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Plasticity of circadian clocks and consequences for metabolism
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The increased prevalence of metabolic disorders and obesity in modern society, together with the widespread use of artificial light at night, have led
researchers to investigate whether altered patterns of light exposure contribute to metabolic disorders. This article discusses the experimental evidence
that perturbed environmental cycles induce rhythm disorders in the circadian system, thus leading to metabolic disorders. This notion is generally
supported by animal studies. Distorted environmental cycles, including continuous exposure to light, affect the neuronal organization of the central
circadian pacemaker in the suprachiasmatic nucleus (SCN), its waveform and amplitude of the rhythm in electrical activity. Moreover, repeated exposure
to a shifted light cycle or the application of dim light at night are environmental cues that cause a change in SCN function. The effects on the SCN
waveform are the result of changes in synchronization among the SCN’s neuronal cell population, which lead consistently to metabolic disturbances.
Furthermore, we discuss the effects of sleep deprivation and the time of feeding on metabolism, as these factors are associated with exposure to disturbed
environmental cycles. Finally, we suggest that these experimental studies reveal a causal relationship between the rhythm disorders and the metabolic
disorders observed in epidemiological studies performed in humans.
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Environmental Effects on the Rhythm of the
SCN
Perturbations in the circadian rhythm can develop under a variety of conditions, including ageing, neurodegenerative diseases
and metabolic disorders. In order to effectively treat these diseases, it is important to elucidate the causal relationships behind
these associations. Towards that end, several animal models
have been used to specifically address the relationship between
circadian disorders and metabolic disturbances. These models include transgenic mouse models with specific mutations
in clock genes, as well as animals in which the function of the
suprachiasmatic nucleus (SCN) has been altered by manipulating environmental cues. Transgenic models have been particularly valuable for elucidating the signalling pathways involved
in the pathogenesis of metabolic disorders such as diabetes and
obesity [1]. Moreover, performing complementary studies in
wild-type animals and studying the effect of the environment
on SCN functions are valuable as well, given the growing body
of evidence suggesting that improper circadian timing interferes with health. For example, sleep disruption in humans is
correlated with an increased risk of developing diabetes, and
shift work has been associated with increased body mass index
(BMI), altered plasma lipids and impaired insulin sensitivity
[2–4] (Table 1). These studies indicate a potentially large influence of stable, robust environmental light–dark cycles on the
maintenance of health.
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Environmental Manipulations in Animal Models
Several studies manipulated the environmental light conditions
and examined the resulting effects on metabolic parameters
(Table 2). These manipulations include repeated shifts in the
light–dark cycle, thereby interfering with ongoing light–dark
cycles (for example, to mimic shift work) [5]. Other studies have explored the effect of continuous exposure to light
on metabolism, thereby examining the role of desynchronized SCN pacemaker activity on disease [6,7]. This paradigm
reduces the rhythm amplitude (as in ageing), rather than inducing a continuously disrupted rhythm (as in shift work). A third
approach has been to expose animals to a standard light–dark
cycle, but with the introduction of dim light at night (dLAN)
[8]. This protocol mimics the widespread increase in the use of
artificial lighting at night in modern society. The results of these
studies consistently show the robust effects of environmental
conditions on metabolism. Therefore, these results indicate that
environmental light conditions play a causal role in the pathogenesis of metabolic disorders by interfering with the central
clock in the SCN. Thus, understanding the organization of this
central clock is extremely relevant to both health and disease.

The SCN Neuronal Network
The SCN is a bilaterally organized structure that contains
approximately 20 000 neurones in rodents. Each neurone
generates a circadian rhythm in electrical activity, with high
ensemble neuronal activity in the middle of the subjective day
[9]. Molecular and cytosolic clocks interact to produce a circadian rhythm in cellular physiology and neuronal excitability
[10,11]. The intracellular clock controls ion conductances,
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thus leading to a rhythm in neuronal activity [12]. Individual
neurones in the SCN are electrically active for surprisingly
short periods (approximately 5 h) within the 24-h cycle, and
their individual rhythms are not entirely in phase [13,14]. This
relative desynchronization is an indication of a network that is
both under pressure (also referred to as a ‘frustrated network’)
and highly plastic. Under the influence of environmental
conditions, synchronization can either increase or decrease,
leading to a more compressed or decompressed waveform of
the neuronal population.
Neurotransmitters [e.g. vasoactive intestinal peptide (VIP)
and 𝛾-aminobutyric acid (GABA)] and gap junctions play
an important role in the regulation of phase synchrony [15].
When an animal is entrained to a short photoperiod, neuronal synchrony increases. At the behavioural level, this is
reflected by a short resting period and a long active period
in nocturnal animals such as mice. When entrained to a long

photoperiod, neurones become desynchronized, and the animal’s active period shortens accordingly. Desynchronization
among neurones causes a relative flattening of the SCN’s
ensemble rhythm, as relatively fewer neurones are active at
the same time. An extreme case of desynchronization occurs
under continuous light, in which neurones desynchronize
even further, leading to extremely low amplitude rhythms
and – in some cases – arrhythmia [16]. Continuous exposure
to light eventually leads to metabolic disorders such as insulin
resistance and obesity [6,7].

“

Circadian disruption results in
desynchronization among neurons of the SCN,
which can decrease the circadian rhythm amplitude
and eventually lead to metabolic disorders such as
obesity and insulin resistance.

”

Table 1. Metabolic consequences of circadian disruption.
Circadian disruption

Species

Metabolic consequences

Reference

Continuous light

Rats

Decreased daily food and water intake and increased visceral adiposity (not
body weight)
Increased plasma cholesterol levels
Wild type rats: no effect on insulin secretion or insulin sensitivity
Diabetes-prone HIP rats: increased plasma glucose levels and reduced insulin
secretion
Increased body weight
Loss of circadian rhythmicity in energy metabolism and insulin sensitivity
Suppressed melatonin night-surge
Decreased rhythmic expression of clock genes in the liver
Increased body weight, reduced glucose tolerance and altered circadian pattern
in food intake
Increased body weight and insulin and leptin levels
High-fat diet: increased body weight, but decreased food intake
High-fat/high-sucrose diet: hypercholesterolaemia, hyperglycaemia and
glucose intolerance, but no effect on body weight or food intake
No effect on body mass or glucose levels
High-fat/high-sucrose diet: altered intestinal microbiota
Increased body weight, increased abdominal fat, arrhythmic blood glucose
levels and reduced glucose tolerance
Increased risk of developing obesity and/or type 2 diabetes
No effect on body weight
Increased food intake and adiposity
Increased risk for developing obesity and insulin resistance on a high-fat diet
Increased risk of high BMI, obesity and/or type 2 diabetes
Increased body weight
Increased risk of developing obesity

[48]

Mice
Dim light at night

Rats
Mice

10 h light–10 h dark
3 h light–3 h dark

Mice
Mice

Jet lag protocol

Mice

Shift work

Rats

Sleep deprivation

Humans
Rats

Eating during the resting phase

Humans
Mice
Humans

[46]
[49]
[49]
[6,7]
[6]
[52]
[8]
[54]
[55]
[57]
[58]
[56]
[59]
[5]
[2–4]
[66–69]
[70]
[71]
[61–65]
[91]
[87,89]

BMI, body mass index; HIP, human islet amyloid polypeptide transgenic.
Table 2. Studies in animals and humans on environmental conditions affecting the circadian clock and peripheral parameters.

Animal studies
Human experimental studies

SCN

Peripheral

6,8,54,130,131,16,132,133,134,135
x

6,48,49,50,7,52,8,53,54,55,56,57,58,59,60,5,130,133,135,136,137,138
94,139,140,141,142,143,128

To study the effect of environmental conditions on the circadian clock and peripheral parameters, the animals have been exposed to constant light, dim light
at night, aberrant light cycles or shift-work paradigms. The human studies referred to in this table only included studies in which experimental interventions
were conducted. Cohort studies have been excluded from this overview.
SCN, suprachiasmatic nucleus.
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Light’s Effects on the SCN
Neurotransmitter function in the central nervous system can
change under long days [17]. For example, exposure to a long
photoperiod increases the level of GABAergic excitation [18].
Although GABA is normally an inhibitory transmitter (and
therefore potentially synchronizing), its action becomes excitatory in animals exposed to a 16-h photoperiod [18]. GABA is
a major transmitter in the brain and plays a strong role in regulating mood and sleep. The correlation between the increased
incidence of diabetes, sleep disorders and depression in modern
society – together with the increase in artificial light exposure
and the altered action of GABA under long photoperiods – is
intriguing and clearly warrants further investigation.
Light is perceived by retinal photoreceptors, and the information is conveyed to the SCN via the retinohypothalamic tract
(RHT). The RHT projects to VIP-containing neurones in the
ventral (‘core’) part of the SCN; these projections are distributed
throughout the SCN’s neuronal network, including the dorsal
(‘shell’) part of the SCN, which contains arginine vasopressin
(AVP)-expressing neurones [19]. In a simplified model, the core
SCN neurones are first reset by light input and predominantly
establish the phase of the dorsal SCN. The two most important
neurotransmitters in terms of phase adjustment or synchronization in the SCN are VIP [20] and GABA [21]. For example,
after a rapid change in the light–dark cycle (the so-called jet-lag
protocol), GABAergic communication between the shell and
the core is essential for synchronization of the SCN neurones
and the eventual shift in the SCN’s neuronal network to match
the new light–dark cycle [22].
The effect of light on the phase of the central circadian
clock depends both on the time of day in which the light is
perceived and on the state of the network. For example, animals
entrained to a long photoperiod (e.g. 16 h of light) have a wider
phase distribution of the peaks in single neuronal activity than
animals entrained to a shorter photoperiod (e.g. 8 h of light)
[23]. Thus, a light pulse delivered during the subjective night
to an animal entrained to a short photoperiod will be more
effective at shifting the phase of the SCN’s neuronal ensemble,
as the sensitive phase of all neurones will be better aligned.
The neurones will then have a consistent phase shift, resulting
in a large shift in the ensemble. In contrast, when neurones
have a more scattered phase distribution (i.e. when entrained
to a long photoperiod), their phase-shift response will be less
synchronized, resulting in a smaller shift in the ensemble [24].

The Influence of Photoperiod
The mechanism by which the photoperiod influences the
phase-shift adjustment is not entirely understood. Nevertheless, VIP seems to play an essential role in photoperiod
encoding, as VIP-deficient animals have no ‘memory’ of
photoperiod after they are placed in continuous darkness;
in wild-type animals, this memory is an essential feature of
photoperiod encoding [25]. Compelling evidence also suggests
that GABAergic signalling plays a role [18,26]. For example,
GABAergic transmission in the SCN can cause both inhibition
and excitation of neuronal activity [27]. Therefore, one possible mechanism by which GABA can contribute to changes
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in the SCN’s network properties is the photoperiod-induced
change in the balance between neuronal excitation and inhibition. Consistent with this notion, exposing animals to a long
photoperiod was recently reported to increase the level of
GABAergic excitation in SCN neurones [18]. An important
question that arises from this work is whether exposure to a
long photoperiod changes GABAergic function in other brain
areas as well. GABAergic inhibition is a major regulator of
sleep and mood, and decreased GABAergic inhibition has been
associated with depression and sleep disorders.
The use of artificial lighting in our modern society is
increasing, and recent studies have provided evidence that
even low-intensity light can affect the circadian system in
humans [28,29]. The effects of light on the circadian system
are determined primarily by photoreceptors in the eye, which
transmit light information to the SCN. Three classes of retinal
photoreceptors detect environmental light: the rods and cones
in the outer retina, and photosensitive retinal ganglion cells
(pRGCs), which utilize the photopigment melanopsin. The role
of melanopsin in circadian photoentrainment was first identified in 2002 [30–32] and has since become well established.
Melanopsin is maximally sensitive to 480 nm (i.e. blue) light.
A growing body of evidence now indicates that rods and cones
also transmit light information to the SCN [33–35]. Together,
these compelling findings may be highly relevant to humans,
as rods and cones are more sensitive to low-intensity light
than melanopsin; thus, together these photoreceptors greatly
increase the circadian system’s range of light intensities. The
accumulating knowledge can lead to recommendations for the
wavelength composition and intensity of light appliances used
during the day, for example in nursing homes. Rather than
focussing on a blue light-enriched environment, the entire
visible spectrum may be just as effective. On the other hand,
these findings underscore the risk of using moderate-intensity
light in the evening, as such artificial lighting may affect the
circadian system when delivered at a lower intensity and over
a wider spectral range than previously believed.

“

Light exposure in the evening can affect the
circadian system at a lower intensity and over a
wider spectral range than previously believed.

”

Disruption of the Light–Dark Cycle and the
Effect on Metabolism

The widespread use of artificial lighting at night in modern
society coincides with the rise in the prevalence of metabolic
disorders in the past century. In recent years, the global incidence of overweight and obese individuals has increased dramatically; more than 1.6 billion people are estimated to be
currently overweight and/or obese [36]. Obesity is associated
with many adverse health conditions, including cardiovascular
disease, hyperlipidaemia, type 2 diabetes, osteoarthritis, sleep
apnoea, depression and cancer. Therefore, identifying factors,
such as light pollution, that might contribute to the obesity epidemic has important implications with respect to public health.
Environmental light pollution and changes in light exposure
can disrupt the normal circadian rhythm originating from the
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SCN. The levels of many hormones follow circadian oscillations, including insulin, glucagon, adiponectin, corticosterone,
leptin and ghrelin. In addition, the circadian clock regulates
metabolism and energy homeostasis in the liver and other
peripheral tissues by mediating the expression and/or activity of metabolic enzymes and transport systems involved in
cholesterol metabolism, amino acid regulation, drug and toxin
metabolism, the citric acid cycle and glycogen and glucose
metabolism [37–39]. The rhythmic expression and activity of
these metabolic pathways arises primarily from the coordinated
expression of clock genes such as Clock, Bmal1, Per1, Per2, Per3,
Cry1 and Cry2 [40]. The SCN transmits its rhythmic signal
to peripheral oscillators via hormones and via the autonomic
nervous system [41–43], thereby influencing nearly all aspects
of physiology and behaviour, including the sleep–wake cycle,
cardiovascular activity, the endocrine system, body temperature, renal activity, gastrointestinal tract physiology and liver
metabolism [44]. By phenotyping transgenic mice with mutant
and/or deleted clock genes, a direct link was made between the
circadian clock and the metabolic disorders. Moreover, disrupting the circadian system – either by repetitive jet lag [45] or by
light exposure at night [46,47] – has been shown to increase
mortality in ageing mice.

Continuous Light Exposure
Disrupting the circadian system by chronically exposing a nocturnal animal to light during the night immediately disrupts the
animal’s circadian locomotor activity; specifically, the circadian
period lengthens, and rhythmicity is strongly reduced. In vivo
recordings in the SCN of C57BL/6J mice exposed continuously
to light revealed that the rhythmicity of the SCN’s electrical
activity is reduced [6]. During the first few days of continuous light exposure, the amplitude gradually declined, reaching
a plateau amplitude of 44% (compared to the amplitude in the
SCN during a normal light–dark regime) on the third day. This
seemingly moderate decrease in the SCN’s rhythm amplitude as
a result of continuous light exposure has been shown to result
in metabolic disorders as discussed below.
In rats, continuous light exposure induces a decrease in the
daily intake of both food and water; in contrast, visceral adiposity increases [48]. In addition, plasma cholesterol levels increase
in rats housed in continuous light [46]. Another study reported
that disrupting the circadian rhythm either by continuous light
exposure or by advancing the light cycle by 6 h every 3 days did
not alter glucose-stimulated insulin secretion or insulin sensitivity in wild-type rats. In contrast, this same disruption accelerated the development of diabetes in a diabetes-prone rat model,
the human islet amyloid polypeptide transgenic (HIP) rat [49].
Disrupting the circadian rhythm in diabetes-prone HIP rats
increased the animals’ fasting blood glucose levels and reduced
glucose-stimulated insulin secretion, whereas insulin sensitivity was unaffected. The accelerated development of diabetes in
HIP rats upon continuous light exposure or phase shift was due
to a decrease in the number and function of pancreatic 𝛽-cells.
As the circadian clock in pancreatic islets has been linked to
𝛽-cell survival, and because continuous light exposure has been
shown to disturb this clock, the decrease in 𝛽-cell number and
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function was likely the result of a disruption in the circadian
clock in pancreatic islets [50].
Although exposing rats to continuous light increases their
visceral adiposity, it does not appear to affect body weight
gain. In contrast, exposing mice to continuous light increases
their body weight [6,7]. We previously reported that exposure
to continuous light completely abolished the peripheral circadian rhythms in both energy metabolism and insulin sensitivity [6]. Disrupting the circadian rhythm by exposure to continuous light had a direct effect on energy metabolism. Continuous exposure to light triggered an immediate increase in
body weight gain as a result of reduced activity of brown adipose tissue (BAT) [6,51]. This finding suggests that short-term
changes in circadian rhythm – for example, due to jet lag or disrupted sleep patterns in humans – can have immediate effects
on homeostasis, thereby contributing to the development of
secondary metabolic pathophysiology.

“

Even short-term changes in circadian
rhythmicity, for instance due to jet lag or
temporarily diminished sleep, can have immediate
effects on homeostasis, thereby contributing to the
development of secondary metabolic
pathophysiology.

”

Dim Light at Night
Even exposure to a relatively low level of light (e.g. 0.08 μW/cm2
or 0.20 lux) at night can suppress the night-time surge in
melatonin levels [52]. Reducing the amplitude of PER1 and
PER2 levels in the SCN by exposing mice to dLAN (5 lux, which
is similar to light pollution in urban areas) resulted in a decrease
in the rhythmic expression of clock genes in the liver [8].
Selective denervation of the liver revealed that light can affect
gene expression in the liver via both hormonal and autonomic
pathways [53]. Interestingly, exposing mice to dLAN increased
body mass to a similar extent as exposing mice to continuous
light [54]. Moreover, glucose tolerance was reduced in mice that
were exposed to dLAN compared to control mice under normal
12 h light–12 h dark conditions. The circadian pattern of food
intake was also altered in mice exposed to dLAN, whereas daily
food intake and locomotor activity were unaffected. Finally,
restricting feeding exclusively to the dark phase prevented the
increase in weight due to dLAN, suggesting that these metabolic
disturbances are caused by a desynchronization between food
intake and activity as a result of light exposure at night [54].

Shifting the Light–Dark Cycle
Several studies have been conducted using altered light–dark
cycles and/or shift-work paradigms in order to study the effect
of circadian desynchrony on physiological parameters. Disrupting the circadian rhythm by exposing C57BL/6 mice to
a 10 h light–10 h dark cycle increased body weight gain and
increased the levels of both insulin and leptin [55]. Inducing
a chronic phase advance of the circadian rhythms in behaviour
and physiology by applying a repetitive jet-lag protocol (i.e. a
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6-h phase advance every 4 days for 8 weeks) had no effect on
body mass or glucose levels [56]. Exposing mice to an ultradian 3 h light–3 h dark cycle gradually disrupted the animals’
circadian behavioural rhythm [57]. C57BL/6J mice that were
fed a high-fat diet and exposed to this ultradian light–dark cycle
reduced their total daily wheel running activity, which resulted
in increased weight gain, even though their energy consumption (measured in kcal/day/g body weight) was decreased.
Mice that were fed a high-fat/high-sucrose diet and exposed
to the ultradian light regime had no change in body weight
gain or food consumption [58]. However, the ultradian light
schedule did affect other metabolic parameters; specifically, the
mice developed hypercholesterolaemia, hyperglycaemia and
glucose intolerance, effects that were not observed in control mice housed under normal light–dark conditions. Interestingly, inducing a disruption in the circadian rhythm by
phase-reversing the light–dark cycle at weekly intervals altered
the intestinal microbiota of C57BL/6J mice that were fed a
high-fat/high-sucrose diet [59]. Intestinal dysbiosis has been
associated with obesity and metabolic syndrome and therefore contributes to the metabolic abnormalities caused by circadian disruption. In a rat model of shift work (forced activity
in a slowly rotating drum for 8 h during the resting phase),
both activity and food intake shifted to the forced active phase,
whereas hormonal rhythms were not affected, thus resulting in
circadian misalignment [60]. As a result, the rats had increased
body weight, increased abdominal fat, arrhythmic blood glucose levels and reduced glucose tolerance [5]. Moreover, this
rat model of shift work developed hepatic desynchronization,
which was characterized by desynchronized molecular rhythms
in clock genes and metabolic genes [5].
In summary, the results of the aforementioned studies indicate that environmental light conditions play a causal role in
the pathophysiology of metabolic disorders (Tables 1 and 2). In
addition, these results highlight the importance of maintaining
a regular light–dark cycle with respect to maintaining health.

Sleep Deprivation and the Effect
on Metabolism
A disturbed circadian clock evidently affects the sleep–wake
cycle. Compelling epidemiological evidence suggests a link
between insufficient sleep and an increased risk of high BMI,
obesity and/or type 2 diabetes [61–64]. Combining data
obtained from 90 623 individuals, Cappuccio et al. concluded
that individuals who report sleeping less than 5 h each night
have a 46% higher risk of developing type 2 diabetes compared
to individuals who sleep 7–8 h each night [64]. Partial sleep
deprivation (e.g. a decrease of 5 h of sleep each night) resulted
in weight gain after only 5 days, and this weight gain was likely
due to increased food intake [65].
Although several rodent studies have attempted to establish
a link between sleep deprivation and feeding behaviour, sleep
deprivation was not found to induce an increase in body weight
[66–69]. However, these animals did become hyperphagic.
Disturbing the sleep patterns in mice by intermittently waking the animals in the midst of their natural sleep period was
associated with increased food intake and increased adipose

Volume 17 Suppl. 1 September 2015

review article
tissue mass [70]. Consistent with the change in food intake,
the expression of neuropeptide Y, a peptide that potently stimulates food intake and reduces energy expenditure, rapidly
increased in the arcuate nucleus (ARC) in the hypothalamus;
in contrast, the expression of pro-opiomelanocortin, a peptide
that decreases food intake and increases energy expenditure,
decreased progressively during sleep deprivation [66]. Another
rodent study found that prior exposure to fragmented sleep patterns increased future complications associated with a high-fat
diet, including obesity, insulin resistance and type 2 diabetes
[71]. These results suggest that sleep deprivation and/or fragmented sleep increase the individual’s susceptibility to develop
a metabolic disorder in the future.

Mechanisms Linking Sleep Loss to Energy
Metabolism
The physiological mechanisms that link (partial) sleep loss
with impaired metabolism are poorly understood. Changes
in appetite regulation may account – at least in part – for
the mechanism, as reduced sleep leads to decreased levels of
leptin (an appetite-suppressing hormone produced by adipose
tissue), increased levels of ghrelin (an appetite-stimulating
hormone produced by the stomach) and increased cravings
for calorie-rich foods containing high carbohydrate content [72]. Given the complex pathways that regulate feeding
behaviour and energy expenditure [73], the effect of sleep
loss on metabolism is likely mediated via several underlying
mechanisms.
Sleep–wake behaviour is regulated by an interplay between
a homeostatic process (which monitors the previous waking
duration and determines the depth of sleep) and the circadian clock (which sets the body’s internal sleep–wake timing)
[74]. In general, sleep deprivation is believed to affect primarily
the homeostatic regulatory mechanisms. However, a 6-h sleep
deprivation induces a long-term suppression of electrical activity in the SCN of rats, thereby strongly reducing the amplitude
of the circadian clock’s electrical output [75,76]. Sleep deprivation attenuates the effect of shifting the light phase on behaviour
[77–79]; moreover, we recently reported that this effect has consequences on the light response in the SCN as well [79]. Therefore, in addition to leading to subsequent deeper sleep, sleep
deprivation also leads to a reduction in the amplitude of the
circadian output system, which can lead to metabolic syndrome
and type 2 diabetes [1,6,80].
Another possible mechanism related to chronic partial sleep
loss involves the increased food intake caused by a physiological adaptation to meet the increased energy demands needed
to sustain the additional wakefulness [65]. Orexinergic (also
known as hypocretinergic) neurones in the lateral hypothalamus (LH) play a pivotal role in modulating both sleep–wake
behaviour and metabolic physiology [81]. Orexin-expressing
neurones receive information from the SCN via the dorsomedial nucleus in the hypothalamus and project to several
wake-promoting structures in the brainstem and hypothalamus
[82]. In addition, intracerebroventricular administration
of orexin stimulates waking and increases energy expenditure.
Furthermore, narcolepsy – an autoimmune disorder that

doi:10.1111/dom.12513 69

review article
results in a loss of either orexin or its receptors – is correlated with increased BMI [83], and deleting orexin receptors
increases the susceptibility to develop diet-induced obesity
[84]. Interestingly, orexin levels increase during sleep loss
[67,85,86], and this increase may be required in order to
sustain wakefulness [86]. In our modern society in which
food is readily accessible, such physiological adaptations may
lead to weight gain because the food consumed contains more
energy than is needed to meet the energy cost of sleep loss [65].
Because of these overlapping changes in sleep and metabolic
function, the orexinergic system is an integrative neural centre
that might provide promising opportunities to intervene both
in sleep disorders and in related metabolic complications [1].
To conclude, it is not precisely understood how sleep deprivation is linked to an increased risk for developing obesity and
obesity-related disorders, but altered feeding behaviour as a
result of sleep loss likely plays a key role in this process.

Timing of Feeding and the Effect
on Metabolism
The timing of food intake is a highly modifiable behaviour
that is associated with obesity. For example, skipping breakfast
is associated with an increased risk of obesity, whereas dividing one’s daily intake of food over more than three meals is
associated with a lower risk of obesity [87]. The prevalence of
night eating syndrome (an eating disorder) is high among obese
individuals [88], suggesting a causal relationship between food
intake at the ‘wrong’ time and the development of obesity. Consuming more than 33% of the daily energy intake in the evening
results in a twofold increase in the likelihood of becoming obese
[89]. Conversely, conventional weight-loss programmes have
less effect on obese individuals with late eating habits compared
to obese individuals who are early eaters [90].
Several studies using rodents support the hypothesis that
eating at the ‘wrong’ time can contribute to obesity. Nocturnal
rodents typically consume 70–80% of their food during the
night (i.e. during the active phase), and mice that are restricted
to feeding during the light period (i.e. during the inactive
phase) have increased weight gain [91]. In addition, dLAN
also shifts the animal’s timing of food intake and leads to
increased body weight. Interestingly, this increase in weight
gain by dLAN can be prevented by restricting food intake to the
active phase [54]. Likewise, obesity induced by a high-fat diet
can be prevented by restricting food intake to the active phase
without restricting total energy intake [92].

Mechanisms Linking Meal Timing to Energy
Metabolism
The mechanisms that link meal timing to energy metabolism
are not fully understood; however, they include the readiness
of metabolic organs to process carbohydrates and lipids upon
food intake. For example, digestive and intestinal enzymes
are expressed in a circadian-like rhythm, and the rate of gastric emptying fluctuates throughout the day. Importantly, the
expression of glucose and lipid transporters and processors in
the intestine also display circadian rhythmicity. White adipose
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tissue prepares for the storage of excess energy by expressing
proteins that mediate the uptake of nutrients from the circulation. In contrast, during periods of fasting, adipose tissue
releases stored energy primarily in the form of fatty acids. Consistent with these studies, the insulin sensitivity of metabolic
organs is rhythmic; thus, postprandial glucose levels are lower
after an early meal than after a late meal [93]. Likewise, being
awake and eating at night results in increased plasma concentrations of both insulin and glucose, as well as decreased release
of the satiety hormone leptin [94]. Notably, the postprandial
glucose response in some of these healthy subjects resembles
a prediabetic state. Furthermore, core body temperature begins
to decrease in the evening, and this may reflect a decrease in
the activity of BAT [95]. Given the importance of BAT in burning excess nutrients, reduced BAT activity may underlie the
increase in postprandial glucose and lipids after late eating,
which may eventually lead to obesity. New weight loss intervention strategies should therefore include the timing of food
intake.

Metabolic Signals and Their Effect on the
Circadian System
While the circadian clock can significantly regulate an organism’s metabolism including timing of feeding, metabolic signals
can influence the function of the SCN (Figure 1). Several direct
and indirect pathways connect the SCN with the endocrine system (for review, see Ref. [96]). The SCN expresses receptors for
the hormones leptin [97], ghrelin [98] and insulin [99], all of
which can affect the central circadian clock [96]. In addition
to its direct effect on SCN physiology, ghrelin can also act via
orexinergic neurones in the LH and the ARC; moreover, leptin and insulin act via neurones in the ARC, which connect
directly to the SCN. In addition, a neuropeptide Y-mediated
feedback circuit involving the intergeniculate leaflet can signal
the metabolic/feeding state of the organism to the SCN [100].
Interestingly, metabolic signals alter circadian function via molecules that directly sense fuel. For example,
glucose-sensitive neurones in the ARC can communicate
glucose-related information to the SCN. Another route is
mediated by the AMP/ATP ratio-sensing enzyme AMP protein kinase (AMPK), which has a diurnal rhythm in the
hypothalamus and can affect clock gene expression [101].
Recently, an elegant study specifically deleted sirtuin 1 expression in the ventromedial hypothalamus (VMH) and found
that NAD+ -sensing SIRT1 plays a role in communicating
nutritional state to the central circadian pacemaker, thereby
altering the behavioural phenotype [102].
When the temporal pattern in food intake is altered,
metabolic signals will communicate this to the SCN and the
circadian organisation. For instance it has been shown that
temporal feeding restriction of mice to their resting phase,
affects the oscillations in the expression of clock genes in the
peripheral organs [103]. In addition, feeding rodents a high-fat
diet alters their circadian behaviour and shifts their timing
of food intake to the inactive phase. In humans, switching to
a high-fat diet phase-shifts the expression of clock genes in
monocytes [104], suggesting that a similar level of regulation
is present in both rodents and humans.

Volume 17 Suppl. 1 September 2015

review article

DIABETES, OBESITY AND METABOLISM

LH
VMH
SCN

IGL

ARC

Glucose

Ghrelin

Stomach

Leptin

Adipose tissue

Insulin

Pancreas

Figure 1. Metabolic signals influence suprachiasmatic nucleus (SCN) function. Endocrine peptides such as leptin, ghrelin, insulin and glucose can directly
or indirectly affect SCN function. Indirect pathways affecting the SCN involve the lateral hypothalamus (LH), the arcuate nucleus (ARC), the intergeniculate
leaflet (IGL) and the ventromedial hypothalamus (VMH).

In conclusion, circadian disruption can result in changes
in temporal feeding which is communicated to the SCN via
metabolic signals, again stressing the importance of proper
timing of food intake.

“

While the central circadian pacemaker regulates
metabolism, various direct and indirect pathways
can communicate the metabolic state to the SCN,
thereby influencing functioning of the circadian
clock and altering the behavioural phenotype.

”

Implications for Society
In modern society, our circadian rhythms have become
increasingly disrupted due to the widespread use of artificial
lighting. Nowadays, 75% of the world’s population is exposed
to artificial light during the night [105], and 90% of Americans
use light-emitting devices at night, which can negatively affect
their sleep patterns and circadian rhythms [29]. An intensive
care unit is one example of an environment with particularly
high levels of nocturnal light exposure. Interestingly, decreased
light exposure during daytime can also negatively affect circadian rhythmicity. For example, low lighting levels are common
in nursing homes and have been associated with diminished
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cognitive function [106]. Exposure to rapidly changing environments elicits a temporary state of jet lag or internal
desynchrony. Frequent exposure to jet lag can repetitively
induce desynchrony, and in response the circadian system
must continually adapt. Given our increased social and economic demands, air travel across multiple time zones has
become relatively common and approximately 20% of the work
force is currently engaged in shift work. The so-called social
jet lag phenomenon – in which individuals frequently shift
their sleep timing due to changing social demands – has also
become relatively common. Finally, certain disease states (for
example, sepsis [107]) and neurodegenerative disorders such
as Alzheimer’s disease [108] are associated with a reduction in
circadian rhythmicity.
In humans, disrupted circadian rhythms have been linked to
metabolic changes (Tables 1 and 2). For example, shift workers
have an increased risk of developing obesity and/or type 2 diabetes, as reported consistently by large cross-sectional [2] and
prospective studies [3,4] in both men [4] and women [2,3]. This
effect appears to be ‘dose-dependent’; thus, the risk of developing a metabolic disorder appears to increase with the duration
of shift work [3]. Obesity and insulin resistance are predictors
of cardiovascular-related mortality [109]. Insulin resistance is
also a risk factor for developing non-cardiovascular diseases,
including cancer and kidney dysfunction [109]. More than
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one-third of the population in the United States is currently
obese, and the same proportion of Americans have prediabetic
levels of glycosylated haemoglobin (HbA1c) [110]; thus, the
identification of shift work as an additional risk factor for
developing these metabolic complications is highly relevant to
a large number of individuals. In addition, shift work is associated with an increased risk of breast cancer [111], osteoporosis
[112] and bone fractures [113].
Evidence also suggests a link between functional variants in
clock genes and health outcomes. For example, allelic variants
in the circadian-related genes Clock [114,115] and Rev-erb𝛼
[116] have been linked to obesity. In addition, certain polymorphisms in the clock genes Per2 [117], Bmal1 [118], Cry2 [119]
and MTNR1B [120–122] have been correlated with increased
fasting blood glucose levels and an increased risk of developing type 2 diabetes. Furthermore, specific Clock [123,124], Cry2
[125] and MTNR1B [125] gene variants determine the magnitude to which metabolic parameters improve in response to certain diets. Lastly, polymorphisms in Per1 have been associated
with the risk of developing osteoporosis in post-menopausal
Korean women [126], and variants in the Clock gene have been
associated with breast cancer [127]. Elegant experimental studies in humans show that short-term experimental disturbance
in the circadian rhythm can induce metabolic disturbances
[128], including decreased glucose tolerance [94]. When combined with sleep restriction, the resting metabolic rate decreases
and postprandial glucose levels are elevated, placing the individual at an even higher risk for developing obesity and/or
diabetes [129].

“

Decreased light exposure during daytime, for
instance the low lighting levels used in nursing
homes, can negatively affect circadian rhythmicity,
and thereby increase the risk for cognitive and
metabolic complications.

”

Conclusions
Disruptions in circadian rhythm are common in modern
society, and these disruptions are associated with an increased
risk of developing harmful metabolic disorders. Although
epidemiological studies of shift workers and subjects with
polymorphisms in their clock genes indicate a relationship
between disrupted circadian rhythms and metabolic disorders,
they cannot determine whether this relationship is causal. On
the other hand, experimental studies of circadian disruptions
in humans and rodents suggest that disrupted environmental
rhythmicity is a causative factor in metabolic disease. Future
studies should be aimed at improving the circadian system as a
promising new tool for prevention of metabolic disorders.

“

The studies presented here stress the importance
of recognizing circadian disruption due to shift
work, jet lag, altered light exposure or sleep
deprivation as a risk factor for metabolic disorders
and highlight the importance of maintaining a
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regular day–night cycle with respect to preserving
health.

”

Conflict of interest
The authors have no conflict of interest to declare.

Acknowledgements
This work was supported by the European Foundation for the
Study of Diabetes and the Programme Partner Novo Nordisk
to C.P.C., J.H.M. and P.C.N.R. (no. 94802); the Dutch Heart
Foundation, Established Investigator grant to P.C.N.R. (no.
2009 T038); the European Commission grant EUCLOCK to
J.H.M. (no. 018741); the Netherlands Organisation for Scientific Research, TOPGO grant to J.H.M. (no. 818.02.016); and
the Netherlands Organisation for Scientific Research, complexity grant to J.H.M. (no. 645.000.010).

References
1. Bass J, Takahashi JS. Circadian integration of metabolism and energetics.
Science 2010; 330: 1349–1354.
2. Kroenke CH, Spiegelman D, Manson J, Schernhammer ES, Colditz GA, Kawachi
I. Work characteristics and incidence of type 2 diabetes in women. Am J
Epidemiol 2007; 165: 175–183.
3. Pan A, Schernhammer ES, Sun Q, Hu FB. Rotating night shift work and risk of
type 2 diabetes: two prospective cohort studies in women. PLoS Med 2011; 8:
e1001141.
4. Suwazono Y, Dochi M, Oishi M, Tanaka K, Kobayashi E, Sakata K. Shiftwork and
impaired glucose metabolism: a 14-year cohort study on 7104 male workers.
Chronobiol Int 2009; 26: 926–941.
5. Salgado-Delgado RC, Saderi N, Basualdo MC, Guerrero-Vargas NN, Escobar C,
Buijs RM. Shift work or food intake during the rest phase promotes metabolic
disruption and desynchrony of liver genes in male rats. PLoS One 2013; 8:
e60052.
6. Coomans CP, van den Berg SA, Houben T et al. Detrimental effects of constant
light exposure and high-fat diet on circadian energy metabolism and insulin
sensitivity. FASEB J 2013; 27: 1721–1732.
7. Shi SQ, Ansari TS, McGuinness OP, Wasserman DH, Johnson CH. Circadian
disruption leads to insulin resistance and obesity. Curr Biol 2013; 23: 372–381.
8. Fonken LK, Aubrecht TG, Melendez-Fernandez OH, Weil ZM, Nelson RJ. Dim
light at night disrupts molecular circadian rhythms and increases body weight.
J Biol Rhythms 2013; 28: 262–271.
9. Meijer JH, Colwell CS, Rohling JH, Houben T, Michel S. Dynamic neuronal
network organization of the circadian clock and possible deterioration in
disease. Prog Brain Res 2012; 199: 143–162.
10. Dibner C, Schibler U, Albrecht U. The mammalian circadian timing system:
organization and coordination of central and peripheral clocks. Annu Rev
Physiol 2010; 72: 517–549.
11. O’Neill JS, Reddy AB. The essential role of cAMP/Ca2+ signalling in mammalian
circadian timekeeping. Biochem Soc Trans 2012; 40: 44–50.
12. Brown TM, Piggins HD. Electrophysiology of the suprachiasmatic circadian
clock. Prog Neurobiol 2007; 82: 229–255.
13. Schaap J, Albus H, Vanderleest HT, Eilers PH, Detari L, Meijer JH. Heterogeneity of rhythmic suprachiasmatic nucleus neurons: implications for circadian
waveform and photoperiodic encoding. Proc Natl Acad Sci U S A 2003; 100:
15994–15999.
14. Yamaguchi S, Isejima H, Matsuo T et al. Synchronization of cellular clocks in
the suprachiasmatic nucleus. Science 2003; 302: 1408–1412.

Volume 17 Suppl. 1 September 2015

DIABETES, OBESITY AND METABOLISM

review article

15. Colwell CS. Linking neural activity and molecular oscillations in the SCN. Nat
Rev Neurosci 2011; 12: 553–569.

37. Davidson AJ, Castanon-Cervantes O, Stephan FK. Daily oscillations in liver
function: diurnal vs circadian rhythmicity. Liver Int 2004; 24: 179–186.

16. Ohta H, Yamazaki S, McMahon DG. Constant light desynchronizes mammalian
clock neurons. Nat Neurosci 2005; 8: 267–269.

38. La Fleur SE, Kalsbeek A, Wortel J, Buijs RM. A suprachiasmatic nucleus generated rhythm in basal glucose concentrations. J Neuroendocrinol 1999; 11:
643–652.

17. Dulcis D, Jamshidi P, Leutgeb S, Spitzer NC. Neurotransmitter switching in the
adult brain regulates behavior. Science 2013; 340: 449–453.
18. Farajnia S, van Westering TL, Meijer JH, Michel S. Seasonal induction of
GABAergic excitation in the central mammalian clock. Proc Natl Acad Sci U S A
2014; 111: 9627–9632.
19. Moore RY, Speh JC, Leak RK. Suprachiasmatic nucleus organization. Cell Tissue
Res 2002; 309: 89–98.
20. Maywood ES, O’Neill JS, Reddy AB et al. Genetic and molecular analysis of the
central and peripheral circadian clockwork of mice. Cold Spring Harb Symp
Quant Biol 2007; 72: 85–94.
21. Slat E, Freeman GM Jr, Herzog ED. The clock in the brain: neurons, glia, and
networks in daily rhythms. Handb Exp Pharmacol 2013; 217: 105–123.
22. Albus H, Vansteensel MJ, Michel S, Block GD, Meijer JH. A GABAergic mechanism is necessary for coupling dissociable ventral and dorsal regional oscillators within the circadian clock. Curr Biol 2005; 15: 886–893.
23. Vanderleest HT, Houben T, Michel S et al. Seasonal encoding by the circadian
pacemaker of the SCN. Curr Biol 2007; 17: 468–473.
24. Vanderleest HT, Rohling JH, Michel S, Meijer JH. Phase shifting capacity of the
circadian pacemaker determined by the SCN neuronal network organization.
PLoS One 2009; 4: e4976.
25. Lucassen EA, van Diepen HC, Houben T, Michel S, Colwell CS, Meijer JH. Role
of vasoactive intestinal peptide in seasonal encoding by the suprachiasmatic
nucleus clock. Eur J Neurosci 2012; 35: 1466–1474.
26. Evans JA, Leise TL, Castanon-Cervantes O, Davidson AJ. Dynamic interactions
mediated by nonredundant signaling mechanisms couple circadian clock
neurons. Neuron 2013; 80: 973–983.

39. La Fleur SE. Daily rhythms in glucose metabolism: suprachiasmatic nucleus
output to peripheral tissue. J Neuroendocrinol 2003; 15: 315–322.
40. Lee C, Etchegaray JP, Cagampang FR, Loudon AS, Reppert SM. Posttranslational mechanisms regulate the mammalian circadian clock. Cell 2001; 107:
855–867.
41. Buijs RM, Hermes MH, Kalsbeek A. The suprachiasmatic nucleusparaventricular nucleus interactions: a bridge to the neuroendocrine
and autonomic nervous system. Prog Brain Res 1998; 119: 365–382.
42. Kennaway DJ, Voultsios A, Varcoe TJ, Moyer RW. Melatonin in mice: rhythms,
response to light, adrenergic stimulation, and metabolism. Am J Physiol Regul
Integr Comp Physiol 2002; 282: R358–R365.
43. Nagai K, Nagai N, Shimizu K, Chun S, Nakagawa H, Niijima A. SCN output
drives the autonomic nervous system: with special reference to the autonomic
function related to the regulation of glucose metabolism. Prog Brain Res 1996;
111: 253–272.
44. Reppert SM, Weaver DR. Coordination of circadian timing in mammals. Nature
2002; 418: 935–941.
45. Davidson AJ, Sellix MT, Daniel J, Yamazaki S, Menaker M, Block GD. Chronic
jet-lag increases mortality in aged mice. Curr Biol 2006; 16: R914–R916.
46. Vinogradova IA, Anisimov VN, Bukalev AV, Semenchenko AV, Zabezhinski MA.
Circadian disruption induced by light-at-night accelerates aging and promotes
tumorigenesis in rats. Aging (Albany NY) 2009; 1: 855–865.
47. Popovich IG, Zabezhinski MA, Panchenko AV et al. Exposure to light at night
accelerates aging and spontaneous uterine carcinogenesis in female 129/Sv
mice. Cell Cycle 2013; 12: 1785–1790.

27. Choi HJ, Lee CJ, Schroeder A et al. Excitatory actions of GABA in the suprachiasmatic nucleus. J Neurosci 2008; 28: 5450–5459.

48. Wideman CH, Murphy HM. Constant light induces alterations in melatonin
levels, food intake, feed efficiency, visceral adiposity, and circadian rhythms
in rats. Nutr Neurosci 2009; 12: 233–240.

28. Wright KP Jr, McHill AW, Birks BR, Griffin BR, Rusterholz T, Chinoy ED.
Entrainment of the human circadian clock to the natural light–dark cycle. Curr
Biol 2013; 23: 1554–1558.

49. Gale JE, Cox HI, Qian J, Block GD, Colwell CS, Matveyenko AV. Disruption of
circadian rhythms accelerates development of diabetes through pancreatic
beta-cell loss and dysfunction. J Biol Rhythms 2011; 26: 423–433.

29. Chang AM, Aeschbach D, Duffy JF, Czeisler CA. Evening use of light-emitting
eReaders negatively affects sleep, circadian timing, and next-morning alertness. Proc Natl Acad Sci U S A 2015; 112: 1232–1237.

50. Qian J, Block GD, Colwell CS, Matveyenko AV. Consequences of exposure to
light at night on the pancreatic islet circadian clock and function in rats.
Diabetes 2013; 62: 3469–3478.

30. Provencio I, Rollag MD, Castrucci AM. Photoreceptive net in the mammalian
retina. This mesh of cells may explain how some blind mice can still tell day
from night. Nature 2002; 415: 493.

51. Kooijman S, van den Berg R, Ramkisoensing A et al. Prolonged daily light
exposure increases body fat mass through attenuation of brown adipose tissue
activity. Proc Natl Acad Sci U S A 2015; 112: 6748–6753.

31. Hattar S, Liao HW, Takao M, Berson DM, Yau KW. Melanopsin-containing retinal
ganglion cells: architecture, projections, and intrinsic photosensitivity. Science
2002; 295: 1065–1070.

52. Dauchy RT, Dauchy EM, Tirrell RP et al. Dark-phase light contamination disrupts circadian rhythms in plasma measures of endocrine physiology and
metabolism in rats. Comp Med 2010; 60: 348–356.

32. Berson DM, Dunn FA, Takao M. Phototransduction by retinal ganglion cells that
set the circadian clock. Science 2002; 295: 1070–1073.

53. Cailotto C, La Fleur SE, Van HC 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: 2531–2540.

33. van Oosterhout F, Fisher SP, van Diepen HC et al. Ultraviolet light provides a
major input to non-image-forming light detection in mice. Curr Biol 2012; 22:
1397–1402.
34. Altimus CM, Guler AD, Alam NM et al. Rod photoreceptors drive circadian
photoentrainment across a wide range of light intensities. Nat Neurosci 2010;
13: 1107–1112.
35. van Diepen HC, Ramkisoensing A, Peirson SN, Foster RG, Meijer JH. Irradiance
encoding in the suprachiasmatic nuclei by rod and cone photoreceptors. FASEB
J 2013; 27: 4204–4212.
36. Finucane MM, Stevens GA, Cowan MJ et al. National, regional, and global
trends in body-mass index since 1980: systematic analysis of health
examination surveys and epidemiological studies with 960 country-years and
9.1 million participants. Lancet 2011; 377: 557–567.

Volume 17 Suppl. 1 September 2015

54. Fonken LK, Workman JL, Walton JC et al. Light at night increases body mass
by shifting the time of food intake. Proc Natl Acad Sci U S A 2010; 107:
18664–18669.
55. Karatsoreos IN, Bhagat S, Bloss EB, Morrison JH, McEwen BS. Disruption of
circadian clocks has ramifications for metabolism, brain, and behavior. Proc
Natl Acad Sci U S A 2011; 108: 1657–1662.
56. Wolff G, Duncan MJ, Esser KA. Chronic phase advance alters circadian physiological rhythms and peripheral molecular clocks. J Appl Physiol 2013; 115:
373–382.
57. Oishi K, Higo-Yamamoto S. Disrupted daily light–dark cycles induce physical
inactivity and enhance weight gain in mice depending on dietary fat intake.
NeuroReport 2014; 25: 865–869.

doi:10.1111/dom.12513 73

review article

DIABETES, OBESITY AND METABOLISM

58. Oishi K, Itoh N. Disrupted daily light–dark cycle induces the expression of
hepatic gluconeogenic regulatory genes and hyperglycemia with glucose
intolerance in mice. Biochem Biophys Res Commun 2013; 432: 111–115.

79. van Diepen HC, Lucassen EA, Yasenkov R et al. Caffeine increases light
responsiveness of the mouse circadian pacemaker. Eur J Neurosci 2014; 40:
3504–3511.

59. Voigt RM, Forsyth CB, Green SJ et al. Circadian disorganization alters intestinal
microbiota. PLoS One 2014; 9: e97500.

80. Bass J. Circadian topology of metabolism. Nature 2012; 491: 348–356.

60. Salgado-Delgado R, Angeles-Castellanos M, Buijs MR, Escobar C. Internal
desynchronization in a model of night-work by forced activity in rats. Neuroscience 2008; 154: 922–931.
61. van Cauter E, Knutson KL. Sleep and the epidemic of obesity in children and
adults. Eur J Endocrinol 2008; 159(Suppl. 1): S59–S66.
62. Patel SR, Hu FB. Short sleep duration and weight gain: a systematic review.
Obesity (Silver Spring) 2008; 16: 643–653.
63. Xu Q, Song Y, Hollenbeck A, Blair A, Schatzkin A, Chen H. Day napping and
short night sleeping are associated with higher risk of diabetes in older adults.
Diabetes Care 2010; 33: 78–83.
64. Cappuccio FP, D’Elia L, Strazzullo P, Miller MA. Quantity and quality of sleep and
incidence of type 2 diabetes: a systematic review and meta-analysis. Diabetes
Care 2010; 33: 414–420.
65. Markwald RR, Melanson EL, Smith MR et al. Impact of insufficient sleep on
total daily energy expenditure, food intake, and weight gain. Proc Natl Acad
Sci U S A 2013; 110: 5695–5700.
66. Koban M, Le WW, Hoffman GE. Changes in hypothalamic
corticotropin-releasing hormone, neuropeptide Y, and proopiomelanocortin
gene expression during chronic rapid eye movement sleep deprivation of rats.
Endocrinology 2006; 147: 421–431.
67. Martins PJ, Marques MS, Tufik S, D’Almeida V. Orexin activation precedes increased NPY expression, hyperphagia, and metabolic changes
in response to sleep deprivation. Am J Physiol Endocrinol Metab 2010;
298: E726–E734.
68. Barf RP, Desprez T, Meerlo P, Scheurink AJ. Increased food intake and changes
in metabolic hormones in response to chronic sleep restriction alternated with
short periods of sleep allowance. Am J Physiol Regul Integr Comp Physiol 2012;
302: R112–R117.
69. Barf RP, Van DG, Scheurink AJ et al. Metabolic consequences of chronic sleep
restriction in rats: changes in body weight regulation and energy expenditure.
Physiol Behav 2012; 107: 322–328.

81. Sakurai T. The neural circuit of orexin (hypocretin): maintaining sleep and
wakefulness. Nat Rev Neurosci 2007; 8: 171–181.
82. Saper CB, Scammell TE, Lu J. Hypothalamic regulation of sleep and circadian
rhythms. Nature 2005; 437: 1257–1263.
83. Nishino S, Ripley B, Overeem S et al. Low cerebrospinal fluid hypocretin (Orexin)
and altered energy homeostasis in human narcolepsy. Ann Neurol 2001; 50:
381–388.
84. Funato H, Tsai AL, Willie JT et al. Enhanced orexin receptor-2 signaling prevents
diet-induced obesity and improves leptin sensitivity. Cell Metab 2009; 9:
64–76.
85. Yoshida Y, Fujiki N, Nakajima T et al. Fluctuation of extracellular hypocretin-1
(orexin A) levels in the rat in relation to the light–dark cycle and sleep-wake
activities. Eur J Neurosci 2001; 14: 1075–1081.
86. Deboer T, Overeem S, Visser NA et al. Convergence of circadian and sleep
regulatory mechanisms on hypocretin-1. Neuroscience 2004; 129: 727–732.
87. Ma Y, Bertone ER, Stanek EJ III et al. Association between eating patterns and
obesity in a free-living US adult population. Am J Epidemiol 2003; 158: 85–92.
88. Cleator J, Abbott J, Judd P, Sutton C, Wilding JP. Night eating syndrome:
implications for severe obesity. Nutr Diabetes 2012; 2: e44.
89. Wang JB, Patterson RE, Ang A, Emond JA, Shetty N, Arab L. Timing of energy
intake during the day is associated with the risk of obesity in adults. J Hum
Nutr Diet 2014; 27(Suppl. 2): 255–262.
90. Garaulet M, Gomez-Abellan P, Alburquerque-Bejar JJ, Lee YC, Ordovas JM,
Scheer FA. Timing of food intake predicts weight loss effectiveness. Int J Obes
(Lond) 2013; 37: 604–611.
91. Arble DM, Bass J, Laposky AD, Vitaterna MH, Turek FW. Circadian timing of food
intake contributes to weight gain. Obesity (Silver Spring) 2009; 17: 2100–2102.
92. Hatori M, Vollmers C, Zarrinpar A et al. Time-restricted feeding without reducing caloric intake prevents metabolic diseases in mice fed a high-fat diet. Cell
Metab 2012; 15: 848–860.

70. Wang Y, Carreras A, Lee S et al. Chronic sleep fragmentation promotes obesity
in young adult mice. Obesity (Silver Spring) 2014; 22: 758–762.

93. Morgan LM, Shi JW, Hampton SM, Frost G. Effect of meal timing and glycaemic
index on glucose control and insulin secretion in healthy volunteers. Br J Nutr
2012; 108: 1286–1291.

71. de Oliveira EM, Visniauskas B, Sandri S et al. Late effects of sleep restriction:
potentiating weight gain and insulin resistance arising from a high-fat diet in
mice. Obesity (Silver Spring) 2015; 23: 391–398.

94. Scheer FA, Hilton MF, Mantzoros CS, Shea SA. Adverse metabolic and cardiovascular consequences of circadian misalignment. Proc Natl Acad Sci U S A
2009; 106: 4453–4458.

72. Spiegel K, Tasali E, Penev P, van Cauter E. Brief communication: sleep curtailment in healthy young men is associated with decreased leptin levels, elevated
ghrelin levels, and increased hunger and appetite. Ann Intern Med 2004; 141:
846–850.

95. Grimaldi D, Provini F, Pierangeli G et al. Evidence of a diurnal thermogenic
handicap in obesity. Chronobiol Int 2015; 32: 299–302.

73. Morton GJ, Schwartz MW. Leptin and the central nervous system control of
glucose metabolism. Physiol Rev 2011; 91: 389–411.

97. Hakansson ML, Brown H, Ghilardi N, Skoda RC, Meister B. Leptin receptor
immunoreactivity in chemically defined target neurons of the hypothalamus.
J Neurosci 1998; 18: 559–572.

74. Borbely AA, Achermann P. Sleep homeostasis and models of sleep regulation.
J Biol Rhythms 1999; 14: 557–568.
75. Deboer T, Vansteensel MJ, Detari L, Meijer JH. Sleep states alter activity of
suprachiasmatic nucleus neurons. Nat Neurosci 2003; 6: 1086–1090.
76. Deboer T, Detari L, Meijer JH. Long term effects of sleep deprivation on the
mammalian circadian pacemaker. Sleep 2007; 30: 257–262.
77. Mistlberger RE, Landry GJ, Marchant EG. Sleep deprivation can attenuate
light-induced phase shifts of circadian rhythms in hamsters. Neurosci Lett
1997; 238: 5–8.
78. Challet E, Turek FW, Laute M, Van RO. Sleep deprivation decreases phase-shift
responses of circadian rhythms to light in the mouse: role of serotonergic and
metabolic signals. Brain Res 2001; 909: 81–91.

74 Coomans et al.

96. Tsang AH, Barclay JL, Oster H. Interactions between endocrine and circadian
systems. J Mol Endocrinol 2014; 52: R1–R16.

98. Zigman JM, Jones JE, Lee CE, Saper CB, Elmquist JK. Expression of ghrelin
receptor mRNA in the rat and the mouse brain. J Comp Neurol 2006; 494:
528–548.
99. Unger JW, Livingston JN, Moss AM. Insulin receptors in the central nervous
system: localization, signalling mechanisms and functional aspects. Prog Neurobiol 1991; 36: 343–362.
100. Saderi N, Cazarez-Marquez F, Buijs FN et al. The NPY intergeniculate leaflet
projections to the suprachiasmatic nucleus transmit metabolic conditions.
Neuroscience 2013; 246: 291–300.
101. Um JH, Pendergast JS, Springer DA et al. AMPK regulates circadian rhythms in
a tissue- and isoform-specific manner. PLoS One 2011; 6: e18450.

Volume 17 Suppl. 1 September 2015

DIABETES, OBESITY AND METABOLISM

102. Orozco-Solis R, Ramadori G, Coppari R, Sassone-Corsi P. SIRT1 relays nutritional inputs to the circadian clock through the Sf1 neurons of the ventromedial hypothalamus. Endocrinology 2015; 156: 2174–2184.
103. Damiola F, Le MN, Preitner N, Kornmann B, Fleury-Olela F, Schibler U. Restricted
feeding uncouples circadian oscillators in peripheral tissues from the central
pacemaker in the suprachiasmatic nucleus. Genes Dev 2000; 14: 2950–2961.
104. Pivovarova O, Jurchott K, Rudovich N et al. Changes of dietary fat and
carbohydrate content alter central and peripheral clock in humans. J Clin
Endocrinol Metab 2015; 100: 2291–2302.
105. Cinzano P, Falchi PF, Elvidge CD. The first World Atlas of the artificial night sky
brightness. Mon Not R Astron Soc 2001; 328: 689–707.
106. Riemersma-van der Lek RF, Swaab DF, Twisk J, Hol EM, Hoogendijk WJ,
Van Someren EJ. Effect of bright light and melatonin on cognitive and noncognitive function in elderly residents of group care facilities: a randomized
controlled trial. JAMA 2008; 299: 2642–2655.
107. Mundigler G, Delle-Karth G, Koreny M et al. Impaired circadian rhythm of
melatonin secretion in sedated critically ill patients with severe sepsis. Crit
Care Med 2002; 30: 536–540.
108. Videnovic A, Lazar AS, Barker RA, Overeem S. ’The clocks that time
us’ – circadian rhythms in neurodegenerative disorders. Nat Rev Neurol
2014; 10: 683–693.
109. de Boer IH, Katz R, Chonchol MB et al. Insulin resistance, cystatin C, and
mortality among older adults. Diabetes Care 2012; 35: 1355–1360.
110. Lucassen EA, Rother KI, Cizza G. Interacting epidemics? Sleep curtailment,
insulin resistance, and obesity. Ann N Y Acad Sci 2012; 1264: 110–134.
111. Stevens RG, Brainard GC, Blask DE, Lockley SW, Motta ME. Breast cancer and
circadian disruption from electric lighting in the modern world. CA Cancer J
Clin 2014; 64: 207–218.
112. Quevedo I, Zuniga AM. Low bone mineral density in rotating-shift workers.
J Clin Densitom 2010; 13: 467–469.
113. Feskanich D, Hankinson SE, Schernhammer ES. Nightshift work and fracture
risk: the Nurses’ Health Study. Osteoporos Int 2009; 20: 537–542.
114. Scott EM, Carter AM, Grant PJ. Association between polymorphisms in the
Clock gene, obesity and the metabolic syndrome in man. Int J Obes (Lond) 2008;
32: 658–662.
115. Sookoian S, Gemma C, Gianotti TF, Burgueno A, Castano G, Pirola CJ. Genetic
variants of Clock transcription factor are associated with individual susceptibility to obesity. Am J Clin Nutr 2008; 87: 1606–1615.
116. Goumidi L, Grechez A, Dumont J et al. Impact of REV-ERB alpha gene polymorphisms on obesity phenotypes in adult and adolescent samples. Int J Obes
(Lond) 2013; 37: 666–672.
117. Englund A, Kovanen L, Saarikoski ST et al. NPAS2 and PER2 are linked to risk
factors of the metabolic syndrome. J Circadian Rhythms 2009; 7: 5.
118. Woon PY, Kaisaki PJ, Braganca J et al. Aryl hydrocarbon receptor nuclear
translocator-like (BMAL1) is associated with susceptibility to hypertension and
type 2 diabetes. Proc Natl Acad Sci U S A 2007; 104: 14412–14417.
119. Dupuis J, Langenberg C, Prokopenko I et al. New genetic loci implicated in
fasting glucose homeostasis and their impact on type 2 diabetes risk. Nat Genet
2010; 42: 105–116.
120. Lyssenko V, Nagorny CL, Erdos MR et al. Common variant in MTNR1B associated with increased risk of type 2 diabetes and impaired early insulin secretion.
Nat Genet 2009; 41: 82–88.
121. Prokopenko I, Langenberg C, Florez JC et al. Variants in MTNR1B influence
fasting glucose levels. Nat Genet 2009; 41: 77–81.
122. Bouatia-Naji N, Bonnefond A, Cavalcanti-Proenca C et al. A variant near
MTNR1B is associated with increased fasting plasma glucose levels and type 2
diabetes risk. Nat Genet 2009; 41: 89–94.
123. Garaulet M, Lee YC, Shen J et al. CLOCK genetic variation and metabolic
syndrome risk: modulation by monounsaturated fatty acids. Am J Clin Nutr
2009; 90: 1466–1475.

Volume 17 Suppl. 1 September 2015

review article
124. Garcia-Rios A, Gomez-Delgado FJ, Garaulet M et al. Beneficial effect of CLOCK
gene polymorphism rs1801260 in combination with low-fat diet on insulin
metabolism in the patients with metabolic syndrome. Chronobiol Int 2014;
31: 401–408.
125. Mirzaei K, Xu M, Qi Q et al. Variants in glucose- and circadian rhythm-related
genes affect the response of energy expenditure to weight-loss diets: the
POUNDS LOST Trial. Am J Clin Nutr 2014; 99: 392–399.
126. Kim H, Koh H, Ku SY, Kim SH, Kim JH, Kim JG. Association between polymorphisms in period genes and bone density in postmenopausal Korean women.
Climacteric 2014; 17: 605–612.
127. Truong T, Liquet B, Menegaux F et al. Breast cancer risk, nightwork, and
circadian clock gene polymorphisms. Endocr Relat Cancer 2014; 21: 629–638.
128. Gonnissen HK, Rutters F, Mazuy C, Martens EA, Adam TC, Westerterp-Plantenga
MS. Effect of a phase advance and phase delay of the 24-h cycle on energy
metabolism, appetite, and related hormones. Am J Clin Nutr 2012; 96:
689–697.
129. Buxton OM, Cain SW, O’Connor SP et al. Adverse metabolic consequences in
humans of prolonged sleep restriction combined with circadian disruption. Sci
Transl Med 2012; 4: 129ra43.
130. Bedrosian TA, Galan A, Vaughn CA, Weil ZM, Nelson RJ. Light at night alters
daily patterns of cortisol and clock proteins in female Siberian hamsters.
J Neuroendocrinol 2013; 25: 590–596.
131. Sudo M, Sasahara K, Moriya T, Akiyama M, Hamada T, Shibata S. Constant light
housing attenuates circadian rhythms of mPer2 mRNA and mPER2 protein
expression in the suprachiasmatic nucleus of mice. Neuroscience 2003; 121:
493–499.
132. Munoz M, Peirson SN, Hankins MW, Foster RG. Long-term constant light
induces constitutive elevated expression of mPER2 protein in the murine SCN:
a molecular basis for Aschoff’s rule? J Biol Rhythms 2005; 20: 3–14.
133. Tapia-Osorio A, Salgado-Delgado R, Angeles-Castellanos M, Escobar C. Disruption of circadian rhythms due to chronic constant light leads to depressive and
anxiety-like behaviors in the rat. Behav Brain Res 2013; 252: 1–9.
134. Shuboni D, Yan L. Nighttime dim light exposure alters the responses of the
circadian system. Neuroscience 2010; 170: 1172–1178.
135. Fonken LK, Melendez-Fernandez OH, Weil ZM, Nelson RJ. Exercise attenuates
the metabolic effects of dim light at night. Physiol Behav 2014; 124: 33–36.
136. Schwimmer H, Mursu N, Haim A. Effects of light and melatonin treatment on
body temperature and melatonin secretion daily rhythms in a diurnal rodent,
the fat sand rat. Chronobiol Int 2010; 27: 1401–1419.
137. Fonken LK, Finy MS, Walton JC et al. Influence of light at night on murine
anxiety- and depressive-like responses. Behav Brain Res 2009; 205: 349–354.
138. LeGates TA, Altimus CM, Wang H et al. Aberrant light directly impairs mood
and learning through melanopsin-expressing neurons. Nature 2012; 491:
594–598.
139. Dijk DJ, Duffy JF, Silva EJ, Shanahan TL, Boivin DB, Czeisler CA. Amplitude
reduction and phase shifts of melatonin, cortisol and other circadian rhythms
after a gradual advance of sleep and light exposure in humans. PLoS One 2012;
7: e30037.
140. Jung CM, Khalsa SB, Scheer FA et al. Acute effects of bright light exposure on
cortisol levels. J Biol Rhythms 2010; 25: 208–216.
141. McHill AW, Melanson EL, Higgins J et al. Impact of circadian misalignment on
energy metabolism during simulated nightshift work. Proc Natl Acad Sci U S A
2014; 111: 17302–17307.
142. Wright KP Jr, Drake AL, Frey DJ et al. Influence of sleep deprivation and circadian misalignment on cortisol, inflammatory markers, and cytokine balance.
Brain Behav Immun 2015; 47: 24–34.
143. Leproult R, Holmback U, van Cauter E. Circadian misalignment augments
markers of insulin resistance and inflammation, independently of sleep loss.
Diabetes 2014; 63: 1860–1869.

doi:10.1111/dom.12513 75

