of Affy-

metrix GeneChip probe level data. Nu-

cleic Acids Res, 2003. 31(4): p. e15.

46. Phipson, B., et al., ROBUST HYPERPA-

RAMETER ESTIMATION PROTECTS 

AGAINST HYPERVARIABLE GENES 

AND IMPROVES POWER TO DETECT 

DIFFERENTIAL EXPRESSION. Ann 

Appl Stat, 2016. 10(2): p. 946–963.

47. J. D. Storey, A.J.B., A. Dabney, D.  Robinson, 

qvalue: Q-value estimation for false discovery 

rate control. R package version 2.8.0. 2015.

48. Tenenbaum, D., KEGGREST: Client-side 

REST access to KEGG. R package version 

1.16.1. 2017.

49. Bruinstroop, E., E. Fliers, and A. 

 Kalsbeek, Hypothalamic control of he-

patic lipid metabolism via the autonomic 

nervous system. Best Pract Res Clin En-

docrinol Metab, 2014. 28(5): p. 673–84.

50. Bellinger, L.L. and F.E. Williams, Meal 

patterns and plasma liver enzymes and 

metabolites after total liver denervations. 

Physiol Behav, 1995. 58(3): p. 625–8.

51. Cailotto, C., et al., Daily rhythms in met-

abolic liver enzymes and plasma glucose 

require a balance in the autonomic out-

put to the liver. Endocrinology, 2008. 



References 223

7

149(4): p. 1914–25.

52. Yi, C.X., et al., Pituitary adenylate 

cyclase- activating polypeptide stimu-

lates glucose production via the hepatic 

sympathetic innervation in rats. Diabe-

tes, 2010. 59(7): p. 1591–600.

53. Ott, C., et al., Role of advanced glycation 

end products in cellular signaling. Redox 

Biology, 2014. 2: p. 411–429.

54. Ramasamy, R., et al., Advanced glyca-

tion end products and RAGE: a common 

thread in aging, diabetes, neurodegener-

ation, and inflammation. Glycobiology, 

2005. 15(7): p. 16R–28R.

55. Horvathova, L. and B. Mravec, Effect of 

the autonomic nervous system on cancer 

progression depends on the type of tumor: 

solid are more affected then ascitic tumors. 

Endocr Regul, 2016. 50(4): p. 215–224.

56. Scheiermann, C., Y. Kunisaki, and P.S. 

Frenette, Circadian control of the im-

mune system. Nat Rev Immunol, 2013. 

13(3): p. 190–8.

57. Soto-Tinoco, E., N.N. Guerrero-Vargas, 

and R.M. Buijs, Interaction between the 

hypothalamus and the immune system. 

Exp Physiol, 2016.

58. Pereira, M.R. and P.E. Leite, The Involve-

ment of Parasympathetic and Sympa-

thetic Nerve in the Inflammatory Reflex. J 

Cell Physiol, 2016. 231(9): p. 1862–9.

59. Bianchi, G., et al., Metabolic syndrome 

in liver transplantation: relation to eti-

ology and immunosuppression. Liver 

Transpl, 2008. 14(11): p. 1648–54.

60. Kato, H. and T. Shimazu, Effect of auto-

nomic denervation on DNA synthesis during 

liver regeneration after partial hepatectomy. 

Eur J Biochem, 1983. 134(3): p. 473–8.

61. Uno, K., et al., Neuronal pathway from 

the liver modulates energy expenditure 

and systemic insulin sensitivity. Science, 

2006. 312(5780): p. 1656–9.

62. Yahagi, N., Hepatic Control of Energy 

Metabolism via the Autonomic Nervous 

System. J Atheroscler Thromb, 2017. 

24(1): p. 14–18.

63. Hein, L. and B.K. Kobilka, Adrenergic 

receptor signal transduction and regula-

tion. Neuropharmacology, 1995. 34(4): 

p. 357–66.

64. Insel, P.A., Seminars in medicine of the 

Beth Israel Hospital, Boston. Adrenergic 

receptors — evolving concepts and clin-

ical implications. N Engl J Med, 1996. 

334(9): p. 580–5.

65. Eglen, R.M., Muscarinic receptor sub-

types in neuronal and non-neuronal cho-

linergic function. Auton Autacoid Phar-

macol, 2006. 26(3): p. 219–33.

66. Kabbani, N., et al., Are nicotinic acetyl-

choline receptors coupled to G proteins? 

Bioessays, 2013. 35(12): p. 1025–34.

67. Jensen, K.J., G. Alpini, and S. Glaser, 

Hepatic nervous system and neurobiol-

ogy of the liver. Compr Physiol, 2013. 

3(2): p. 655–65.

68. Gibbs, R.A., et al., Genome sequence of 

the Brown Norway rat yields insights into 

mammalian evolution. Nature, 2004. 

428(6982): p. 493–521.

69. Villar, D., et al., Enhancer evolution 

across 20 mammalian species. Cell, 2015. 

160(3): p. 554–66.

70. Chan, K.T., S.J. Creed, and J.E. Bear, Un-

raveling the enigma: progress towards 



224 Omics to study effects of LAN and the autonomic nervous system

understanding the coronin family of actin 

regulators. Trends Cell Biol, 2011. 21(8): 

p. 481–8.

71. Kimura, T. and I. Niki, Rab27a, actin 

and beta-cell endocytosis. Endocr J, 2011. 

58(1): p. 1–6.

72. Yamaoka, M., T. Ishizaki, and T. 

Kimura, Interplay between Rab27a effec-

tors in pancreatic beta-cells. World J Dia-

betes, 2015. 6(3): p. 508–16.

73. Chen, Y., et al., Coronin 6 regulates ace-

tylcholine receptor clustering through 

modulating receptor anchorage to actin 

cytoskeleton. J Neurosci, 2014. 34(7): 

p. 2413–21.

74. Illnerova, H., et al., Effect of one min-

ute exposure to light at night on rat pi-

neal serotonin N-acetyltransferase and 

melatonin. J Neurochem, 1979. 32(2): 

p. 673–5.

75. Qian, J., et al., Consequences of exposure 

to light at night on the pancreatic islet 

circadian clock and function in rats. Di-

abetes, 2013. 62(10): p. 3469–78.

76. Zhang, L., et al., Green light inhibits 

GnRH-I expression by stimulating the 

melatonin-GnIH pathway in the chick 

brain. J Neuroendocrinol, 2017. 29(5).

77. Yang, Y., et al., Physiological responses 

to daily light exposure. Sci Rep, 2016. 6: 

p. 24808.

78. Kiessling, S., P.J. Sollars, and G.E. 

 Pickard, Light stimulates the mouse 

adrenal through a retinohypothalamic 

pathway independent of an effect on the 

clock in the suprachiasmatic nucleus. 

PLoS One, 2014. 9(3): p. e92959.

79. Shibata, S., Neural regulation of the 

hepatic circadian rhythm. Anat Rec 

A Discov Mol Cell Evol Biol, 2004. 

280(1): p. 901–9.

80. Terazono, H., et al., Adrenergic regu-

lation of clock gene expression in mouse 

liver. Proc Natl Acad Sci U S A, 2003. 

100(11): p. 6795–800.







8
General Discussion





General discussion 229

8

The predictability of the daily sunrise and sunset during evolution 
equipped most species, including mammals, with a complex internal 
clock mechanism. Metabolic adaptation to the light and dark phase of 
a day requires modifications in gene expression, organ activity and be-
haviour. Central regulation of the countless bodily daily rhythms is in 
the hands of the suprachiasmatic nucleus (SCN) in the brain. On top 
of the crossing of the optical nerves is the SCN conveniently located 
to perceive light information from the environment. Multiple, some-
times parallel running pathways downstream of the SCN forward time 
and light information to the rest of the body. These pathways sprout 
from several hypothalamic brain areas where signals from the SCN are 
integrated with signals on the homeostatic status of the body. Acute en-
ergetic messages from periphery, for instance hypo- and hyperglycae-
mia, may interfere with the SCN-derived outgoing signals, potentially 
causing conflicting commands for intermediate brain areas and (sub-
sequently) peripheral organs. In addition to these central commands, 
local molecular clocks in the periphery contribute to metabolic and 
circadian activity of organs. Disruption of these peripheral clocks has 
been shown to decrease metabolic health [1–7], supporting the tight in-
tegration of the circadian system and energy metabolism.

An increasing amount of work and leisure activities in human life 
takes place in the evening and beginning of the night, an unnatural 
time for diurnal species, including humans, to be awake, ingest food 
and see light. Shift workers, and in particular night workers, frequently 
disrupt their regular day and night rhythm, usually for several consec-
utive days during many years. The increased risk of shift workers to de-
velop metabolic diseases [8–21] is considered to originate from the ex-
posure to severe circadian disruption. Several factors may be, partially, 
responsible for the increased risk of metabolic disease in shift workers, 
including exposure to unusual timing of activity and sleep, feeding and 
fasting, (natural) light and darkness and social interactions. The under-
lying mechanism of how these shift work conditions relate to the patho-
physiological disruption of metabolism is increasingly investigated, but 
remains so far unknown. The aim of this thesis was to study in more 
detail the metabolic consequences of two shift work conditions; feed-
ing and light exposure at an unusual time-of-day, and thereby to expand 
the understanding of the mechanism behind the potentially disruptive 
effects of these conditions on energy metabolism. In the first part of this 
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thesis, chapters 3 and 4 describe the effects of abnormal timing of food 
intake on parameters including behaviour, adiposity, endocrine control 
and circadian rhythmicity in peripheral organs and the brain. In the sec-
ond part, chapters 5, 6 and 7 focus on the acute effects of circadian dis-
ruption by exposure to light at night and the consequences for glucose 
metabolism and the liver transcriptome. All experimental studies in 
this thesis were carried out with male Wistar rats.

In Chapter 2, we reviewed the range of animals and experimental 
setups that are used to model human shift work conditions, with a fo-
cus on the consequences for metabolic health. During the past decade, 
the number of studies claiming to use a shift work model has increased 
largely, together aiming to improve the medical condition of millions 
of human individuals around the world. Indeed, models using unusual 
timing of light exposure by shorter or longer photoperiods or constant 
(bright or dim) light conditions were greatly disruptive for body weight 
and glucose metabolism. Restriction of the timing of food intake was the 
most frequently used experimental setup and mainly disrupted glucose 
and lipid metabolism, but less frequently also affected the amount of 
food intake and locomotor activity. Models using primarily a disruption 
of activity and/or sleep were lower in numbers. Studies for activity were 
limited and only performed with rats, whereas sleep models presented 
a variety of methods (e.g. sleep-deprivation, -restriction, -disruption) 
and mainly disrupted glucose metabolism. Inconsistency in experi-
mental design was not only found in the sleep studies, but, for instance, 
also the duration of the aberrant light exposure or feeding conditions 
ranged from a few days to months. Furthermore, the number of studied 
parameters was sometimes limited, in particular sleep measurements 
were minimal. Clearly, all models affected any of the metabolic param-
eters, but a larger number of studies with greater methodological con-
sistency will be needed before firm conclusions can be drawn.

Furthermore, in Chapter 2, we discussed and expanded the hypoth-
esis on how these shift work models lead to adverse metabolic effects 
through circadian disruption. We distinguished four bodily levels of 
circadian disruption, as a consequence of the desynchronization be-
tween an organism and its environment (Fig. 1). The distinction of the 
different levels provides a more systematic method to get insight of 
metabolic consequences by circadian disruption. The highest level we 
distinguished was a desynchronization between the central clock and 
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the peripheral clocks, occurring when clock genes in peripheral organs 
adapt to, for instance, food intake during the sleep period, but rhythms 
in the SCN stay put to the L/D-cycle [22]. Level 2 comprises desynchro-
nization between separate organs, for instance when the liver and mus-
cle respond differently to feeding at the wrong time-of-day [23]. At this 
level, we also included desynchronization between non-SCN brain areas, 
which may occur in (hypothalamic) nuclei integrating SCN-gated sig-
nals with afferent peripheral signals [24]. Desynchronization at levels 
3 and 4 occurs intracellularly between clock genes and clock- controlled 
genes (CCGs; level 3) or between the molecular clock genes themselves 
(level 4) [25–29]. These types of desynchronization may take place in 
each organ or cell when synchronizing signals for cellular activity are 
incongruent. In the level 2 desynchronization, we also included a possi-
ble desynchronization between anatomical distinct parts of the SCN, oc-
curring, for example, due to a discrepancy between the responses of the 
ventral and dorsal SCN to a phase shift [30, 31]. However, in hindsight, 
this may also hold true for other hypothalamic nuclei and peripheral or-
gans, containing separate anatomical sections or multiple cell types. For 
instance, the paraventricular nucleus (PVN) of the brain contains many 
different cell types, such as pre- autonomic neurons, parvocellular neu-
roendocrine neurons, oxytocin- and vasopressin- secreting magnocellu-
lar neurons, and interneurons. These cell types are clustered to some 
extent in distinct anatomical subzones of the PVN. Moreover, cellular 
heterogeneity is also found in important metabolic organs such as the 
liver (with different lobules and hepatocytes, Kupffer cells and stellate 
cells), in muscle tissue (with aerobic and anaerobic muscle fibres) and 
in the pancreas (with alpha- and beta-cells). These levels of desynchro-
nization, as well as levels 3 and 4 have only been marginally studied and 
should be investigated in the future as they may also play an important 
role in organ dysfunctionality.

Part I (Chapters 3 and 4) of this thesis focused on food intake, an im-
portant Zeitgeber for many peripheral clocks, which may act as a driv-
ing oscillator for several circadian traits that ignore the L/D- schedule 
[32, 33]. The worldwide obesity pandemic raised a strong interest in the 
importance of many aspects of food intake for health [34], the close in-
teractions between food intake and the circadian system being one of 
these aspects [35]. Experimental designs to study the effects of feeding 
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time are diverse, but most of them involve a shift in the timing of food 
intake, sometimes combined with a restriction of the amount of calo-
ries. An early study with mice demonstrated that high-fat feeding dur-
ing the light phase increased body weight [36], demonstrating an inter-
action between feeding time and health. Numerous studies followed 
(a selection [23, 37–50]), aiming to narrow down the time-window for 
negative health consequences, to test possible protective or reversing 
mechanisms, and to investigate contributing mechanisms. Although 
experimental variation is large between these studies (chow or high-fat 
diet, length of experiment, included parameters, rodent species), gen-
erally each study demonstrated some effects on metabolic health. Our 
data are congruent with these studies, observing increased adiposity, 
decreased food intake and shifts in the rhythm of locomotor activity 
and the respiratory exchange ratio (RER). In addition, the mechanism 
of how mistimed food intake affects metabolism was further investi-
gated by several studies, including ours.

First, the rhythm of voluntary food intake is strongly intertwined with 
the rhythm in locomotor activity. We, and others, found that restricting 
food availability to a non-physiological phase of the day causes a shift 
in locomotor activity, a first sign for circadian disruption that cannot 
be excluded as a major factor in the development of metabolic effects. 
However, the rhythm of activity did not fully synchronize to feeding 
time, suggesting that locomotor activity, as an important output of the 
SCN, remains partly entrained to the L/D-cycle, even after 8 weeks of 
timed food- restriction. Some studies subjected rats to a working proto-
col (i.e., forced minimal activity during the light phase) and provided 
food during the night or day, aiming to discriminate between food and 
activity as the leading pathological factor. These studies showed that 
despite the anti-phasic availability of food with the forced work activity, 
food during the natural time-of-day led to lower body weight, reduced 
adiposity and maintenance of rhythmicity in hormone concentrations 
when compared to day-working animals eating in synch with work, but 
out of synch with the SCN [24, 28, 39]. Thus, feeding time seems to be 
dominant over timing of locomotor activity in causing negative meta-
bolic consequences.

The partly shift of locomotor activity demonstrates the first level of 
desynchronization identified in Chapter 2. In Chapters 3 and 4, we 
also provided examples of desynchronization levels 2 to 4 by studying 
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rhythms of clock and metabolic gene expression in multiple brain areas 
and peripheral organs. Although the hepatic clock is relatively easy to 
study (with regard to RNA isolation and obtaining strong oscillations), 
the liver is not the sole organ responsible for the control of energy ho-
meostasis. For instance, glucose metabolism depends on direct and 
well-regulated interactions between the liver, pancreas, gut and mus-
cle tissue. Therefore, it is essential to investigate whether responses to 
an aberrant timing of food intake in these peripheral tissues run in par-
allel or apart. In line with previous studies [22, 23, 51], liver rhythms 
adapted to the new feeding schedule by shifting all genes investigated. 
Interestingly, the rhythmic gene expression observed in muscle tissue 
of ad libitum and dark fed animals disappeared in animals fed during 
the light phase. Except for rhythmic, but shifted, Uncoupling protein 3 
(Ucp3) expression, all genes became a-rhythmic, potentially displaying 
reflection of the reduced amplitude in the daily activity rhythm. Others 
also observed effects of feeding time on gene expression rhythms in 
the muscle and white adipose tissue [52, 53]. Thus, food-induced circa-
dian disruption hits the body in more places than the liver. This change 
in feeding time completely shifts the rhythms in the liver, and leaves 
the muscle a-rhythmic: desynchronization at level 2 (Fig. 1). Imagina-
bly, these unequal shifts in local molecular clocks may lead to miscom-
munication between these organs, which is a clear risk factor for a de-
rangement of the control of glucose and lipid metabolism [54, 55]. 

Our study did not provide major indications for intra-organ or in-
tracellular desynchronization (levels 3 and 4, Fig. 1), as we did not find 
large differences between genes of the molecular clock or between 
clock genes and CCGs. This consistency between gain, loss or phase 
shifts of rhythms in both clock and metabolic genes is congruent with 
the mechanism of entrainment by food. Postprandial absorption and 
oxidation of nutrients in order to produce adenosine triphosphate 
(ATP), generates intracellular modifications in signalling molecules, 
which influences the expression of clock genes. For instance, changes 
in the ratio of nicotinamide adenine dinucleotide (NAD) and its phos-
phorylated form (NADH) affect CLOCK/BMAL1 stability, but also perox-
isome proliferator-activated receptor (Ppar) gamma coactivator 1-alpha 
(Pgc1α) and other members of PPAR family are nutrient-responsive and 
directly interact with the molecular clock [55–58], besides their func-
tion as metabolic regulatory transcription factors [59]. Indeed, these 
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genes (Pparα, Pgc1α, Nicotinamide phosphoribosyl transferase; Nampt) 
were affected similarly to clock genes in our study, further support-
ing this pathway of hepatic entrainment by food. However, this con-
tradicts another study describing uncoupling of Ppar and Nampt from 
clock gene rhythms in liver by daytime feeding [28]. Altogether, food 
entrainment occurs locally at the level of the liver through direct nutri-
ent sensing on hepatocytes affecting the intertwined web of metabolic 
and clock genes. How signals from hormonal (e.g., glucose, glucocor-
ticoids, insulin, fibroblast growth factors) or neural pathways (by the 
autonomic nervous system) are integrated in this process at the level of 
cells, remains to be studied. Furthermore, it remains unknown whether 
activation of intracellular signalling is similar in different organs. For 
instance, skeletal muscle is an important metabolic organ, but it is, as 
yet, unknown how entrainment by food and by exercise [60, 61] are in-
tegrated in muscle tissue and whether this affects metabolic functions 
such as insulin sensitivity and glucose uptake [2, 54].

Future directions: Since the molecular clock is present everywhere 
in the body, it is important to include other metabolically important or-
gans, such as the intestines [62], pancreas and brown and white adi-
pose tissues, in further studies to investigate their sensitivity to food 
entrainment. Expansion of the descriptive studies including other or-
gans will be helpful in providing a more complete overview on the con-
sequences of food timing, altogether important to study rescuing or 
preventive methods at a later stage. Before doing so, data are needed on 
desynchronization between other organs than SCN, liver and muscle, 
but also possible intra-organ desynchronization ranging from desyn-
chrony between anatomical distinct parts, as well as, between different 
gene groups (i.e., metabolic versus clock). In addition, many studies, 
including ours, report mRNA expression without data on protein con-
tent or enzymatic activity. Nevertheless, these data will be necessary in 
order to understand better the functional significance of phase shifts, 
losses or gains of rhythmicity in gene expression.

The hypothalamus of the brain, the major control centre for energy 
homeostasis, certainly registers a shift in the timing of food intake, 
since it directly responds to feeding related changes in glucose, insu-
lin and leptin. The SCN has been demonstrated to be relatively resist-
ant to changes in feeding time, but little is known about how other hy-
pothalamic nuclei respond to feeding at an unusual time-of-day. We 
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hypothesized that afferent (hormonal) signals from the periphery will 
clash with SCN-derived time signals, disrupting the normal activity 
rhythms of hypothalamic nuclei. In particular, we targeted the orexin 
system in our experiments. Orexin, also known as hypocretin, is a neu-
ropeptide solely produced in the lateral hypothalamus (LH) and identi-
fied as a key player in sleep/wake regulation [63, 64]. Evidence increases 
on the role of orexin in metabolic and circadian functions. On the one 
hand, interactions with the circadian system exist: projections from 
and to the SCN were demonstrated [65–67], and daily fluctuations were 
found for peptide content in the cerebrospinal fluid (CSF) [66, 68, 69], 
neuronal activity [70, 71] and, to a lesser extent, mRNA in brain tissue 
[72, 73]. On the other hand, orexin neurons respond acutely to changes 
in glucose, leptin, and ghrelin concentrations [74]. On their turn, 
orexin neurons directly control glucose [75, 76] and lipid metabolism 
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Figure 1. Four levels of internal desynchronization. Level 1 presents desynchro-
nization between the central clock (in the brain) and the peripheral organs. Level 2 
comprises different types of desynchronization: (i) between peripheral organs, (ii) 
between anatomical distinct parts of an organ, such as ventral and dorsal SCN, or 
between heterogeneous regions (with different cell types) within an organ. Level 
3 presents desynchronization between the molecular clock and clock-controlled 
genes (CCGs) controlling metabolism. At level 4 desynchronization occurs between 
individual clock genes.
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by stimulation of glucose production and uptake [77], as well as food 
intake [78–80], amongst other functions [81, 82]. We hypothesized that 
the orexin system would have a central role in the metabolic problems 
resulting from circadian disruption. Hypothetically, the regular (rhyth-
mic) activity of orexin neurons will be attenuated when afferent signals 
from the SCN and periphery are misaligned, ultimately leading to nega-
tive metabolic consequences. Therefore, we studied mRNA expression 
of (prepro)orexin and its two receptors in tissue of the LH after 3 (Chap-
ter 4) or 8 weeks (Chapter 3) of shifting the timing of food intake. Both 
studies described a lack of significant daily variation in Orexin (Orx) or 
Orx- receptor 2 in ad libitum feeding conditions, which remained unaf-
fected by daytime feeding. The non-existence of diurnal fluctuation 
contradicts several studies reporting rhythmicity in the orexin system, 
although other studies too reported minimal or absent oscillations in 
mRNA [78, 83]. Nevertheless, expression of Orx-receptor 1 showed daily 
fluctuations that disappeared with daytime feeding, suggesting that 
changes did occur in the orexin system. Data are limited on the func-
tional differences of the two receptor-types [84], and whether receptor- 
mRNA correlates with translation of the peptides (Orexin A and B) or 
their release. Altogether, we found no clear evidence to confirm the hy-
pothesis that orexin plays a major role in the metabolic disruptions af-
ter alterations in the timing of food intake, although also no evidence 
was found to dispute this hypothesis.

Multiple hypothalamic neuropeptides, besides orexin, are engaged 
in the control of energy metabolism. Therefore, Chapter 4 also in-
cludes data on the expression of Melanin-concentrating hormone (Mch) 
and Neuropeptide Y (Npy) in brain punches of the LH and the arcuate 
nucleus (ARC), respectively. Both neuropeptides have been extensively 
reported to participate in food intake and to interact with the SCN 
[85–87]. However, daytime feeding did not significantly affect expres-
sion of Npy and Mch in our study. Again, daily variation in the expres-
sion of these genes was lacking under ad libitum feeding conditions, 
complicating the detection of effects of a shift in feeding time. Interest-
ingly, the core clock genes Period 1 (Per1), and Per2 demonstrated clear 
daily fluctuation in both the LH and ARC, but these were disrupted by 
daytime feeding. This indicates level two desynchronization, i.e., mis-
match between SCN and non-SCN brain areas, and perhaps also level 
three of desynchronization: metabolic genes (i.e., the neuropeptides) 
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and the core clock within the same area are differentially affected. It is 
unknown what the consequences are of a loss of rhythmicity in either 
the LH or ARC, two major target areas for communication with the SCN 
and with each other. It is important to note that a punch from the ARC 
or LH includes several cell types. Therefore, it is unknown whether the 
observed losses in molecular clock gene rhythms occurred in all cell 
types or in a particular subset of cells. In conclusion, the studies of 
Chapters 3 and 4 demonstrate that shifting the timing of food intake 
indeed affects the molecular clock in individual hypothalamic nuclei. 
A first suggestion was found for modulation of the orexin system, but 
this has to be investigated further, as well as for other neuropeptides.

Future directions: Chapters 3 and 4 consistently present small or ab-
sent effects on expression of neuropeptides and clock genes in the LH. 
The cellular heterogeneity in the LH and other hypothalamic nuclei is 
large, therefore future studies should further study effects of circadian 
disruption by food on individual cell types. Data on tissue and CSF con-
tent or secretion levels of the orexin peptides would better test the hy-
pothesis whether the orexin system is involved in the development of 
adverse metabolic effects after circadian disruption. The use of knock-
out mice for orexin or its receptors, to study the role of orexin, is less 
preferable since these animals develop narcolepsy and thereby firstly 
suffer a sleep disorder, which is in itself accompanied by health prob-
lems [80]. Furthermore, consistency in effects on brain, liver, muscle 
and whole body metabolism (i.e., body weight, adiposity, RER rhythm) 
between chapters 3 and 4 shows that 3 or 8 weeks of exposure to day-
time feeding does not change results much. Many studies, including 
ours, expose animals to a ‘constant’ shift work condition. This is ac-
curate when focusing on acute effects of the condition, but does not 
mimic human shift work conditions. Since shift workers alternate be-
tween disruptive conditions (i.e., working at night) and healthy con-
ditions (i.e., working during the day), it is important to investigate 
whether the shifts in liver rhythms or loss of muscle rhythms are re-
stored and recovered in the non-disruptive period. Recent studies have 
investigated the potential of caffeine [88], exercise [89, 90], and nutri-
ents [91] to influence and restore normal clock rhythmicity, although 
such studies could be extremely helpful more studies will be needed in 
order for the shift working population to really profit.
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Part II (Chapters 5, 6 and 7) of this thesis concentrated on more 
acute effects of (circadian) disruption on energy metabolism, in par-
ticular the effects of light at night on glucose homeostasis. Light radi-
ation is converted into electrical currents after absorption by photo-
sensitive retinal cells. By transmission through the optical nerves, light 
signals reach areas important for vision, the pupil reflex and circadian 
entrainment. Stimulation of Per1 expression in the SCN after reception 
of light signals [92, 93] is the daily start of entrainment of the central 
clock and with that the most dominant Zeitgeber for mammalian en-
trainment. Intrinsically photosensitive retinal ganglion cells (ipRGCs) 
are responsible for the retinal input to the SCN, but have also been 
demonstrated to send projections to other hypothalamic and thalamic 
areas [94, 95], hypothetically affecting other aspects of physiology. The 
retino- hypothalamic tract (RHT) is considered to be important for non- 
image forming (NIF) functions of light, which are increasing in num-
ber. Besides well-known immediate effects on melatonin secretion, now 
arousal, mood and metabolism too are reported to be acutely affected 
by light exposure. In Chapters 5 and 6, we added glucose tolerance as 
a metabolic function acutely affected by light signalling. The initiation 
and design of this study arose from previous experiments in our lab, 
demonstrating that glucose homeostasis is strongly under the control 
of the SCN, including rhythms in plasma glucose levels and glucose tol-
erance [96–98]. Moreover, light exposure at night (LAN) was found to 
(SCN-dependently) affect peripheral tissues [99–101], including the liver, 
which is an essential organ in glucose metabolism. In particular, expo-
sure to 1.5h LAN stimulated mRNA expression of phosphoenolpyruvate 
carboxykinase (PEPCK), an enzyme directly involved in hepatic glucose 
production [99]. Our experiments demonstrated that exposure to LAN 
indeed acutely affected glucose homeostasis as tested by intravenous 
glucose tolerance tests. Two hours of LAN reduced glucose tolerance as 
reflected by increasing glucose concentrations in the beginning of the 
dark phase (at Zeitgeber Time (ZT)15), and increasing insulin levels at 
the end of the dark phase (at ZT21). The effects on glucose tolerance, at 
ZT15, depended on intensity, duration and wavelength of the LAN expo-
sure, but were not affected by fasting or a high-fat diet.

The discrepancy between the LAN-induced effects at ZT15 and ZT21 
indicate that the circadian clock might play a role in the effects of LAN 
on glucose tolerance. It remains unknown whether the discrepancy 
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arises at the level of the SCN, perhaps through selective gating of light 
signals, or locally in the peripheral clocks that are affected by LAN 
[99–101]. The hyperinsulinemia at ZT21 reduced glucose levels to con-
trol values, suggesting that LAN decreased glucose uptake at both ZT15 
and ZT21. Most likely, the LAN-induced reduced glucose uptake at ZT15 
resulted in hyperglycaemia due to a simultaneous malfunctioning of 
the glucose-sensing pancreatic β-cells to increase insulin release. Thus, 
apparently, LAN affects different tissues simultaneously. The main 
suspect to facilitate this mechanism is the autonomic nervous system 
(ANS), which is under strong control by the SCN and PVN in the hypo-
thalamus [102, 103]. Indeed, the nerves of the ANS were described to 
acutely change their tonus after light stimulation [104, 105] and to be 
involved in light-effects on peripheral gene expression [99, 100]. LAN 
exposure stimulated the sympathetic hepatic efferents, and this in-
creased sympathetic activity may lead to a diversity of actions. Firstly, 
hepatic glucose production increases [106], although it is questionable 
to what extent this occurs after an infusion of exogenous glucose and 
we found no effects after one hour of LAN on baseline glucose levels. 
Furthermore, sympathetic stimulation reduces insulin secretion, con-
tributing to reduced glucose uptake by insulin-sensitive tissues [106, 
107]. Potential effects of light on secreting activity by the pancreas are 
in line with the demonstrated reduced vagal pancreatic activity by light 
[104]. Interestingly, sympathetic hepatic stimulation likely reduces 
glucose uptake by the liver. It was found that, after a peripheral glucose 
infusion, hepatic glucose uptake was stimulated, which raised further 
after a sympathectomy of the liver [108]. Though results are less pro-
nounced, it was suggested that hepatic sympatho-excitation decreases 
glucose uptake by muscles [108, 109]. Therefore, perhaps, if LAN ex-
posure stimulates sympathetic activity to the liver and thereby inter-
feres with hepatic (and non-hepatic) glucose uptake, this may result in 
hyperglycaemia, especially when insulin release is insufficient (Fig. 2).

Future directions: Experiments should focus on testing glucose up-
take mechanisms, both hepatic and non-hepatic, to examine in more 
detail the underlying pathway of LAN-induced glucose intolerance. Ad-
ditionally, it is important to study pancreatic function, as hyperglycae-
mia at ZT15 may have resulted from a combination of decreased glucose 
uptake and failing β-cellular activity. Interestingly, the lack of insulin 
response was only found at ZT15, and not at ZT21, pointing towards a 
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role for the SCN. SCN lesion or silencing studies would provide more 
information on the involvement of the master clock, perhaps either by 
time-dependent gating of the light signal or stimulation of the auto-
nomic nerves. Finally, all experiments were performed in a naïve acute 
setting, and it remains to be studied whether the effects on glucose tol-
erance are repetitive or long lasting when tested in different setups.

Chapters 5 and 6 demonstrated that the induction of glucose intol-
erance by LAN depends on the wavelength, intensity and duration of 
the light exposure. Particularly in the circadian field, interest has raised 
recently in the importance of light-wavelengths for physiology. The dis-
covery of melanopsin [110] as the functional photopigment in ipRGCs 
[111] stimulated the field of circadian photoreception, by showing its 
importance for the regulation of numerous NIF functions of light. Es-
sential circadian functions including suppression of pineal melatonin 
secretion by light [112, 113] and light entrainment of behaviour [114, 115] 
were found to be regulated by ipRGCs, which are most sensitive to ex-
posure of light with short wavelength [111, 116–119]. Spectral sensitiv-
ity functions, in human studies too, demonstrated largest potential 
for blue light (i.e., short wavelength) to modulate alertness, melatonin 
and cortisol levels, amongst other functions [113, 120–124]. Rods and 
cones are the two major retinal photosensitive receptors, important 
for vision, but their effects are also mediated via ipRGCs [125]. In Chap-
ter 5, we used green (peak irradiance at λ521nm) and blue (λ460nm) 
LEDs with isoquantal log photon flux (14.11) to test the spectral sensi-
tivity of the glucose responses to light. Interestingly, we found effects 
of LAN exposure to green, but not blue light. These results provide a 
first indication for the mediating retinal pathway, as maximal absorb-
ance of middle-wavelength cones (M-cones) lies within the green spec-
trum. However, melanopsin-containing photoreceptors also respond 
to the green spectrum despite their optimal sensitivity within the blue 
spectrum. Our data are in line with a recent study describing distinct 
responses of sleep and arousal functions to green over blue light ex-
posure, showing activation of separate brain areas (green induces 
cFOS upregulation in ventrolateral preoptic nucleus (VLPO), blue in 
SCN), and demonstrating a role for a subtype of melanopsin-contain-
ing cells in green light transduction [126]. The VLPO is a well-known 
brain area to regulate sleep/wake behaviour, through projections to 
orexin neurons, amongst others [127]. Orexin neuronal activation has 
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been described after light exposure [128] and to mediate glucose ho-
meostasis through the autonomic nervous system [76, 77]. These da-
tasets together feed speculation on a role for the orexin system in the 
LAN-induced effects on glucose tolerance (Fig. 2). However, whether 
the disruption of glucose homeostasis by exposure to LAN depends on 
melanopsin or cone photoreceptors, involves the orexin system, acts 
through the autonomic nervous system and shows equal responses in 
human individuals [129–131], all remain to be studied.

Chapter 7 describes our first trial to demonstrate the role of the auto-
nomic nervous system (ANS) in transmitting light signalling to the liver. 
The data on glucose tolerance in Chapters 5 and 6 suggested the liver 
to be a major target to receive acute light signals, in line with the previ-
ously observed effects on gene expression [99]. We expanded these ob-
servations by using a microarray approach to study the complete liver rat 
transcriptome after light exposure. Despite the relatively small changes 
(i.e., only slight fold changes), LAN exposure distinguishably modified 
the transcriptome and mainly targeted hormonal signalling pathways. 
This fits with the hypothesis that the signals of light run through the hy-
pothalamus, including the PVN and potentially modulate the activity of 
(endocrine and pre-autonomic) signalling neurons. Removal of the he-
patic sympathetic and parasympathetic nerves modified the response 
of LAN on the liver transcriptome, but did not prevent all LAN-induced 
up- and downregulations. Thus, the ANS indeed facilitates a pathway 
for light signals to affect the liver transcriptome acutely (Fig. 2), but to 
what extent this is mainly the sympathetic or parasympathetic nerve, is 
left to study. In addition, it is clear that a major part of the light effects 
reaches the liver through alternate pathways. Potentially other neu-
roendocrine pathways (e.g., HPA-, HPT-, HPG-axes) or neuro-autonomic 
pathways (e.g., direct innervation of adrenal glands, pancreas, or others) 
are affected by light, which peripherally act on the liver.

The importance of a functional ANS has been described frequently, as 
an imbalance of the ANS is associated with metabolic disorders, includ-
ing diabetes mellitus and obesity [132]. Moreover, the role of the auto-
nomic nerves in glucose metabolism has been well established, includ-
ing the hypothalamic control of autonomic activity by pre-autonomic 
neurons from the PVN in relation with the SCN. The ANS is a potential 
pathway for the SCN to orchestrate synchronization between peripheral 
organs and the master clock itself through fast and direct connections, 
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in order to, for instance, optimally control liver participation in glucose 
control (Fig. 2). However, it is rather unclear how the ANS acts locally 
in the liver to impose its signals on to liver function and modulate met-
abolic activity. Through a transcriptomics approach combined with se-
lective denervations, we aimed to identify new target genes or pathways 
at which the autonomic nerves interact with the liver. Removal of one 
or both hepatic nerves facilitated small but consistent changes in gene 
groups, with the fewest changes induced by a sympathectomy. Removal 
of the parasympathetic nerve induced more modifications, which were 
most similar to the total denervated group. Studying the effects in more 
detail revealed a few interesting pathways affected by the denervations. 
Indeed, metabolic pathways, in particular at the level of intracellular 
signalling were affected by the denervations. Moreover, the data sug-
gest that the ANS directly acts on the molecular clock in the liver, as the 
Circadian rhythm pathway was affected by both a parasympathectomy 
and total denervation. Theoretically, using the ANS to shift/modulate 
the molecular clock in the liver, and potentially other peripheral tis-
sues, would be a highly efficient way for the SCN to synchronize the 
complete body to a new rhythm. Indeed, several studies have tried to 
demonstrate the importance of the SCN-ANS axis for peripheral syn-
chronization by showing that SCN lesion affects peripheral rhythmic 
expression [133, 134], but ANS denervation of individual organs mod-
ulated but did not completely abolish peripheral rhythms [25, 133–136].

Future directions: It was shown that peripheral entrainment acts 
through ipRGCs and through the non-molecular light-stimulated func-
tion of the SCN [137–139]. We now added to this that the ANS partly facil-
itates light signalling to the liver, potentially by acting on the local mo-
lecular clock. Future studies by using phase-shifting paradigms with 
autonomically denervated animals, should investigate whether periph-
eral entrainment is indeed facilitated by the autonomic innervation of 
peripheral organs. Thus far, the interaction between the ANS and clock 
entrainment was only shown by a sympathetic denervation of the sub-
maxillary gland leading to increased sensitivity to food- induced phase 
shifting [136]. Furthermore, the number of affected physiological func-
tions by light is increasing, and our microarray study suggests involve-
ment of other endocrine systems too. It would be helpful if more hor-
monal functions will be tested for their sensitivity to nocturnal light 
exposure, as was done only for a few until now [140–142].
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Altogether, this thesis provides additional data on the broad effects of 

circadian disruption in shift work conditions. We used animal models 
to mimic human shift work conditions in both a chronic (i.e., weeks of 
food-restriction) and acute (i.e., single light exposure at night) setting. 
The use of animals is essential in order to investigate effects at more 
cellular and molecular levels than possible in humans. Ideally, results 
translate well to human physiology, but it is unclear how well animal 
and human data match. Nevertheless, the number of human studies is 
increasing and point in the same direction. The importance of the tim-
ing of food intake was found to correlate with metabolic health [143–146], 

SCN

LH
Orexin?

Direct retinal projection

Pre-autonomic
neurons

PVN

Sympathetic 
nerve

Parasympathetic 
nerve

VLPO

• Glucose production
• Glucose uptake

(hepatic / non-hepatic)
• Internal synchronization

• Insulin release

Figure 2. Hypothetical model on the neural pathway facilitating acute effects 
of light on glucose metabolism. Light signals are absorbed by melanopsin-con-
taining intrinsically photosensitive retinal ganglion cells (ipRGCs) and cones, 
which directly or indirectly (via the SCN) forward the light signals to other brain 
areas, including the ventrolateral preoptic area (VLPO). Further signalling may go 
through (orexin neurons in) the lateral hypothalamus (LH), towards the paraven-
tricular nucleus (PVN) containing pre-autonomic and endocrine neurons. Stimu-
lated sympathetic and inhibited parasympathetic efferent nerves reach (the molec-
ular clock of) several peripheral organs. This may lead to modifications in glucose 
production, glucose uptake (in liver, adipose tissue, muscle) and pancreatic insulin 
release. For clarity, potential other involved (endocrine) organs and pathways are 
not displayed in this scheme.
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including the potential to lose weight [147–150]. Although the increased 
risk to develop metabolic diseases in shift workers manifests itself only 
after years, circadian misalignment paradigms in volunteers of a few 
days or weeks only have demonstrated to already cause circadian and 
metabolic disruption [16, 151–157]. To further investigate internal de-
synchronization, for instance between organs, is more challenging in 
human participants and awaits better circadian biomarkers, in addition 
to the widely used melatonin rhythm. Indeed, development of easily ac-
cessible biomarkers reflecting internal circadian time, ideally unique 
for individual organs, is an important topic of circadian research [158]. 

Effects of exposure to light at night has also been investigated in hu-
man subjects, mainly with reference to sleep problems, mood disorders 
and cancer development [159, 160]. Since nocturnal light exposure is 
an almost inevitable condition for people worldwide due to environ-
mental light pollution [161, 162], this has been studied for correlations 
with metabolic disruption [163, 164]. Equally, the increasing time peo-
ple spent indoors leads to possible effects of underexposure to daytime 
(sun)light; a topic that has been much less investigated in the circadian 
field but probably contributes to physiological problems as well [165]. 
Our experimental design tested the more acute efficacy of LAN, which 
has been studied minimally in human subjects. Moreover, focusing on 
the disruptive potential of light for glucose metabolism is relatively 
new, besides a few animal studies using chronic LAN [166–168]. Dur-
ing the time of our experiments, a few related human experimental 
studies were published describing acute effects of light exposure on 
glucose homeostasis. It was shown that bright light exposure in a sin-
gle night increased plasma glucose and insulin [129], blue-enriched 
evening light also induced a higher peak in glucose [130], and bright 
morning light caused higher glucose in patients with diabetes type 2 
[131]. Until now, however, the effects of green light on glucose control 
have not been investigated in humans. 

Altogether, disruptive effects were found in both animal and human 
experiments for feeding and light exposure studies. The congruency 
between metabolic disruption in both animal and human studies val-
idates the use of animal models to investigate further the underlying 
biology. Obviously, caution is warranted for the direct translation of 
animal data to human conditions for a number of reasons. Firstly, as 
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mentioned above, experiments in this thesis, as well as many other an-
imal studies, used ‘constant’ shift work conditions, without rotational 
shifts. Adding this factor would improve animal models, at the cost of 
an increase of labour intensity and complexity to interpret causative 
relations. Secondly, Chapter 2 described metabolic disruption by shift 
work conditions and a few categories presented clear differences be-
tween mice and rats. Moreover, for instance, effects on body weight, 
food intake and glucose metabolism were more often observed in mice 
models, regardless of the manipulating condition, whereas rats re-
sponded more frequently by changes in locomotor activity and lipid 
metabolism. It is unknown what causes these differences, and it raises 
new questions on how energy homeostasis is species-dependently 
integrated with the circadian system, since the resemblance of the 
well-conserved circadian system between rodent species, and between 
rodents and humans, is large. The same applies for comparisons of glu-
cose metabolism, which is both similar and different between rodents 
and humans [169]. This is important to realize when translating ani-
mal data to human conditions, and stresses the need for human stud-
ies. Furthermore, one needs to be aware of the species differences in 
spectral sensitivity of retinal photoreceptors when studying effects of 
light on physiology [170, 171]. Unequal importance of rod and cone in-
put to ipRGC signalling for circadian entrainment has been described 
between mice and rat retinas [170]. Pronounced differences exist be-
tween rodents and human photoreception [172, 173], and it has been 
suggested that rats are a better model to compare with humans than 
mice [170]. The unequal composition of retinal photoreceptors is per-
haps partly explained by the diurnality of humans and nocturnality of 
most laboratory mice and rats. Though, SCN responses to light have 
been demonstrated to be largely similar between diurnal and noctur-
nal species [174]. Also the cFOS rhythm in the SCN is similar in diur-
nal and nocturnal animals [175]. The nocturnal or diurnal phenotype 
has been considered to arise from the phenotype of interneurons tar-
geted by the SCN, perhaps through a difference in their excitatory or 
inhibitory nature [176]. However, this was studied between rodent spe-
cies and it remains to be studied whether this holds true for human 
SCN-output pathways, and in what way this may play a role in phys-
iological consequences of, for instance, nocturnal light exposure. At 
last, importantly, many human shift workers are of the female sex. Sex 
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differences have been described for circadian characteristics and met-
abolic susceptibility [177–179], with women suffering more from sleep 
and circadian disruption by shift work [180]. Still, most animal exper-
iments, including all those in this thesis, are performed with male or-
ganisms only. This large flaw might cause a delay in the development of 
solutions for health problems arising after circadian disturbance, and 
this aspect deserves attention in future studies. Similarly, the effect of 
aging is of significance in the tolerance to shift work and circadian sta-
bility, leading to an additional factor to be taken into account.

In conclusion, the research in this thesis is ultimately aimed to im-
prove the health of shift workers by describing additional physiologi-
cal functions that are negatively affected by shift work conditions. We 
showed that eating at the unusual time-of-day causes negative conse-
quences at different levels of the body, which might be helpful in the de-
sign of chrononutrition and advice for shift workers. Furthermore, we 
showed that light at night rapidly affects glucose metabolism negatively, 
thus potentially contributing to the high incidence of diabetes type 2. 
Finally, to a large extent, the presented data can be applied to an even 
larger part of the world’s population as billions of people are frequently 
exposed to circadian disruptive conditions, such as environmental light 
pollution, frequent use of late night artificial lights (by electronic de-
vices), a sedentary and indoor lifestyle, late-night food consumption, 
crossing of time zones, and social jetlag. The increasing correlations 
and associations between circadian disruption and health problems 
further stress the importance to unravel the underlying biology.
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SUMMARY

This thesis describes several studies on the effects of shift work condi-
tions on energy metabolism in rats. Chapter 1 introduces the health 
problems of shift workers and the hypothesis that circadian disruption 
leads to a disturbance of energy metabolism. We describe potentially 
involved pathways, the basic concepts of the central and molecular 
clocks and important aspects of glucose metabolism. Then, we elabo-
rate more on effects of feeding and light exposure on physiology, two 
important shift work “factors” that have been studied in more detail in 
the experimental studies in this thesis.

Chapter 2 provides a review on the different types of rodent models 
that have been used to study metabolic effects of shift work conditions. 
Models using exposure to an unusual timing of food intake, light exposure 
(through constant light or changes in photoperiod), sleep or activity are 
reviewed on their ability to disturb metabolic parameters. Differences be-
tween mice and rat studies and important lacking models are highlighted. 
We also elaborate on the potential underlying mechanism and describe 
how the environmental exposing factors may cause internal desynchroni-
zation at different levels in the body, leading to metabolic disruption.

Food intake is an important Zeitgeber for peripheral organs and re-
sults in internal desynchronization if it occurs out of phase with the 
regular sleep/wake cycle. Part I includes two studies with a three 
(Chapter 4) or eight week (Chapter 3) exposure to abnormal timing of 
food intake, during which we investigated in more detail how feeding 
time affects whole body physiology. In Chapter 3, we studied adiposity, 
hormonal plasma concentrations and rhythmicity of clock and met-
abolic genes in the brain, liver and muscle. We found that (unusual) 
daytime feeding led to a shift in rhythmicity of the liver, and abolished 
most rhythms in the muscle, whereas adiposity increased and the am-
plitude of rhythmic behaviour decreased. Clock genes in the lateral hy-
pothalamus lost their rhythmic expression due to daytime feeding, but 
the neuropeptidergic orexin system was hardly affected. Chapter 4 ex-
pands on the hypothalamic effects by describing that daytime feeding 
did not lead to changes in melanin-concentrating hormone (MCH) and 
neuropeptide Y (NPY), but induced loss of rhythmicity in clock genes in 
both the lateral hypothalamus and the arcuate nucleus, two important 
nuclei for regulation of food intake and energy metabolism.
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Part II focuses on the physiological effects of light exposure at night 
in an acute setting. Light is the most important Zeitgeber for the cen-
tral circadian clock in the brain and evidence is increasing that it af-
fects many more bodily functions, including metabolism. Chapter 5 
describes light exposure at night as a condition that acutely affects 
glucose metabolism. Light induced glucose intolerance was depend-
ing on the time-of-day, and on duration and wavelength of the expo-
sure. Chapter 6 presents additional experiments demonstrating that 
fasting or a high-fat diet did not modulate the effects of light at night 
on glucose intolerance. Furthermore, we show that daytime exposure 
to darkness also induced glucose intolerance. In Chapter 7, we used 
a transcriptomics approach to study wider effects of light at night on 
the liver. We hypothesized that light can acutely signal to the liver and 
induce metabolic changes, and that the autonomic nerves running to 
the liver mediate this biological pathway. Microarray analysis indeed 
showed effects of light on the liver transcriptome, which were partly 
prevented by removal of the autonomic nerves. Furthermore, Chapter 7 
includes a microarray- and metabolomics-experiment studying effects 
of denervations of the liver without light exposure. We present a num-
ber of pathways that the autonomic nervous system may use to impose 
its efferent signals on the liver transcriptome.

Chapter 8 puts the experimental chapters in perspective and de-
scribes how these studies may be helpful to improve the health of shift 
workers. Moreover, future suggestions are provided for follow-up ex-
periments in the separate lines of research.
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NEDERLANDSE SAMENVATTING

Dit proefschrift beschrijft een aantal studies waarbij in een diermodel ver-
schillende factoren van het werken in ploegendiensten zijn bestudeerd in 
relatie tot hun effecten op energiemetabolisme. Hoofdstuk 1 vat de ge-
zondheidsproblemen van ploegendienstwerkers samen en introduceert 
de hypothese dat een desynchronisatie van het circadiane systeem resul-
teert in verstoringen van de energiehuishouding. We beschrijven de basis-
concepten van centrale en moleculaire klokken, belangrijke aspecten van 
de glucose huishouding en de verschillende hormonen en orgaansyste-
men die hierbij betrokken zijn. Daarna beschrijven we uitgebreider de fy-
siologische effecten van eten en lichtblootstelling, twee belangrijke facto-
ren die vaak verstoord zijn in ploegendienstwerkers en die gedetailleerder 
zijn bestudeerd in de experimentele studies in dit proefschrift.

Hoofdstuk 2 geeft een overzicht van de verschillende diermodel-
len die gebruikt worden voor het bestuderen van de effecten van ploe-
gendienst op het energiemetabolisme. Deze modellen maken veelal 
gebruik van blootstelling aan voedselinname, licht, slaap of activiteit 
op ongebruikelijke tijdstippen. Deze modellen worden beoordeeld op 
hun mate van verstoring van het energiemetabolisme. Verschillen tus-
sen muizen en ratten studies en ontbrekende modellen worden ook be-
licht. Verder beschrijven we onderliggende mechanismen die mogelijk 
bijdragen en we vatten samen hoe deze omgevingsfactoren kunnen 
leiden tot interne desynchronisatie op verschillende niveaus in het li-
chaam, wat uiteindelijk leidt tot verstoring van de energiehuishouding.

Voedselinname is een belangrijke Zeitgeber voor perifere organen 
maar kan ook tot interne desynchronisatie leiden als het op een tijdstip 
plaatsvindt dat niet in lijn is met de licht/donker cyclus. Deel I van dit 
proefschrift bevat twee studies waarin ratten gedurende 3 (Hoofdstuk 
4) of 8 weken (Hoofdstuk 3) zijn blootgesteld aan een verandering van 
het tijdstip van voedselinname. In deze studies onderzochten we in de-
tail hoe het tijdstip van eten effect heeft op verschillende aspecten van 
het energiemetabolisme. In Hoofdstuk 3 onderzochten we vervetting 
van het lichaam, plasma hormoon concentraties en ritmes van klok en 
metabole genen in het brein, de lever en spier. We vonden dat een onge-
bruikelijk tijdstip van eten, namelijk tijdens de gebruikelijke slaapperi-
ode (bij de rat is dit overdag), zorgde voor verschuiving van de ritmiciteit 
in de lever, vervaging van de meeste ritmes in de spier, meer vervetting 
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en een verkleining van de amplitude in het dagelijkse ritme van activi-
teit. Klokgenen in de laterale hypothalamus verloren hun ritmische ex-
pressie door het eten tijdens de dag, maar de expressie van het neuro-
peptide orexine systeem was amper veranderd. Hoofdstuk 4 breidt deze 
observaties in de hypothalamus verder uit door te laten zien dat eten 
tijdens de slaapperiode niet leidde tot veranderingen in het melanine- 
geconcentreerd hormoon (MCH) en neuropeptide Y (NPY) systeem, maar 
wel zorgde voor het verdwijnen van ritmes in klokgenen in de laterale 
hypothalamus en de arcuate nucleus, twee belangrijke kernen voor het 
reguleren van voedselinname en energiehuishouding.

Deel II focust op fysiologische effecten van blootstelling aan licht 
in de nacht in een meer acute situatie. Licht is de belangrijkste Zeit-
geber voor de centrale klok in het brein, en er zijn steeds meer aanwij-
zingen voor bredere lichamelijke effecten van licht, bijvoorbeeld op de 
stofwisseling. In Hoofdstuk 5 beschrijven we hoe lichtblootstelling in 
de nacht acuut de glucosehuishouding verstoort. Licht veroorzaakte 
glucose intolerantie en dit was afhankelijk van het tijdstip van de dag, 
en de duur en golflengte van de blootstelling. Hoofdstuk 6 presenteert 
extra experimenten die laten zien dat vasten of een vet dieet het effect 
van licht op glucose intolerantie niet veranderden. In Hoofdstuk 7 
hebben we een transcriptoomanalyse techniek gebruikt om de effecten 
van licht in de nacht op de lever uitgebreider te bestuderen. Onze hypo-
these was dat licht acuut signalen stuurt naar de lever en daarmee zorgt 
voor veranderingen in het energiemetabolisme, en dat dit effect wordt 
gemedieerd door het autonome zenuwstelsel. Analyse van de microar-
ray resultaten liet inderdaad zien dat licht effecten had op het tran-
scriptoom van de lever en dat deze effecten gedeeltelijk konden wor-
den voorkomen door het doorknippen van de autonome zenuwen die 
de lever innerveren. Hoofdstuk 7 beschrijft ook een experiment met 
transcriptoom en metaboloom-analyse waarin effecten van het verwij-
deren van de zenuwen naar de lever werden onderzocht zonder bloot-
stelling aan licht. Deze resultaten laten een aantal biologische routes 
zien die in de lever beïnvloed worden door het autonome zenuwstelsel.

Hoofdstuk 8 plaatst alle experimentele hoofdstukken in perspec-
tief en beschrijft hoe deze studies mogelijk kunnen bijdragen aan het 
verbeteren van de gezondheid van ploegendienstwerkers. Daarnaast 
wordt een aantal suggesties gegeven voor verder onderzoek in de ver-
schillende onderzoeksrichtingen.
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ABBREVIATIONS
AgRP agouti related peptide
AL; ALF ad libitum fed
α-MSH alpha melanocyte stimulating hormone
ANS autonomic nervous system
ARC arcuate nucleus
Arnt aryl hydrocarbon receptor nuclear translocator-like protein 1
ATP adenosine triphosphate
AUC area under the curve
BDNF brain-derived neurotrophic factor
Bmal1 brain and muscle arnt-like protein 1
cAMP cyclic adenosine monophosphate
CART cocaine- and amphetamine-regulated transcript
CCG clock-controlled gene
Clc3 voltage gated chloride channel 3
Clock circadian locomotor output cycles kaput
Coro6 coronin 6
Cpt1B carnitine palmitoyltransferase 1B
Cry 1 cryptochrome 1
Cry2 cryptochrome 2
CSF cerebrospinal fluid
DF dark-phase fed
Dgkβ diacylglycerol kinases beta
Dgkε diacylglycerol kinases epsilon
DMH dorsomedial nucleus of hypothalamus
Dbp D site of albumin promoter (albumin D-box) binding protein
DEG differentially expressed gene
DTF daytime fed
EEG electroencephalogram
EGP endogeneous glucose production
Fas fatty acid synthase
Fgfr2 fibroblast growth factor receptor 2
GABA gamma aminobutyric acid
Gapdh glyceraldehyde 3-phosphate dehydrogenase
GLP-1 glucagon-like peptide 1
Gls glutaminase
Glut4 glucose transporter type 4
GnRH gonadotropin-releasing hormone
Gpat4 glycerol-3-phosphate acyltransferase 4
GPCR G-protein coupled receptor
Gpd1l glycerol-3-phopshate dehydrogenase 1-like
h hour
HDL high-density lipoprotein
HFD high-fat diet
HOMA-IR homeostatic model assessment of insulin resistance
HPA hypothalamic-pituitary-adrenal
HPG hypothalamus-pituitary-gonadal
HPT hypothalamus-pituitary-thyroid
Hprt hypoxantine-guanine phosphoribosyl transferase
IGL intergeniculate leaflet
ipRGC intrinsically photosensitive retinal ganglion cell
IVGTT intravenous glucose tolerance test
IVITT intravenous insulin tolerance test
JAK janus kinase
KO knock out
L/D light/dark cycle
LAN light at night
L-cone long-wavelength cone
LDim dim light at night
LED light-emitting diode
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LF light phase fed
LH lateral hypothalamus
LL constant bright light conditions
Lpin3 lipin 3
lx lux
MAPK mitogen-activated protein kinase
MCH melanin-concentrating hormone
M-cone middle-wavelength cone
NAD nicotinamide adenine dinucleotide
NADH phosphorylated nicotinamide adenine dinucleotide
Nadph nicotinamide adenine dinucleotide phosphate hydrogen
Nampt nicotinamide phosphoribosyltransferase
NEFA non-esterified fatty acids
NIF non-image-forming
Npas2 neuronal PAS domain protein 2
NPY neuropeptide Y
NREM non rapid eye movement
OPN olivary pretectal nucleus
Opn4−/− opsin 4 knockout
Orx prepro-orexin
OrxR1 orexin receptor 1
OrxR2 orexin receptor 2
PeF perifornical area of the lateral hypothalamus
PEPCK phosphoenolpyruvate carboxykinase
Per1 period 1
Per2 period 2
Per3 period 3
Pgc1α peroxisome proliferator-activated receptor-gamma coactivator 1 alpha
Pgk phosphoglycerate kinase
PI3K phosphoinositide-3-kinase
PKB; AKT protein kinase B
Pkc phosphokinase C
PLC phospholipase C
POMC pro-opiomelanocortin
Pparα peroxisome proliferator-activated receptor alpha
Pparγ peroxisome proliferator-activated receptor gamma
PVN paraventricular nucleus
Px parasympathetic denervation of the liver
REM rapid eye movement
RER respiratory exchange ratio
Ret ret proto-oncogene
Rev-erbα reverse viral erythroblastosis oncogene product alpha
RHT retino-hypothalamic tract
Rorα retinoic acid related-related orphan receptor
SCN suprachiasmatic nucleus
S-cone short-wavelength cone
STAT signal transducer and activator of transcription
Sx sympathetic denervation of the liver
S18 ribosomal protein S18
Tbp TATA-binding protein
TNFα tumour necrosis factor alpha
Tx total denervation of the liver
Ucp3 uncoupling protein 3
VCO2 carbon dioxide production
vGat vesicular GABA transporter
vGlut2 vesicular glutamate transporter
VLPO ventrolateral preoptic area
VMH ventromedial hypothalamus
VO2 oxygen consumption
WAT white adipose tissue
ZT Zeitgeber time
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PHD PORTFOLIO 

Anneloes Opperhuizen
September 2012 – November 2017
PhD Supervisors: Prof. Dr. A. Kalsbeek, Prof. Dr. E. Fliers

1. PhD TRAINING

GENERAL COURSES YEAR ECTS
AMC World of Science 2012 0.7
ONWAR Introductory course 2012 0.8
Oral Presentation 2013 0.8
Practical Biostatistics 2015 1.4
Time- and project management 2014 0.6

SPECIFIC COURSES
Animal Experimentation 2012 3.6
European Society of Endocrinology Basic Endocrinology course 2014 0.7
Functional Neuroanatomy 2013 1.4
Molecular Neurobiology 2013 2.0
International Summer school of Chronobiology, Vanderbilt University, 
Nashville, Tennessee, USA

2013 1.8

SEMINARS, WORKSHOPS AND MASTER CLASSES
Grant writing workshop — AMC Graduate school 2017 0.2
Lorentz workshop ‘Clinical Relevance of Circadian Rhythms’ — Leiden 2014 2
Lorentz workshop ‘Human Circadian Rhythms’ — Leiden 2015 2
Symposium Klinische Chronotherapie, Chronotherapie Netwerk Nederland — 
Den Haag

2014 0.4

Symposium Klinische Chronotherapie, Chronotherapie Netwerk Nederland —
Amsterdam

2016 0.4

Weekly research meeting Endocrinology and Metabolism 2012–2017 4
Weekly research meeting National Autonomous University of Mexico, Mexico City 2015 1
Weekly research NIN Symposium 2012–2017 4
Workshop ‘In Charge!’ PhD Power/Qia Consultancy & Training and Lennart Rem 2016 0.4

ORAL PRESENTATIONS
Amsterdam Center of Metabolism/Gastrointestinal and Liver Diseases — 
Lunteren

2012 1

Annual Dutch Diabetes Research Meeting — Oosterbeek 2014 0.5
Annual Dutch Diabetes Research Meeting — Oosterbeek 2016 0.5
Biannual meeting European Biological Rhythms Society — Manchester, UK 2015 0.5
Biannual meeting European Biological Rhythms Society — Amsterdam 2017 0.5
Center for Timing Research/OnTime meeting — Amsterdam 2014 0.5
Center for Timing Research /OnTime meeting — Leiden 2014 0.5
Center for Timing Research/OnTime meeting — Amsterdam 2017 0.5
Jonge Nederlandse Vereniging voor Endocrinologie — Amsterdam 2014 0.5
Mini-symposium on Metabolism and Circadian Rhythms: Implications for 
obesity and insulin resistance? — Rank Prize Funds — Grasmere, England

2014 0.5

OnTime kick-off meeting — Groningen 2012 0.5
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YEAR ECTS
OnTime annual meeting — Groningen 2013 0.5
Seminar at National Autonomous University of Mexico, Mexico City, Mexico 2015 0.5
Seminar at Ludwig Maximilian-University Munich, Germany 2017 0.5

POSTER PRESENTATIONS
Annual Endo- Neuro-, Psycho- meeting — Lunteren 2013 0.5
Biannual meeting European Biological Rhythms Society — Munich, Germany 2013 0.5
Biannual meeting Society for Research on Biological Rhythms— Big Sky, USA 2014 0.5
Biannual meeting European Biological Rhythms Society — Manchester, UK 2015 0.5
Biannual meeting Society for Research on Biological Rhythms — Palm Harbor, 
USA

2016 0.5

Gordon Research Conference ‘Chronobiology’ — Girona, Spain 2015 0.5
Nutrition, Metabolism and the Brain — Amsterdam 2013 0.5

(INTER)NATIONAL CONFERENCES
Amsterdam Center of Metabolism/Gastrointestinal and Liver Diseases 
(2 days) — Lunteren

2012 1

Annual Endo-, Neuro-, Psycho- meeting — Lunteren 2013 0.25
Annual Endo-, Neuro-, Psycho- meeting — Lunteren 2016 0.25
Annual meeting Neurotime — Amsterdam 2014 0.25
Biannual meeting European Biological Rhythms Society — Munich, Germany 2013 1
Biannual meeting European Biological Rhythms Society — Manchester, UK 2015 1
Biannual meeting European Biological Rhythms Society — Amsterdam 2017 1.25
Biannual meeting Society for Research on Biological Rhythms — Big Sky, USA 2014 1.25
Biannual meeting Society for Research on Biological Rhythms — Palm Harbor, USA 2016 1.25
Center for Timing Research/OnTime meeting — Amsterdam 2014 0.25
Center for Timing Research /OnTime meeting — Leiden 2014 0.25
Center for Timing Research /OnTime meeting — Eindhoven 2015 0.25
Center for Timing Research /OnTime meeting — Amsterdam 2017 0.25
Gordon Conference Chronobiology, Girona, Spain 2015 1.25
Jonge Nederlandse Vereniging voor Endocrinologie — Amsterdam 2014 0.5
Mini-symposium on Metabolism and Circadian Rhythms: Implications for 
obesity and insulin resistance? — Rank Prize Funds — Grasmere, UK

2014 0.75

Nutrition, Metabolism and the Brain — Amsterdam 2013 0.25
OnTime kick-off meeting — Groningen 2012 0.25
OnTime annual meeting — Groningen 2013 0.5
ONWAR PhD Retreat (2 days) 2012–2016 4

OTHER
Organization ONWAR PhD retreat 2013 1
Organization ONWAR PhD retreat 2014 1
Organization Center for Timing Research/OnTime meeting 2014 0.5
Organization Center for Timing Research/OnTime meeting 2015 0.5
Organization Center for Timing Research/OnTime meeting 2017 0.5
Organization Trainee Day at European Biological Rhythms Society biannual 
international meeting

2017 1

Organization Round Table Discussion session on Gender and Family Issues at 
European Biological Rhythms Society international meeting

2017 0.25

Three-month internship at National Autonomous University of Mexico, 
Mexico City, Mexico

2015
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2. TEACHING

SUPERVISION YEAR ECTS
Amanda Tan, Bachelor Biomedical Sciences – 3 months 2016 1
Anna Lien Bouhuis, Bachelor Psychobiology – 4 months 2014 1.3
Janneke de Vries, Master Biomedical Sciences – 6 months 2015 2
Nikita Korpel, HLO Student – 9 months 2016–2017 3
Remi Jansen, HLO Student – 6 months 2013 2

OTHER
Carmen Melaan, Bachelorthesis 2016
Terry Wagner, Bachelorthesis 2016
Lecture course Neuroendocrinology 2017
Lecture course Pharmacology 2016

3. PARAMETERS OF ESTEEM

GRANTS

AMC Young Talent Fund 2015

AWARDS AND PRIZES

Most-active PhD student at Nutrition, Metabolism and Brain conference 2013

Best contributed paper at Mini-symposium on Metabolism and Circadian 
Rhythms: Implications for obesity and insulin resistance? — Rank Prize 
Funds — Grasmere, United Kingdom

2014

4. PUBLICATIONS
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manner in rats.” Diabetologia.
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Peer reviewed – outside thesis
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DANKWOORD

Vijf jaar later. Vijf jaar van experimenten, data, samples, ratten, con-
gressen, cursussen en artikelen. Maar ook vijf jaar van vele mensen 
die ik heb leren kennen en zonder wie dit werk niet mogelijk was ge-
weest, en hen wil ik graag in woord bedanken.

Als eerste en belangrijkste, mijn promotor Professor Dr. Kalsbeek, beste 
Dries. Na niet eens een echt sollicitatiegesprek en zonder enige chro-
nobiologische of endocrinologische achtergrond gaf je me deze PhD 
plek. Al snel sloeg je enthousiasme en fascinatie over de klok op me 
over, en met eindeloos geduld, vele verhelderende tekeningen op klad-
blaadjes en altijd razendsnelle feedback op alles wat ik maakte, heb je 
me ontzettend veel geleerd. Je deur stond altijd open, voor iedere gra-
fiek die ik produceerde, en je nieuwsgierigheid naar de uitslagen van 
experimenten was zeer stimulerend. Ik wil je ook graag zeer bedanken 
voor de kansen, het vertrouwen en de vrijheid die je me gaf om me te 
ontwikkelen door het begeleiden van studenten, de trip die ik mocht 
maken naar Mexico, het bezoeken van congressen en organiseren van 
meetings naast het invullen van mijn project.

Professor Dr. Fliers, beste Eric. Als tweede promotor begeleidde je 
me met wat meer afstand en altijd met scherpe vragen, vliegensvlug 
commentaar op stukken en interesse en complimenten op m’n werk. 
De interactie tijdens besprekingen heb ik als zeer prettig ervaren, en je 
kalme inzicht dat ik niet altijd te streng moet zijn en dat de wereld wel 
blijft draaien als iets niet perfect gaat, is één van de meest waardevolle 
lessen die ik heb geleerd tijdens deze promotie. Dank daarvoor.

De leden van de promotiecommissie, Prof. Dr. J.H. Meijer, Prof. 
Dr. C.J.M. de Vries en Dr. R.F. Riemersma-van der Lek wil ik graag 
bedanken voor de bereidbaarheid om zitting te nemen in de promotie-
commissie en mijn proefschrift te beoordelen. Dear Prof. Dr. Skene, 
dear Debra, thank you for taking part of my defence committee, read-
ing my thesis and I feel very honoured that you will join me on this 
special day. Furthermore, thank you for supporting me and the other 
young researchers during the EBRS activities; a great opportunity for 
me to learn about the world of science besides experimenting. Dear Dr. 
Yi, dear Chun-Xia, thank you for taking part in the defence committee 
and reading my thesis. Also, thank you for your stimulating questions 
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during the research meetings, it has helped me to improve my work 
and knowledge.

Professor Dr. La Fleur, beste Susanne, uiteraard dank voor het 
deelnemen aan de promotiecommissie en het beoordelen van mijn 
manuscript. Daarnaast wil ik je ook graag bedanken voor de stimu-
lerende en inspirerende gesprekken die we hadden rondom OnTime 
tijdens autoritjes naar Groningen en Wageningen, ik heb erg veel ge-
leerd van je feedback.

Ik wil ook graag Anita Boelen bedanken voor het werk dat je doet 
voor het hele lab en dus ook mijn werk mogelijk maakte. Ook wil ik 
 Mireille Serlie bedanken voor de prikkelende vragen na mijn presenta-
ties en je hulp voor het beantwoorden van de reviewers van Diabetologia.

Tijdens dit traject mocht ik een aantal keren prettig samenwerken met 
verschillende groepen binnen en buiten het instituut, en dit leidde in 
sommige gevallen tot een publicatie of een hoofdstuk. Collega’s van het 
RIVM wil ik graag bedanken voor de fijne samenwerking en bijdrages 
voor twee van de hoofdstukken van mijn proefschrift.

Een bijzonder onderdeel van mijn promotietraject speelde zich af in 
Mexico. Ik kreeg een mooie kans om 3 maanden te spenderen in het 
lab van Dr. Buijs in Mexico-Stad. Beste Ruud, ik wil je graag bedanken 
voor je gastvrijheid. Ik kwam op bezoek om de tracer injecties te leren, 
en ondanks dat dit maar half succesvol was (dat verrekte spinal cord), 
heb ik veel geleerd over het autonome zenuwstelsel, kleuringen en dat 
alles begint bij het opstellen van de juiste hypothese. Bedankt voor de 
tijd die je nam om me meer over ‘de principes van onderzoeken’ te leren 
en je feedback op mijn data. Dear dr. Escobar, dear Carolina, thank you 
for welcoming me in your lab and for your compliments and feedback 
on my work. I also have very good memories on our trip to El Chico, 
thank you for inviting me.

Circadiaan onderzoek betekent dat je vaak op tijdstippen werkt wan-
neer er nog weinig of geen mensen meer rondlopen op het instituut…dit 
is niet altijd even leuk maar toch maar half zo vervelend als je het kunt 
delen met collega’s. Lieve Remi, zonder jou was ik zeker twee keer zo 
lang bezig geweest met dit onderzoek. We begonnen onze vruchtbare 
samenwerking omdat je stageliep bij Ewout maar door zijn vakantie 
gingen wij samenwerken. We leerden samen de IVGTT van Dirk Jan en 



Dankwoord 273

9

daarna ontwikkelden we zo’n efficiënte samenwerking waarbij je ontie-
gelijk veel werk voor me hebt gedaan. Heel veel dank daarvoor. Ook de 
gedeelde nachtelijke trein-, auto- of zelfs taxiritjes naar Utrecht waren 
daardoor aangenaam en ik vond het leuk hoe we die invulden met ge-
sprekken over eten en gekke gewoontes. Samen hebben we veel geleerd 
over licht- onderzoek en alles wat er mee kan fout gaan, gelukkig konden 
we het delen. Je kijk op het leven is interessant en ik vind het bijzonder 
hoe je de switch in je carrière hebt gemaakt, ik hoop dat het je goed be-
valt.

Lieve Ewout, ga ik dan toch nog iets aardigs zeggen over je. Hoe 
onze ietwat vreemde interactie ontstond weet ik niet, maar wel weet 
ik dat het me een groot genoegen was om 4.5 jaar het kantoor met je 
te delen. Ik heb veel van je geleerd, en je grote geduld tijdens het wer-
ken met zoveel mensen die iets van je moeten en de manier waarop je 
alles onder controle houdt, is bewonderingswaardig. Dank voor je on-
eindige gezelligheid.

Wayne, ook met jou was het, voor kortere duur, leuk om het kan-
toor met je te delen ondanks de dagelijkse beledigingen over en weer. 
Ik vind het leuk om te zien hoe je alles snel oppikt en ik heb m’n hoop 
op je gevestigd voor het licht-project!

I shared my PhD-time with two ‘generations’ of co-PhDs. Both in-
clude many foreigners, which all have enriched my life a lot. ‘First- 
generation’, dear Yan and Zhi, I admire how you both worked extremely 
hard to finish your PhDs so fast while dealing with all the complications 
of living in such a different country. Your daily Chinese food was inter-
esting and I learned a lot about Chinese culture. Zhi, desk-neighbour, 
I sincerely enjoyed our discussions about data analysis, presentations, 
supervisors and the Dutch language and tax system. I hope you are do-
ing well in LA and all is good with your family. Yan, it was a lot of fun to 
share the office with you. Hours of chatting were easily exchanged for 
hours of hard work and you are a very nice person with admirable prin-
ciples in life. Daniela, I admire your drive, work ethics and immense 
knowledge on neuroscience. I hope you are enjoying your time in Paris.

‘Second generation’ Aurea, Ana, Lamis and Paul; the last months 
we shared a fair bit of time and I have always enjoyed our lunch- and 
coffee- moments when our two offices joined. I thank you for the fun 
times and support in the last months and I wish you all a good remain-
der of your PhD in Amsterdam or Strasbourg.
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Dear crazy Fer! We shared the office for just half a year, but it feels 
like much longer. You are one of the craziest people I know. Therefore, 
you were the best distraction of the omics-analyses and you were great 
at putting up with my last month’s mood. I am truly amazed by your 
work ethics and intelligence and I am sure you will do great whatever 
you will do and wherever you will go.

Over the past years, a number of other (PhD-)students enriched our 
lab temporarily. Frederico, Pawan, Satish, Cristina, Violeta and 
 Aldijana; I have enjoyed your addition to the lab. In particular, Dawei, 
thank you for joining our team and all your hard work on the project 
from Amsterdam via China to Australia.

Ik had het geluk om vier geweldige studenten te mogen begeleiden 
die allen veel werk uit mijn handen namen. Remi, Anna Lien,  Janneke 
en Nikita: heel veel dank voor jullie bijdrage aan de data voor dit proef-
schrift en het delen van het leed over (soms) mislukte experimenten 
maar ook de opwinding en spanning voor nieuwe resultaten!

Ik wil graag de dierverzorgers van het NIN bedanken voor de 
goede zorg voor mijn ratten door de jaren heen. Ik bedankt ook de 
Mechatronica- afdeling voor het faciliteren van de lichtopstelling voor 
mijn experimenten.

Ondanks dat een groot deel van mijn werk op het NIN plaatsvond, 
waren de ‘Endo-collega’s’ evengoed belangrijk tijdens labwerk en rese-
arch besprekingen.

Unga, Olga, Khalid en Leslie: bedankt voor het altijd openstaan voor 
alle vragen van mij of één van mijn studenten. Ook weet ik dat zonder 
jullie het lab niet zou kunnen draaien dus bedankt voor jullie harde werk 
daarvoor.

Mede-PhD’ers of Post-Docs Myrtille, Anne, Evita, Martin, Merel, 
Laura, Irina, Emmely, Joram en Charlene; ik kwam jullie tegen in 
het lab, in de AIO-kamer, in de dierenstallen, bij de NIN koffiemachine 
of ergens op de gangen en wil jullie bedanken voor de gezelligheid, in-
teresse en feedback tijdens werkbesprekingen en ik wens jullie veel 
succes met het vervolgen/afronden van jullie projecten. Joëlle, net ge-
promoveerd! Bewonderenswaardig hoe hard je werkte om alles altijd 
voor elkaar te krijgen. Onze trip door Yellowstone was geweldig en ik 
ben erg blij dat we dit samen met Sophie hebben gedaan.

Lieve Dirk Jan, wat heb je me (stiekem) een hoop werk bezorgd! Uit 
jouw idee groeide het hele project wat nu mijn halve proefschrift is, en 
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daar ben ik je dus zeer dankbaar voor. Op afstand werkten we samen en 
dat vond ik altijd leuk. Jij weet zó veel, en dat was voor mij inspirerend 
om nog meer te leren. Ik voelde me vereerd om je paranimf te zijn en ik 
hoop dat ik mijn promotie net zo mooi kan afsluiten als jij deed.

Lieve Hannah, collega, intervis(ionis)t, vriendin, schrijfmaatje; ca-
tegoriseren kan ik je niet dus ik ben vooral blij dat je mijn paranimf 
bent! Je bent heel belangrijk geworden tijdens dit traject, met name in 
een moeilijke tijd heb je me veel geholpen met zonnetjes en creativiteit. 
We gingen op onze eigen manier maar ook samen de laatste maanden 
door en de schrijf-retraite in Zelhem was erg leuk. Je helderheid, inzich-
ten en positiviteit zijn enorm fijn en ik dank je voor ‘het ervoor me zijn’.

Anna en Niels, mede-intervisionisten. Dank voor ook jullie steun en 
inzichten, ik heb veel van jullie geleerd. Ik vind het bijzonder hoe ieder-
een z’n eigen paadje bewandeld en we dat konden delen. Niels, bedankt 
voor het opleuken en interessanter maken van de 1 miljard treinritjes 
die we beiden hebben afgelegd.

Dear Juan, I want to thank you for our special friendship, which 
grew through lunches and coffees as I passed your office every time. 
Although life has put more distance between us for several reasons, I 
am happy to call you my friend and I admire you for who you are.

Naast lieve collega’s, heb ik gelukkig ook mijn vrienden mogen ver-
moeien met m’n verhalen over m’n onderzoek.

Lieve Lisa, Vielen Dank voor de ontspannende etentjes in Amsterdam; 
sushi, pizza of jouw heerlijke risotto. Ondanks dat we compleet iets anders 
doen, je volgens mij niet compleet begreep waarom ik mijn werk nou zo 
leuk vond, ik vaak nogal te laat kwam en ik een moeilijke eter ben, beleef ik 
altijd plezier met jou en vind ik het fijn dat we alles kunnen delen.

Lieve Melissa, ookal zien we elkaar weinig, we kennen al zo lang en 
zo goed, je oordeelt nooit en je hebt altijd interesse getoond in mijn on-
derzoek en daar ben ik je dankbaar voor.

Lieve Carolientje, buurvrouw maar vooral super vriendin. Ik dank 
je voor je onvoorwaardelijke steun en interesse; je duimde voor me als 
ik wachtte op uitslagen van publicaties of experimenten en was altijd 
positief voor alle spannende dingen die ik tegemoet ging. Fijn dat ik al-
tijd bij je terecht kan, al 10+ jaar.

Neuro’s! Ida, Gwenda, Sander, Mieke, Robin, Marissa, Kim, Laura, 
Susanne en Daisy, ik wil jullie graag bedanken voor de infrequente 



276 Appendices

maar altijd gezellige etentjes die we hebben gehad. In het bijzonder 
Chris, je bent inspirerend (en intimiderend) in hoe snel jij je weten-
schapscarrière opbouwt. Ik wacht wel al een poosje op die review-draft…

Lieve Broklede-dames Rianne, Marije en Linda, dank voor de leuke 
etentjes die we op zeer onregelmatige basis hebben. Ieder gaat z’n ei-
gen weg maar ik vind het leuk hoe we al sinds groep 3 (Rianne) of de 
middelbare school (Marije en Linda) toch zoveel kunnen delen.

Dear JM, thank you for being a great friend for so long already. Al-
though we do not interact too often, I feel your support.

Oh Mexico, how you enriched my life. I tried to do science while be-
ing in Mexico, came back without data but with memories and friend-
ships for life. The only fun part of Mexico being far away is that the 
time-difference makes night experiments more fun because there was 
always somebody awake to receive supporting messages from or skype 
with while pipetting a million samples. I am very glad that once I got 
to know you girlitas, Rebeca and Eva, we became instant friends and 
barely a day goes by without talking to you. Topographically I know 
there is an ocean between us, but that does not hold you from send-
ing me massive support for everything that I do, science or non-sci-
ence related. And sometimes if words were not enough; you send me 
Dr. Simi :) I am very grateful for that. Dear Rebeca, you are incredibly 
hardworking and intelligent, you create your own opportunities and 
you amaze me with your optimism and confidence. I am sure you will 
do great at your PhD and you earn it. Thank you, and Beto, for hav-
ing me at your wedding, opening your house and your heart for all 
the times that I needed it and for all the amazing memories we have 
made in only 2 years. Eva, how you ‘refused’ to talk to me at first but 
ended up never shutting up while mounting sections and making the 
monkey-work much more fun. We can really share everything, includ-
ing rat-frustrations, and I am very grateful for that. You are extremely 
smart and talented, and I am sure your PhD will be a success. Thank 
you for always supporting me with anything and cheering me on for 
whatever I do. Pablo, my Mexican friend that came to Europe. Thank 
you for being a great (non- scientific) friend but still so interested and 
trusting my advices on night-time eating! I admire your discipline and 
I am happy to call you my friend that lives in Mexico, Italy, Belgium, or 
wherever. Salvador, thank you for making my time in Mexico more 
special and being there for me through difficult times.
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Lieve Dames 4/5, een promotieonderzoek doen kost soms ook avon-
den of weekenddagen, maar de woensdagavonden en zondagen waren 
altijd gereserveerd voor de heerlijke trainingen en wedstrijden met 
jullie. De gezelligheid, soms ook nodige steun of afleiding, en vooral 
teamspirit waren fijn en hebben me veel plezier gegeven. In het bijzon-
der, Kiek en Marlous; dank voor de vele gezellige zondagmiddagen of 
andere borrelmomenten waarin we veel hebben gedeeld.

Lieve Lodi, teamgenootje en beste vriendinnetje. Dank voor je ein-
deloze steun, onze bijzondere klik en hoe je me altijd accepteert zoals 
ik ben. Ik vind het ongelofelijk fijn dat we alles kunnen delen en ik ben 
heel blij dat je straks naast me staat.

Als laatste, mijn lieve familie. Familie Hadelkamp-Kroon, lieve  Hennie, 
Ali, Rinus, Stefan en Anouk. Tussentijds ben ik even weggeweest, 
maar nu blijf ik deel van jullie familie en dat vind ik heel fijn. Altijd ben 
ik welkom en tonen jullie interesse en daarvoor wil ik jullie bedanken.

Lieve Hans en Miranda. Ik ben jullie dankbaar voor de steun die ik 
van jullie voel. Hans, je gastvrijheid in het heerlijke Zelhem zijn welkome 
bijna-vakantie ervaringen en kletsen in de warmte van Jacobus zijn pure 
(nodige) ontspanning. Miranda, wat is er beter dan support krijgen van 
een ouder die de academische wereld perfect kent waardoor je me kon 
geruststellen over hoe zaken gaan. Je bent een voorbeeld van hoe je heel 
succesvol kunt zijn als vrouw in academisch onderzoek.

Lieve papa en mama, dit boekje is mijn trots om te laten zien wat 
jullie voor me mogelijk maakten, en daarom is deze voor jullie. Mijn 
hele leven hebben jullie niets anders gedaan dan ervoor zorgen dat 
ik alles kon doen wat ik wilde. Jullie hebben keihard gewerkt zodat ik 
kon studeren, en jullie leerden me ook nog reizen, sporten en genie-
ten van het leven. Deze woorden zijn nooit genoeg voor de eindeloze 
steun die ik van jullie voel, ik kan echt altijd bij jullie terecht. Jullie 
kennen me beter dan ikzelf en ook tijdens dit traject hebben jullie me 
veel geleerd. Mam, je remt me af wanneer nodig en leert me liever te 
zijn voor mezelf en ondanks dat ik zelf ook weleens kon bedenken 
dat soms dingen te veel of onnodig zijn, was het pas echt waar als 
jij het zegt. Pap, je leert me nadenken over het doen van wat ik leuk 
vind, en niet over wat praktisch is of wat de volgende stap ‘zou moe-
ten zijn’ en dat is enorm waardevol. Jullie onvoorwaardelijke liefde 
maakt me gelukkig.
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Onno, Martijn en Roman, de liefste broertjes die een meisje zich 
kan wensen. Het is altijd leuk met jullie, en ondanks dat we elkaar niet 
zo vaak zien, ben ik altijd blij als jullie er zijn. Ondanks dat jullie ui-
teraard het onderzoek niet hoefden te lezen, juichten jullie wel net zo 
hard mee als ik weer een artikel af had. Ik wil jullie, evenals Lisanne, 
Lonneke en Amber, graag bedanken voor jullie liefde en support tij-
dens m’n promotie.

Lieve Nina, al lang ben je niet alleen m’n schoonzusje meer, maar 
ben je een zus, vriendin en maatje. Omdat je m’n enige echte officiële 
mede-nerd bent, voelde de steun en interesse die ik van je kreeg extra 
bijzonder. Dank daarvoor.

Alette, liefste zusje. Je bent soms hartstikke gek en niemand maakt 
me zo aan het lachen als jij. Ik kijk tegen je op hoe je in het leven staat 
en je zo vreselijk veel voor elkaar krijgt. Met name sinds je zelf aan je 
PhD bent begonnen, hebben we veel kunnen delen ondanks het levens-
grote verschil in onderwerp. Ik wil je bedanken voor je onvoorwaarde-
lijke liefde en steun en het kunnen delen van alle leuke en minder leuke 
momenten in het leven. Ik weet dat je (straks letterlijk) binnen een se-
conde op de stoep staat als het nodig is, altijd, en dat is een heel fijn ge-
voel. Ik ben blij dat je straks m’n buurvrouw bent, ik ben gelukkig dat je 
m’n zusje en maatje bent en vooral ook trots dat je m’n paranimf bent.

Lieve, lieve Martijn. Je was er toen ik begon met deze PhD, we verlo-
ren elkaar vervolgens even uit het oog maar vonden elkaar op tijd terug 
zodat je de laatste 1.5 jaar er ook voor me was. Je bent m’n allerbeste 
maatje, die me steunt in alles wat ik doe. Je haalt het beste in me naar 
boven en met jou lijkt alles makkelijker. Je positieve kijk op alles is on-
gelofelijk, en daar leer ik veel van, want jij ziet nooit problemen, hoog-
uit uitdagingen. Je hebt me geholpen op alle mogelijke manieren en 
met je engelengeduld geef je me de ruimte voor alle versies van mezelf. 
Ik kan niet wachten op de rest van ons leven, met jou aan m’n zijde weet 
ik zeker dat altijd alles goed komt.
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