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Abstract

Circadian rhythmicity that has been shaped by evolution over millions of years gener-
ates an internal timing controlling the sleep—wake and metabolism cycles. The daily var-
jations between sleep/fasting/catabolism and wakefulness/feeding/anabolism are
coordinated by a master hypothalamic clock, mainly reset by ambient light. Secondary
clocks, including liver and adipose tissue, are normally synchronized by the master clock,
but they are also sensitive to feeding time, especially when meals take place during the
usual resting period. Cellular metabolism and circadian clocks are tightly interconnected
at the molecular levels. Although the suprachiasmatic clock is not shifted by mealtime
under light-dark conditions, nutritional cues can feedback onto it and modulate its
function under hypo- and hypercaloric (high-fat) conditions. Food-related reward cues
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are other modulators of the master clock. Circadian disturbances (e.g., desynchronization
induced by shift work or chronic jet lag) are frequently associated with metabolic
dysfunctions (chronobesity) and vice versa. Pharmacological tools and natural synchro-
nizers (i.e, light and mealtime) can be useful as chronotherapeutic treatments to limit
the occurrence of metabolic risk factors.

1. INTRODUCTION

Energy metabolism, food intake, and circadian clocks are tightly inter-
connected. By providing energy substrates to the organism, feeding is essen-
tial for maintaining energy homeostasis. Most often, this does not occur
randomly at any time of the astronomical day, but takes place periodically
during a certain temporal niche (e.g., daytime or nighttime), depending
on whether the species is diurnal or nocturnal, respectively. The daily period
of feeding and food foraging also coincides with the period of wakefulness,
exercise, high metabolic activity, and anabolism. Conversely, the daily
period of fasting corresponds to sleep, low metabolic activity, and catabo-
lism. Ata cellular level, glucose availability is maintained with a quite narrow
margin of variations throughout 24 h, despite the daily rhythm of food
ingestion reported above. The two main sources of energy stores include
carbohydrate (i.e., glycogen synthesized in the liver and muscle) and lipid
(i.e., triacylglycerols synthesized in the white adipose tissue). During the
12-h period of activity/feeding, glucose supply comes mostly from dietary
carbohydrate supply, as well as from glycogen for short-term needs (e.g.,
exercise). By contrast, during the 12-h period of sleep and fasting (glycogen-
olysis and lipolysis), energy used to cover basal energy expenditure comes
from energy substrates stored in anticipation during the previous period
of feeding (concomitant with glycogenesis and lipogenesis).

The 24-h temporal segregation of physiology and behavior is controlled
by the circadian system. This timing system is actually comprised of a net-
work of endogenous circadian clocks that generate, via their local or distrib-
uted outputs, an internal rhythmicity close to 24 h. At the top of the
circadian system is a master clock located in the suprachiasmatic nuclei
(SCN) of the hypothalamus. Most circadian rhythms in behavior (e.g.,
sleep—wake cycle) and physiology (e.g., hormonal rhythms, like pineal mel-
atonin, or adrenal glucocorticoids) are controlled by this hypothalamic
structure.' ™ Besides, almost all peripheral tissues, such as liver, muscle,
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and skin, express circadian oscillations of the molecular actors of the clock-
work, called clock genes.*” The mammalian clock machinery generates
autoregulatory transcriptional loops, leading to rhythmic expression of clock
genes and clock-controlled genes (i.e., downstream targets of the clockwork).
In the core of these oscillatory mechanisms are transcription factors, BMAL1
(Brain and Muscle Aryl hydrocarbon receptor nuclear translocator-Like pro-
tein 1) and CLOCK (Circadian Locomotor Output Cycles Kaput), orits analog
NPAS2 (Neuronal PAS domain protein 2), that dimerize together to activate
the transcription of other clock genes, including three Period (Per1—3) and two
Cryptochrome (Cry 1-2) genes via E-box sequences in their promoter, thus defin-
ing a main positive loop.*° The PER and CRY proteins then form complexes
that are translocated in the nucleus where they inhibit their own CLOCK
(NPAS2)/BMAL1-induced transactivation, defining a main negative loop.
There are also reinforcing loops comprising other transcription factors,
REV-ERB (Reverse Viral Erythroblastosis oncogene products) o.—f3, and ROR
(Retinoic acid-related Orphan Receptors) o.——7 that modulate the transcription
of Bmal1l, Npas2, and Clock via retinoic acid-related orphan receptor response
elements. Furthermore, PER/CRY repressor complexes are inactivated via
ubiquitination and proteasome degradation by F-box proteins 3 and 21 for
the CRYs,”® and B-transducin repeat containing proteins 1 and 2 for the
PERSs.” Besides its role as a transcriptional activator, CLOCK is also a histone
acetyltransferase that drives the cyclic acetylation of various targets, including
BMAL1." The internal coordination of circadian rhythmicity is structured
as a multistep network, in which the master suprachiasmatic clock is a conduc-
tor that provides temporal signals to the secondary clocks/oscillators in the brain
and peripheral organs via nervous and endocrine messages.”'"'? Light per-
ceived by the retina, that contains its own clock, is widely recognized as the
most potent synchronizer of the master clock. Nevertheless, several cues asso-
ciated with feeding (and fasting) also impact circadian functioning at different
steps of the circadian system.

The first purpose of this chapter is to provide an overview of the complex
physiological interactions between feeding—fasting cycles and the various
clocks/oscillators, including feedback effects of nutritional cues on the cir-
cadian clocks that control feeding rhythmicity (Fig. 5.1). Another issue that
will be covered is the reciprocal disturbances between circadian rhythmicity
and metabolic pathologies of energy metabolism. Finally, emerging
chronotherapeutic approaches in the field of dieting and prevention of met-
abolic risks will be briefly introduced.
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Figure 5.1 The multilevel interactions between circadian clocks and metabolism in
mammals. The molecular clock is present in virtually all tissues. The master clock in
the suprachiasmatic nuclei and other secondary clock in the brain adjust the phase
of behavioral rhythms (sleep-wake and feeding cycles, food-anticipatory activity), while
peripheral clocks/oscillators participate in the rhythms of metabolic processes (e.g., glu-
cose tolerance, insulin sensitivity, fatty acid oxidation, fat storage). In turn, mealtime
cues and metabolic signals feedback on circadian clocks to modulate their oscillations.

2. PHYSIOLOGY
2.1. Daily rhythm of food intake

Homeostasis of food intake and energy metabolism is regulated by the brain,
via a network of cerebral nuclei located in the basal hypothalamus (e.g.,
arcuate and ventromedial nuclei) and brainstem (e.g., nucleus of the solitary
tract and parabrachial nucleus). These structures receive and detect blood-
borne metabolic signals from peripheral tissues, such as metabolites (glucose,
nonesterified fatty acids) and metabolic hormones (stomach ghrelin, fat lep-
tin and pancreatic insulin, and intestinal gluco-incretins)."” Although
feeding-sensitive variations in clock gene expression have been detected
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. 14-16
in these neural structures, ’

their functional implication in the daily
rhythm of ingestive behaviors remains to be established.

Bilateral lesions of the SCN as well as knife-cuts around them abolish
circadian rhythmicity of the feeding/fasting cycle, indicating that the sup-
rachiasmatic clock controls the circadian rhythm of feeding.'”'® As afore-
mentioned, because suprachiasmatic lesions also produce arrhythmicity of
sleep—wake cycle, the concomitant loss of feeding rhythm may partly be
an indirect consequence of behavioral arrhythmicity (in that view, des-
tructured sleep timing would be the direct cause of the destructured pattern
of food intake). There are experimental arguments outlined below,
suggesting that a feeding-entrainable system outside the SCN may also par-
ticipate in the daily rhythm of food foraging/intake (Fig. 5.1).

Timing of food availability has a major impact on overt rhythmicity.
When food access is limited to a few hours every day at the same time (tem-
poral restricted feeding), animals display food-anticipatory activity, that is, a
bout of arousal accompanied with food-appetitive behaviors and physical
activity prior to the expected food presentation.'” Such a rhythmic behavior
anticipating food presentation on a daily basis is manifest not only in food-
restricted adult animals but also in pups nursed daily by the mother shortly
once a day.”"?!
and corticosterone release also rise before food presentation, in phase with

Other physiological parameters such as body temperature

anticipatory behavior.'”** In rodents arrhythmic after suprachiasmatic
lesions, temporal restricted feeding provides timing cues to the rest of the
circadian system, thus restoring behavioral rhythmicity via daily food-
anticipatory activity, hormonal rhythmicity, and/or sympathetic activa-
tion.”>*’ There are food-entrainable clocks throughout the brain that likely
define a multi-oscillatory network coupling several neural oscillators most
sensitive to feeding cues. Albeit the anatomic brain substrate that initiates
food-anticipatory behavioral activity has been difficult to ascertain, possibly
due to its distributed nature, experimental data favor the participation of
some structures in the metabolic hypothalamus, the brainstem, and
cerebellum.'"**2°

Alterations in the diurnal pattern of feeding have been detected in mice
with functionally impaired clock genes. The daily pattern of food intake
under a light—dark cycle is markedly attenuated in Clock mutant mice and
in mice with adipocyte-specific deletion of Bmall, food intake during day-
time being found greater than that in wild-type mice.?”"*® Other mutations
of clock genes, such Rev-erbo, do not impair daily pattern of feeding.” In
mammals, a major modulator of the ultradian meal pattern during the
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feeding period is the size of the preceding meal. Indeed, larger meals lead to
long intervals until the initiation of the next meal.”” It is not known yet with
certainty whether these ultradian patterns of intermeal lags are disturbed in
clock mutant or mice knockout for clock genes.

Furthermore, in addition to the circadian and homeostatic control, food
intake can be influenced by the ambient lighting conditions, defining direct
effects of light or “masking.” In nocturnal mammals, light exposure at night
acutely reduces food intake during the active period (i.e., negative masking
of feeding), while dark exposure during daytime enhances food intake dur-

ing the usual sleep/fasting period (i.e., positive masking of feeding).”'

2.2. Daily variations in energy metabolism

Mammals maintain a relatively high metabolic rate with narrow daily var-
iations, albeit they do not feed continuously. Nonetheless, it is possible to
measure with indirect calorimetry daily oscillations in energy expenditure
(via oxygen consumption) and in respiratory exchange ratio, also called
respiratory quotient (RQ); i.e., the ratio of carbon dioxide produced and
oxygen consumed), which is an indicator of metabolized fuels. Lesions of
the suprachiasmatic clock suppress circadian rhythmicity of energy expen-
diture as well as RQ.> This observation has been interpreted as meaning
that the master clock controls the daily variations in energy metabolism.
Alternatively, this arrhythmicity may result from the arrhythmic sleep—wake
cycle that would prevent the detection of circadian variations.

When mammals are food deprived for several days under a light—dark
cycle, daily rhythms of energy metabolites persist, thus demonstrating that
the metabolic rhythmicity does not rely solely on daily feeding—fasting
cycles.” Temporal restricted feeding can shift the daily rhythms of energy
metabolites and RQ as well.”>*

Per2-null mice have been found to be leaner due to increased energy
expenditure, while 24-h RQ values do not differ from wild-type litter-
mates.”> Clock mutant mice are less active during nighttime compared to
wild-type mice and, accordingly, display a reduction in nocturnal energy
expenditure.”” In mice with adipocyte-specific deletion of Bmal1, the diur-
nal rhythm of energy expenditure is dampened, due to reduced expenditure
at night without modification of the level of nocturnal activity.”® The daily
variations of the RQ show large interindividual differences in Cry1—/—;
Cry2—/— mice, leading to flattened 24-h average.”® A mutation of Rev-erbo.
leads to an altered daily rhythm of in vivo carbohydrate/lipid utilization, as
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highlighted by larger and lower RQ values during night and day, respec-
tively. Thus, lack of REV-ERBa causes not only an increased utilization
of fatty acids during both resting (daytime) and acute fasting but also an
enhanced nocturnal glucose utilization (used for de novo lipogenesis from
dietary carbohydrates), as well as diet-induced obesity. Thus, these findings
indicate that REV-ERBua is crucial for the daily variations of fuel utiliza-
tion.”” Notwithstanding, the molecular mechanisms underlying this tempo-
ral partitioning of fuel utilization remain to be further elucidated.

Glucose, the main source of energy for cells, comes from the liver or
from dietary carbohydrate via the intestine and circulates easily in the blood-
stream. In most tissues, cellular uptake of glucose via facilitated diffusion is
controlled by insulin, except for the liver and the brain. Another major fuel
source is fat. As hydrophobic molecules, lipids cannot circulate readily in the
aqueous blood. As a matter of fact, lipids are transported as particles associ-
ating them with hydrophilic molecules, called apolipoproteins. The expres-
sion of apolipoproteins is activated and repressed by the circadian factors
RORa and REV-ERB, respectively.”’>” The lipid particles in the plasma
include chylomicrons, very low-density lipoproteins (VLDL), low-density
lipoproteins, and high-density lipoproteins.

Lipoprotein lipase (LPL) is an enzyme that catalyses the hydrolysis of the
triacylglycerols in chylomicrons and VLDL, releasing nonesterified fatty
acids and facilitating their cellular uptake.*’ Lpl is strongly expressed in tis-
sues that store lipids (i.e., white adipose tissue) or use them as fuel (i.e., mus-
cles and brown fat). Of note, LPL activity displays marked daily variations
according to organs, but with opposite timing depending on their role:
LPL activity in epididymal fat of nocturnal rats is highest at night for lipo-
genesis, while it rises progressively from morning to early night in skeletal
muscle for fat oxidation.*' LPL expression and activity are modulated by
a number of factors, such as PPARs, insulin, glucose, and fatty acids.*
Furthermore, CLOCK alone or together with BMAL1 can also transactivate
Lpl expression.””*

Heme, being notably an iron-containing compound embedded to the
hemoglobin, is a crucial component of the intermediary metabolism. More-
over, circadian rhythmicity can be modulated by heme bioavailability, illus-
trating a systemic link between metabolic and circadian pathways.
A decrease in heme biosynthesis shortens the circadian period of in vivo body
temperature rthythm.* Also, heme and inhibitors of heme oxygenase dose-
dependently dampen circadian oscillations rhythms of SCN explants from
PER2:LUC mice, while pharmacological inhibition of heme synthesis
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lengthens the circadian period of SCN PER2:LUC rhythms.** At a molec-
ular level, heme was first shown to bind to NPAS2, thereby modulating
DNA binding of NPAS2/BMALI1 in response to the presence of carbon
monoxide.* Further work involved PER2 in heme effects on the molecular
clock, but this is still a subject of debate.*>*” Heme can also serve as a phys-
iological ligand for REV-ERBo and REV-ERBf to modulate their tran-

48,49

scriptional efficiency. REV-ERBs are also responsive to carbon

50,51

monoxide and nitric oxide. Other examples of intracellular interactions

between the metabolic and circadian systems will be mentioned below.

2.3. Cross talk between molecular clocks and intracellular
metabolic pathways

Peroxiredoxins are ubiquitous antioxidant enzymes that detoxify reactive
oxygen species, such as hydrogen peroxide. Reduction—oxidation (redox)
cycles of peroxiredoxins define 24-h metabolic cycles that can work in
the absence of the transcriptional/translational circadian clockwork, for
instance in red blood cells.”®> A comparative analysis reveals that these
24-h redox cycles are conserved in all living organisms studied so far, includ-
ing bacteria.”” In mammalian nucleated cells, peroxiredoxin oscillations are
influenced by the transcriptional/translational circadian clockwork, as
shown by altered phase relationships in fibroblasts from Cryl—/—;
Cry2—/— mice.””

Redox reactions are involved in multiple biological processes, including
the molecular clockwork itself. For instance, the DNA-binding activity of
CLOCK/BMAL1 and NPAS2/BMAL1 heterodimers in silico is enhanced
by the reduced form (NDAH, from NAD™") of nicotinamide adenine dinu-
cleotide (NAD).>* Intracellular levels of NAD™ show circadian oscillations in
fibroblasts from wild-type mice, but they are arrhythmic in fibroblasts sampled
from Clock mutant or Cry1—/—;Cry2—/— mice.” Synthesis of NAD™ is
largely controlled by the enzyme nicotinamide phosphoribosyltransferase
(NAMPT) whose circadian expression is regulated by CLOCK/BMAL1
heterodimers. In turn, NAMPT modulates the molecular clockwork of
peripheral clocks (fibroblasts, hepatocytes), thus defining a new feedback

55,56

loop. Another example of interactions between clock mechanisms and
redox reactions is given by the fact that transcription repression mediated
by heme-bound REV-ERBs is sensitive to redox states.””

5'-Adenosine monophosphate-activated protein kinase (AMPK) is an

enzyme that plays a key role in the cellular regulation of fatty acid and
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glucose metabolism aiming at keeping energy homeostasis via phosphoryla-
tion of a number of metabolic enzymes. AMPK is viewed as a cellular sensor
of energy status because, beside AMP, it is also activated by many physio-
logical stimuli, such as stress, food deprivation, acute exercise, or hormones
(e.g., leptin). Some of AMPK targets are clock components. CRY1 is
phosphorylated and destabilized by AMPK.>” When phosphorylated by
AMPXK, casein kinase I€ degrades the clock protein PER 2, thereby impacting
circadian oscillating. Fibroblasts treated with metformin, an activator of
AMPK, display a shortened circadian period. Furthermore, in vivo injections
of metformin produce phase advances of clock gene oscillations in peripheral
tissues.””

The NAD"-dependent SIRT1 (Sirtuin 1) histone deacetylase is a redox
sensor that has been involved in a multitude of processes related to cellular
metabolism, stress, and senescence.’” In particular, SIRT1 modulates the
activity of the metabolic transcription factor PGC-la (peroxisome

60,61 .
7" also iden-

proliferator-activated receptor (i.e., PPARY) coactivator 1at),
tified as a modifier of the transcription of clock genes, such as Bmall and
Rev-erba., in part via coactivation of RORs.%? Moreover, SIRT1 binds cir-
cadianly to CLOCK/BMALI1 heterodimers, thus adding another functional
link between cellular energy state and the molecular clockwork.®***

Strikingly, nuclear receptors recognized as circadian factors, that is, REV-
ERBs and RORs, have also been reported having regulatory roles in meta-
bolic function. A pioneer work discovered that REV-ERBa promotes and
RORG. inhibits in vitro adipocyte differentiation.”*® BMALI1, whose tran-
scription is regulated by both REV-ERbs and RORs, was also considered
to play a prominent role in adipogenesis.”” More recently, PER2 has been
shown to promote adipogenesis via PPARY (see below).”® A point that
remains to be clarified is whether the effects reported above result from abnor-
mal metabolic function due to noncircadian roles of these circadian factors, or
from altered circadian control of metabolic pathways. Furthermore, it is note-
worthy that metabolic factors activated by fatty acids, such as PPAR, are tightly
linked bidirectionally to the molecular clockwork. Actually, Rev-erbot expres-
sion in the adipocytes and hepatocytes is induced respectively by PPARy and
PPAR.*>® In addition, PPAR in the liver activates the transcription of
Bmall, while daily expression of Ppar involves BMAL1.%” Although not
exhaustive, this brief overview of multiple and interconnected regulatory
loops highlights the now established functional and molecular cross talk
between the circadian and metabolic systems (Fig. 5.1).
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2.4. Peripheral organs and most brain regions: Clocks
entrainable by mealtime

Time when food is eaten has potent phase-resetting effects on the clockwork
of all peripheral tissues studied so far, including liver, white adipose tissue,
gastrointestinal tract, heart, lung, and kidney”""? (Fig. 5.2). The character-
istics of the feeding—fasting cycles are critical because both food volume and
interval of food deprivation matter to reset the liver oscillations.”> However,
the nature of the feeding-associated signals capable of resetting peripheral
oscillators is not yet fully identified. Hormones, such as glucocorticoids
and metabolites, like glucose, as well as nutrient sensors, like AMPK, are

- 57,74,75
good candidates.””"™"?

In the liver, transient upregulation of Per2 and
Dec1 transcription is observed in the first hour after feeding.”® Moreover,
refeeding-induced insulin secretion leads not only to an upregulation of
Per2 expression but also to downregulated Rev-ervo mRNA hepatic levels.”’

Timing of circadian oscillations is markedly modified by restricted
feeding in many, but not all, cerebral regions out of the SCN. For example,

daytime feeding modifies the phase of molecular oscillations in the

Figure 5.2 The suprachiasmatic nuclei (SCN) contain the master clock that controls
sleep-wake cycle and hormonal rhythms. The SCN are the conductor of the many sec-
ondary clocks/oscillators in the brain and peripheral organs, in part via temporal mes-
sages transmitted by nervous pathways (dotted arrows). Light and feeding time act as
synchronizers (filled arrows) at different levels of the multi-oscillatory circadian network.
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arcuate and dorsomedial hypothalamic nuclei,'>’® central amygdala,*"””

and cerebellum.®”®" By contrast, circadian oscillations in few brain struc-
tures, such as the SCN and the hippocampus, are less sensitive to timed
mealtime.'* The cerebral oscillators or clocks that are sensitive to mealtime
define a feeding-entrainable network, some of them being likely involved in
the mechanisms of behavioral meal anticipation, as evoked above.

2.5. SCN: The master light-entrainable clock is sensitive to
metabolic and reward cues

The mammalian clock machinery described in Section 1 is present in cells of
the master suprachiasmatic clock. Compared to the rapid dampening of cir-
cadian oscillations in peripheral organs, the very robust self-sustained rhyth-
micity of suprachiasmatic cells, even when isolated in vitro, involves likely a
strong intercellular coupling.®

Activity of mitochondrial cytochrome oxidase in suprachiasmatic cells is
higher during daytime, while lactate dehydrogenase activity increases at
night.***** Because the daily variations of cytochrome oxidase activity are
no longer detectable in constant darkness, this suggest that the photic inputs
play a regulatory role in the rhythmicity of this metabolic process.™

The capacity of the suprachiasmatic cells to generate endogenous rhythmic-
ity was initially demonstrated ex vivo and in vitro with a metabolic readout,
namely, the circadian rhythm of 2-deoxyglucose uptake.*> Of interest, cul-
tured fibroblasts cannot generate such metabolic rhythmicity, despite syn-
chronized clock gene oscillations. However, sustained oscillations of
2-deoxyglucose uptake can be triggered in fibroblasts when they are cocultured
without physical contact with immortalized suprachiasmatic cells.*®

Another powerful demonstration of self-sustained rhythmicity generated
by the SCN came from the circadian rhythm of neuronal firing rate in
suprachiasmatic slices kept in vitro.”” Electrical properties of neurons are con-
trolled by various regulatory mechanisms, such as conductances of voltage-
gated ion channels. Inhibition of oxidative phosphorylation or glycolysis
blocks the Na/K pump to depolarize resting potential and increase spontane-
ous firing in suprachiasmatic cells, thus indicating a metabolic modulation of
the Na/K pump.®™ However, the connection between the molecular clock
and the rhythmic electrical activity within the master clock remained elusive.
It turns out that redox rhythmicity, by itself driven by the molecular clock-
work as aforementioned, has a direct influence on the excitability of sup-

. . . . 89
rachiasmatic neurons via a modulation of K™ conductance.
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Among stimuli capable of resetting the central clock, light is the most
potent (Fig. 5.2). Light cues are first perceived by the retina that contains
a circadian clock.” Photosensitive ganglion cells containing the photo-
pigment melanopsin send fibers that project to the SCN, either directly
via the retinohypothalamic tract or indirectly via the intergeniculate leaflet
of the thalamus.”""”* The way the SCN clock is synchronized to light is char-
acterized by a photosensitive daily period (mainly at night) during which
light cues can shift the clock, while the temporal window around midday
defines a period during which light has no phase-resetting effect.”’
A newly identified modulator of photic resetting in the SCN is the meta-
bolic transcription factor, PPARB/8.%

Under light—dark cycle, light can indirectly affect rhythmicity in periph-
eral organs through signals coming from the SCN via sympathetic projec-
tions. This is the case for plasma glucose that, in addition to its circadian
control, can be increased by light exposure or stress.” "> Furthermore, as
already evoked for food intake, the apparent daily sleep—wake cycle can also
be modulated by direct, clock-independent responses to light, called “mas-
king” in the circadian field.”>"’

Daily rhythmicity of release of hormones in the bloodstream is the rule,
rather than the exception. In nocturnal rats, plasma levels of both insulin and

leptin increase during the early activity period (night).%_100

Because sup-
rachiasmatic lesions in rodents abolish this rhythmicity (i.e., hormonal
rhythms become flattened, usually around the mean level), this reveals a

98,100 . .
k. Studies in functional neuroanat-

control by the suprachiasmatic cloc
omy have shown that the suprachiasmatic control of endocrine rhythmicity
is largely mediated by the sympathetic innervation via hypothalamic relays
(i-e., paraventricular and dorsomedial nuclei, and subparaventricular region)
receiving vasopressinergic, glutamatergic, and GABAergic inputs from the
master clock.”

In humans, hormonal rhythmicity is known to depend not only on cir-
cadian clocks but also on food intake, sleep, and light. To limit these
so-called confounding effects from a strict circadian point of view, human
subjects can be maintained for almost 2 days awake to avoid sleep-induced
effects, fed hourly isocaloric meals to avoid synchronizing effects of daily
mealtime, and in constant dim light to prevent direct or synchronizing
effects of light (this experimental situation is the so-called condition of con-
stant routine). Using this paradigm, plasma leptin and insulin show a peak
around the minimal body temperature and close to the usual time of
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awakening, respectively.'’! Similarly, plasma fatty acids are also found to be
under circadian control, with higher levels during subjective daytime.'"
Contrary to the high sensitivity of peripheral clocks to the feeding cues,
the suprachiasmatic clock of food-restricted animals under a light—dark cycle
appears to be buftered against any synchronizing eftect of mealtime, as
shown with the lack of phase shift of either the circadian rhythm of firing
rate or clock gene expression in the SCN.”"'"'%* This does not mean,
however, that feeding-associated signals do not reach at all the sup-
rachiasmatic cells. When the photic synchronizer is absent, that is in constant
dark or constant light, timed meals can, although not systematically, entrain
the suprachiasmatic clock.'”** Diurnal parenteral nutrition and in vivo glu-
cose infusion produce shifts of clock gene oscillations in the master clock.'"
Calorie restriction and starvation both lead to a major mobilization of
energy stores and affect the timing of the sleep—wake cycle. When chal-
lenged with calorie restriction, nocturnal animals become active during their
usual sleep period (i.e., they become partially diurnal), independently of the

- 106,107
time of feeding.”

Conversely, calorie-restricted diurnal rodents change
their behavioral timing of activity to nighttime.'” These modifications in
behavioral timing in case of negative energy balance are due in part to
the fact that metabolic cues associated with calorie restriction affect the sup-
rachiasmatic clock machinery and its synchronization to light.'"”'"®
A ketogenic diet 1s another example of negative energy balance leading
to body mass loss, lipid mobilization, and phase-advanced sleep—wake

1% Nocturnal mice, that have to work for getting food with increasing

cycle.
levels of workload over days, become also partially diurnal. Interestingly, the
switch from nocturnal to diurnal pattern of activity coincides with a gradual

110 .
Whatever the cause, chronic

shift toward a negative energy balance.
hypocaloric conditions may ultimately change the cellular metabolic state
of suprachiasmatic cells, therefore, altering the mechanisms of circadian
oscillations. Alternatively or in combination, circulating metabolites (glu-
cose, nonesterified fatty acids) and metabolic hormones may modulate pho-
tic resetting according to the metabolic status.

A daily palatable snack in addition to regular food (chow pellets) pro-
vided ad libitum is able to entrain behavioral rhythms of rats and mice in con-
stant darkness conditions."'""'* In mice, ingestion of the attractive and
palatable snack activates both the reward and arousal systems in the brain,
suggesting that the modulatory effects on the master clock involve somehow
dopaminergic and orexinergic pathways.''> The timing of suprachiasmatic
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clock andits synchronization to light can be modified by both the negative met-
abolic drive associated with hypocaloric feeding and the positive hedonic drive
associated with palatable pellets. However, the direction of the modulation of
light resetting is opposite: the amplitude of the circadian responses to light of the
master clock are increased and reduced by hypocaloric and food-related reward
cues, respectively. As discussed elsewhere, the orexinergic neurons in the lateral
hypothalamus can integrate both kinds of feeding-related cues and may provide
a main modulatory afferent pathway to the SCN.>

Together, these findings highlight the fact that the multi-oscillatory cir-
cadian network is involved in the daily variation of metabolism at all levels of
the circadian system. Moreover, mealtime and other nutritional cues can act
on the timing of various clocks (Fig. 5.1). This may explain why alterations
in circadian timing have deleterious consequences on metabolic health, as
detailed in the next part.

3. PATHOLOGY

3.1. Circadian disturbances are associated with metabolic
dysfunctions

In most instances, circadian disturbances result from an altered endogenous
clockwork or from altered exogenous timing cues. Mutations or KO of
clock genes have been frequently linked with disturbances of metabolism.
For instance, Clock mutant mice show increased adiposity, possibly due to
the hypoactivity and hyperphagia reported above.?” These mutant mice also
display reduced gluconeogenesis, but enhanced insulin sensitivity.'"> Mice
synthesizing nocturnal melatonin and having disrupted expression of Clock
in the liver and skeletal muscles show lower glucose tolerance and signs of
impaired glycolysis and gluconeogenesis.''* Cry1—/—;Cry2—/— mice suf-
fer from hypertension.''> Per2(Brdm 1) mutant mice have impaired glucose
homeostasis, characterized with hypoglycemia and hyperinsulinemia rela-
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tive to wild-type mice, >

while Per2—/— mice have reduced lipid stores.
Knockout of Rev-erba. leads to increased adiposity and chronic hyperglyce-
mia, despite the same daily energy intake of chow diet and daily level of
motor activity as those in wild-type littermates.”” A cardiomyocyte-specific
Clock mutation in mice leads to increased fatty acid oxidation and decreased
cardiac efficiency.""” Mice bearing a liver-specific deletion of Bmal1 show a
mild hypoglycemia in the afternoon and increased glucose tolerance.''®
Mice with pancreas-specific deletion of Bmall mutant mice are intolerant

to glucose and have diminished insulin secretion' '’ (Fig. 5.3).
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Impaired hepatic clock
= Increased glucose tolerance

Impaired suprachiasmatic clock
= Altered insulin sensitivity

_<?_/J

Impaired pancreas clock
=> Reduced insulin synthesis

/=

Impaired muscular clock
= Altered muscular performance

Impaired heart clock
= Decreased cardiac efficiency

Impaired adipose clock
= Increased adiposity

Figure 5.3 Examples of metabolic consequences resulting from impairments of specific
circadian clocks in rodents. SCN, suprachiasmatic nuclei.

In humans, polymorphisms in some clock genes have been correlated
with metabolic risks. For instance, two Bmal1 haplotypes are linked with
type 2 diabetes and hypertension. Polymorphisms in Clock or Rev-erba
are significantly associated with high-fat mass.'*"'*'

Light being the most potent synchronizer for the master clock, it is not
surprising that changes in lighting conditions markedly affect circadian
timing, and possibly energy metabolism. The photoperiod (i.e., the relative
duration of the light period per 24 h) is perceived by the retina and inte-
grated by the suprachiasmatic clock. Natural fluctuations in food intake,
body mass, and adiposity occur recurrently according to seasons in
so-photoperiodic species, whose physiology is specifically regulated on a
seasonal basis.'* In these cases, photoperiodic information is translated into
neuroendocrine changes via the nocturnal secretion of melatonin by the
pineal gland."*” In rats, whose reproduction is not photoperiod-dependent,
free access to sucrose and imposed high-fat feeding do not have the same
obesogenic effects depending on the photoperiod. Exposure to short pho-
toperiod (shorter day and longer night) compared to long photoperiod (lon-
ger day and shorter night) stimulates spontaneous ingestion of sucrose and
promotes fat accretion, suggesting that the photoperiodic environment
can modulate metabolic responses.'>* Another important parameter of light-
ing conditions is the light intensity during the periods of wake and sleep. For
example, in spite of nondifferent levels of caloric intake and daily motor
activity, mice exposed to dim light at night consume relatively more food
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during the light phase than mice exposed to regular light—dark cycle.'*
Also, mice exposed to constant light show larger gain in body gain and
changes in daily insulin sensitivity, as compared to individuals kept under
a light—dark cycle."

Disruption in circadian rhythmicity can be triggered by light exposure at
unusual times of the daily cycle. In humans, transmeridian fast travels (across
more than two or three time zones) have become very common following
the considerable development of air transport. Physiologically, they cause a
transient loss of circadian synchronization, internal regulations being initially
out of phase with respect to the new light—dark cycle. Then, day after day,
the suprachiasmatic clock will resynchronize to the new cycle and impose an
appropriate adjustment of peripheral clocks and oscillators to the local time.
The transient period of resynchronisation, relatively proportional to the
number of time zones crossed (but dependent on the east—west direction
of travel), is accompanied by sleep quality problems, digestive disorders,
and several metabolic and hormonal alterations.'”’ In particular, carbohy-
drate oxidation was increased in human subjects exposed to 3 days of jet
lag, while protein oxidation was decreased.'*®

Shift work and rotating work schedules trigger chronobiological con-
flicts between the endogenous clockwork and the ambient light environ-
ment as well as mealtime, leading to situations of altered internal
temporal organization (e.g., between the master clock and peripheral oscil-
lators or between different peripheral oscillators) and occurrences of
desynchronization (misalignment between internal timing and local time).
The deleterious effects of chronic desynchronization on metabolic health
have been identified in animals. Rats undergoing desynchronization caused
by a long-term biweekly change of the light—dark cycle are overweight or
have impaired insulin secretion compared to animals maintained in a fixed

129,130

light—dark cycle. Moreover, rats forced to exercise during their usual

sleep period show a reversed rhythm of triacylglycerols and increased gain in

131

body mass. > Obesity and increased body mass index are commonly

observed in large-scale epidemiological studies on night workers and

132—-136

workers with rotating schedules. The obesogenic properties of

repeated light—dark shifts in animals or chronic shift work in humans leads
to the concept that we called “chronobesity.”"”’

Mice exposed to light—dark cycles that are too short (i.e., 20 h) to allow
daily photic resetting of their master clock show cardiovascular disease,

larger gain in body mass, large insulin/glucose ratio, the latter indicating

138,139

insulin resistance. In animal studies, ultimate desynchrony (i.e.,
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arrhythmicity) can be induced by complete suprachiasmatic destruction. Of
note, mice rendered arrhythmic by suprachiasmatic lesions display hepatic
insulin resistance.'*’ The consequences of circadian misalignment between
the endogenous clockwork and the sleep—wake and feeding—fasting cycles
have been studied in humans, using a protocol of forced desynchrony.
For that purpose, healthy subjects were exposed to seven recurring 28-h
sleep—wake cycles in dim light; this paradigm triggered metabolic alterations
in postprandial glucose responses evoking a prediabetic state.'*!

Mealtime being an efficient time giver for peripheral clocks, unusual
times of meals in individuals exposed to a light—dark cycle will induce a state
of internal desynchronization, the master clock being synchronized by light,
while peripheral timing being phase adjusted by feeding times. Thus, it is
consistent to find marked chronobiological eftects when, regardless of the
cause, food intake occurs at unusual hours compared to the normal cycle
of sleep—wake cycle. In nocturnal rodents, the metabolic impact of eating
chow pellets only during daytime is weak, as in most case, food-restricted
rodents do not change their body mass. Different conclusions can be drawn
in obese rodents (see below). In them, the spontaneous intake in late after-
noon (end of resting period) seems to have the most detrimental effects on
energy balance. In humans, the critical period is rather at the beginning of
the resting period (early night). Large intake of calories for dinner is associ-
ated with increased body mass index.'** Another study performed in the
same girls between childhood and adolescence found that larger energy
intake in evening/night meal of children was positively correlated with body
mass index few years later.'* It should be also noted that patients with night
eating syndrome have a higher risk of developing obesity.'** Whether the
discrepancies in consequences of meal timing between rodents and humans
rely on interspecies or nocturnal-diurnal differences remain to be
established. Finally, in shift workers, a high intake at lunch has been iden-
tified as a particularly deleterious factor (i.e., it increases the risk of develop-
ing a cardiometabolic syndrome). Of note, besides the more fractionated
pattern of energy intake, shift workers ingest usually more (+10%) saturated
lipids than regular day workers.'>*

Sleep restriction in rats kept in a regular light—dark cycle alters glucose
homeostasis (i.e., hyperglycemia and impaired glucose tolerance), while
leading to body mass loss without significant change in energy intake.'*
In mice, repeated sleep deprivation during early daytime leads to some met-
abolic disruption, such as impaired gluconeogenesis.'*® In humans, sleep
curtailment is increasing worldwide. Chronic partial sleep deprivation has
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been shown to have adverse effects on glucose metabolism, such as impair-
ment of glucose tolerance and insulin sensitivity, both being major risk fac-
tors for type 2 diabetes, and sleep deprivation leads to an increase in hunger
feeling.'*’” Shorter periods of sleep will also increase the daily period avail-
able for eating.

Together, these data reveal that unusual timing of light exposure and/or
meals in healthy individuals are major contributors of circadian mis-
alignment, perturbing clock rhythmicity, and sleep homeostasis, whose
alterations increase the likelihood of metabolic risk factors.

3.2. Metabolic pathologies are frequently associated with
circadian disturbances

Now will be described some of the circadian abnormalities observed in
genetic and experimental models of obesity and diabetes.

The Zucker rat is an animal model of genetic obesity, caused by a muta-
tion (fa) in the gene encoding the receptor of leptin, an anorexigenic hor-
mone synthesized by adipose tissue and acting notably on the metabolic
hypothalamus. The fa mutation leads to hyperphagia and excessive adiposity.
In addition, the Zucker rat maintained under a light—dark cycle displays
alterations in daily timing, characterized by phase advances of feeding, loco-

148,149

motor activity and body temperature rthythms. In these leptin-resistant

rats, the amplitude of clock gene expression is dampened in the liver, but

neither in the white adipose tissue nor in the SCN.""

Mice carrying the
ob mutation become obese because their adipocytes cannot synthesize leptin.
These mice have an increased ultradian activity at the expense of the circa-
dian pattern and an increased daytime activity, while the endogenous period
is not affected.””' The daily pattern of feeding is modified in ob/ob mice,
with increased intake in the second half of the light period, and greater
energy intake in the early and late parts of the dark period.'>> The amplitude
of clock gene oscillations in 0b/0b mice is decreased in the liver and adipose
tissue, but not in the SCN. These circadian abnormalities are observed
before any detectable metabolic dysfunctions, ruling out a causal role of obe-
sity in the appearance of the circadian perturbations.'>’

Experimental studies in mice have shown that excess energy intake of a
high-fat diet is associated with several circadian abnormalities. The period of
the endogenous clock suprachiasmatic is elongated relative to that of control
mice fed with a standard chow diet.*”"'>* Furthermore, the daily period of
feeding behavior is lengthened, due to increased food intake during the late

part of usual period of rest (daytime in mice).'>* In addition, daily variations
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of metabolic hormones in mice fed with high fat are attenuated, with higher
and lower plasma levels of leptin and corticosterone, respectively.'>”'>* The
daily or day—night variations in clock gene expression of peripheral tissues in

154,155

high-fat fed mice have been found to show either major or minor

changes.””"°

The mouse line carrying the mutation db, which invalidates the leptin
receptor, is a classical model of obesity associated with severe diabetes
mellitus and hypertension. The amplitude of activity—rest rhythm and blood
157158 The characteristics of the clock

gene oscillations in the liver are significantly altered compared to those

pressure is dampened in db/db mice.

observed in db/+ control mice."”’ Experimental type 1 diabetes induced
by streptozotocin, which destroys pancreatic B cells, is associated with sev-
eral circadian disorders. In particular, the amplitude of oscillations of clock
genes is reduced in the liver of diabetic mice."”” Moreover, the phase-
delaying effects of light are increased in streptozotocin-treated mice.'®” In
both cases, acute treatment with insulin normalizes circadian alterations.
Obesity in humans is associated with a more flattened and fragmented
rhythm of wrist temperature.'®’ Moreover, the daily variations in glucose
tolerance, which usually decrease throughout daytime in lean subjects, are
reversed in obese subjects with or without type 2 diabetes.'®® At a molecular
level, clock gene mRNAs in visceral adipose tissue have been correlated

- o : 163,164
with adiposity, at least in women. ™

Using serial biopsies of white adi-
pose tissue in the same individuals, no significant change is detected in the
characteristics of clock gene oscillations in overweight/obese patients with
or without type 2 diabetes, as compared to lean subjects.'® This study thus
contrasts with the majority of findings in animal studies reported above.
Whether the differences are due to the type of white adipose tissue (e.g.,
subcutaneous vs. retroperitoneal), the severity of the metabolic diseases,

or interspecific differences clearly warrants further investigations.

4. CHRONOTHERAPEUTICS
4.1. Pharmacology

Besides taking into account the pharmacokinetics of drugs according to the
time of the day to improve their efficiency and reduce their side effects
(chronopharmacology), targeting drugs that affect the circadian system
(so-called chronobiotic drugs) is an emerging and active field of pharmacol-
ogy. Below are mentioned a few examples of recent advances in that

) . . 1166
domain, reviewed elsewhere in detail. "
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Agomelatine is an antidepressant drug with melatonergic (MT1/MT2)
agonist and 5-HT(2C) receptor antagonist properties. Because both mela-
tonin and serotonin are known regulators of the master clock and possibly
secondary clocks, part of the antidepressant properties of agomelatine can be
mediated by its resynchronizing eftects on circadian rhythms. Furthermore,
physiological doses of melatonin stimulate the activity of several antioxidant
enzymes.'®’ In the case of the metabolic syndrome, such melatonergic com-
pounds may help to correct the altered sleep—wake cycle.'®®

With respect to the clock gene machinery, REV-ERBo—f are among
the rare circadian factors with a known endogenous ligand (i.e., heme). Syn-
thetic REV-ERBs ligands recently developed have significant effects on
clock gene expression and less clear resetting effects, as they decrease noc-
turnal activity in mice, rather than shifting the sleep—wake cycle. Neverthe-
less, some of these promising compounds have been shown to improve the
metabolic profile of obese mice.'*”!""
bolic disorders are the closely related members of the ROR family.

Other hopeful targets to cure meta-
171

4.2. Food composition and feeding time

Even if most animal studies reported above concerned either chow or high-
fat diet, the nature of diet-derived nutrients can play a role in the control of
peripheral circadian timing. For instance, the daily rhythm of sterol regula-
tory element-binding protein-1 expression in the liver, where it regulates
lipid metabolism, shows differential phase shifts according to various
macronutriment regimens (i.e., standard vs. high-carbohydrate, -fat,
or —protein).'”?

Several works highlight the fact that excessive food intake during the
resting period is deleterious for metabolic health and, conversely, that
avoiding it leads to beneficial effects in case of metabolic diseases. Zucker
rats display a phase-advanced rhythm of food intake, which begins in the
afternoon and not the evening (lights off’), as in control rats. It is interesting
to note that if food intake is limited exclusively to night (normal feeding
period in rats), the overweight of Zucker rats is reduced by 23% compared
to those that have a free access to food, despite similar energy intake for the
two groups of rats.'*” In the case of db/db mice that are obese and severely
diabetic, restricting food access to the dark period not only restores a robust
rhythm of rest—activity but also ameliorates plasma glucose, insulin, and
triacylglycerols.'”’



Circadian Clocks, Food Intake, and Metabolism 125

With respect to diet-induced obesity, the daily period during which high
fat is consumed seems important for its obesogenic effects in rodents, as
shown by the lack of major adverse metabolic consequences of high-fat
feeding when it is restricted to the usual feeding period (nighttime for

L\ 173,174
mice).

Furthermore, fatty acid composition matters in the altered eat-
ing pattern induced by high-fat feeding. In rats, this effect is specifically
mediated by saturated fatty acids.'””

Finally, in animal studies, the adverse effects of desynchronization can be
alleviated by timed feeding. The increased gain in body mass of rats
desynchronized by a biweekly shift of the light—dark cycle is not observed
if food access is limited to the dark period (including during the shifted

cycle)."’

Feeding restricted to the dark period in rats (i.e., corresponding
to the wusual period of food intake) limits body mass gain and
desynchronization resulting from forced activity imposed during the resting

period (daytime).'”®

4.3. Light and other (de)synchronizers

For applying reliable chronotherapy in humans, it is important to deter-
mine internal time for each subject. A recent study reveals that two blood
samples taken at 12 h apart from each other are sufficient to estimate indi-
vidual circadian timing.'”” Adequate timing of light exposure can promote
phase adjustment of the master clock. In addition, timed light avoidance
can be as useful by preventing photic resetting and allowing transiently
endogenous free run. In view of the rather unique and exclusive synchro-
nizing role of light for the suprachiasmatic clock, a means to prevent
desynchronization implies strong and appropriate (timed), rather than
weak and mismatched lighting information (e.g., light at night).'”® As dis-
cussed by these authors, light strategy should combine also appropriate
timing of other putative (de)synchronizers (mealtime, exercise) in a global
“Zeitgeber hygiene.”

In humans also, timed carbohydrate-rich meals can act as a synchronizer

of peripheral oscillators.'””

Apart from meal timing, dietary energy density
during daytime may modulate overall energy intake. This observation led,
for instance, to the recommendation that eating low-density foods in the
morning and avoiding high-density foods at night might aid in reducing

daily energy intake.'®
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5. CONCLUSION

In spite of the huge literature demonstrating the tight connections
between circadian clocks and metabolism in animals, much work remains
to be done to confirm in humans the conclusions drawn in nocturnal
rodents. Nevertheless, epidemiological studies consistently report an
increased prevalence of metabolic risk factors in shift workers and other
desynchronizing conditions. Therefore, it is relevant from a clinical point
of view to improve basic knowledge and develop models of shift work
and other circadian disturbances in day-active animals. In view of the more
and more recognized importance of (circadian) timing in pathophysiology,
pharmacological and dietary interventions for limiting metabolic risks could
take into account circadian rhythmicity to maintain and/or restore a tem-
poral organization appropriately synchronized to local time.

ACKNOWLEDGMENTS

I would like to thank Pr. Martha Gillette for the invitation to write this chapter, and Pr. Paul
Pévet and Pr. André Malan for guidance and support. I also thank for their help and discussion
all my colleagues of the “Regulation of circadian clocks” team at the Institute of Cellular and
Integrative Neurosciences, CNRS, and University of Strasbourg.

REFERENCES

1. Moore RY, Eichler VB. Loss of a circadian adrenal corticosterone rhythm following
suprachiasmatic lesions in the rat. Brain Res. 1972;42:201-206.

2. Stephan FK, Zucker I. Circadian rhythms in drinking behavior and locomotor activity
of rats are eliminated by hypothalamic lesions. Proc Natl Acad Sci USA.
1972;69:1583-1586.

3. Kalsbeek A, Scheer FA, Perreau-Lenz S, et al. Circadian disruption and SCN control of
energy metabolism. FEBS Lett. 2011;585:1412-1426.

4. Dardente H, Cermakian N. Molecular circadian rhythms in central and peripheral
clocks in mammals. Chronobiol Int. 2007;24:195-213.

5. Sandu C, Dumas M, Malan A, et al. Human skin keratinocytes, melanocytes, and fibro-
blasts contain distinct circadian clock machineries. Cell Mol Life Sci.
2012;69:3329-3339.

6. Ko CH, Takahashi JS. Molecular components of the mammalian circadian clock. Hum
Mol Genet. 2006;15(Spec No 2):R271-R277.

7. Dardente H, Mendoza J, Fustin JM, Challet E, Hazlerigg DG. Implication of the F-Box
Protein FBXL21 in circadian pacemaker function in mammals. PLoS One. 2008;3:
€3530.

8. Godinho SI, Maywood ES, Shaw L, et al. The after-hours mutant reveals a role for
FbxI3 in determining mammalian circadian period. Science. 2007;316:897-900.

9. Eide EJ, Woolf MF, Kang H, et al. Control of mammalian circadian rhythm by
CKlepsilon-regulated proteasome-mediated PER2 degradation. Mol Cell Biol.
2005;25:2795-2807.


http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0005
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0005
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0010
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0010
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0010
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0015
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0015
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0020
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0020
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0025
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0025
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0025
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0030
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0030
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0035
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0035
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0035
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0040
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0040
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0045
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0045
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0045

Circadian Clocks, Food Intake, and Metabolism 127

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

Hirayama J, Sahar S, Grimaldi B, et al. CLOCK-mediated acetylation of BMAL1 con-
trols circadian function. Nature. 2007;450:1086—1090.

Alonso-Vale MI, Andreotti S, Mukai PY, et al. Melatonin and the circadian entrain-
ment of metabolic and hormonal activities in primary isolated adipocytes. J Pineal Res.
2008;45:422—-429.

Pevet P, Challet E. Melatonin: both master clock output and internal time-giver in the
circadian clocks network. J Physiol Paris. 2011;105:170-182.

Penicaud L, Leloup C, Lorsignol A, Alquier T, Guillod E. Brain glucose
sensing mechanism and glucose homeostasis. Curr Opin Clin Nutr Metab Care.
2002;5:539-543.

Feillet CA, Mendoza ], Albrecht U, Pevet P, Challet E. Forebrain oscillators ticking
with different clock hands. Mol Cell Neurosci. 2008;37:209-221.

Minana-Solis MC, Angeles-Castellanos M, Feillet C, Pevet P, Challet E, Escobar C.
Difterential effects of a restricted feeding schedule on clock-gene expression in the
hypothalamus of the rat. Chronobiol Int. 2009;26:808—820.

Moriya T, Aida R, Kudo T, et al. The dorsomedial hypothalamic nucleus is not nec-
essary for food-anticipatory circadian rhythms of behavior, temperature or clock gene
expression in mice. Eur | Neurosci. 2009;29:1447-1460.

Nagai K, Nishio T, Nakagawa H, Nakamura S, Fukuda Y. Effect of bilateral lesions of
the suprachiasmatic nuclei on the circadian rhythm of food-intake. Brain Res.
1978;142:384-3809.

Nishio T, Shiosaka S, Nakagawa H, Sakumoto T, Satoh K. Circadian feeding rhythm
after hypothalamic knife-cut isolating suprachiasmatic nucleus. Physiol Behav.
1979;23:763-769.

Mistlberger RE. Neurobiology of food anticipatory circadian rhythms. Physiol Behav.
2011;104:535-545.

Caba M, Gonzalez-Mariscal G. The rabbit pup, a natural model of nursing-anticipatory
activity. Eur J Neurosci. 2009;30:1697-1706.

Trejo-Munoz L, Navarrete E, Montufar-Chaveznava R, Caldelas I. Determining the
period, phase and anticipatory component of activity and temperature patterns in new-
born rabbits that were maintained under a daily nursing schedule and fasting conditions.
Physiol Behav. 2012;106:587-596.

Mendoza J. Circadian clocks: setting time by food. J Neuroendocrinol. 2007;19:127-137.
Feillet CA, Mendoza J, Pevet P, Challet E. Restricted feeding restores rhythmicity in
the pineal gland of arrhythmic suprachiasmatic-lesioned rats. Eur J Neurosci.
2008;28:2451-2458.

Davidson AJ. Lesion studies targeting food-anticipatory activity. Eur ] Neurosci.
2009;30:1658-1664.

Verwey M, Amir S. Food-entrainable circadian oscillators in the brain. Eur | Neurosci.
2009;30:1650-1657.

Challet E, Mendoza J. Metabolic and reward feeding synchronises the rhythmic brain.
Cell Tissue Res. 2010;341:1-11.

Turek FW, Joshu C, Kohsaka A, et al. Obesity and metabolic syndrome in circadian
Clock mutant mice. Science. 2005;308:1043—1045.

Paschos GK, Ibrahim S, Song WL, et al. Obesity in mice with adipocyte-specific dele-
tion of clock component Arntl. Nat Med. 2012;18:1768-1777.

Delezie J, Dumont S, Dardente H, et al. The nuclear receptor REV-ERBalpha is
required for the daily balance of carbohydrate and lipid metabolism. FASEB J.
2012;26:3321-3335.

Strubbe JH, Woods SC. The timing of meals. Psychol Rev. 2004;111:128—-141.
Plata-Salaman CR, Oomura Y. Food intake dependence on acute changes in light
schedule. Physiol Behav. 1987;41:135-140.


http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0050
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0050
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0055
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0055
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0055
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0060
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0060
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0065
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0065
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0065
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0070
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0070
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0075
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0075
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0075
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0080
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0080
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0080
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0085
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0085
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0085
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0090
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0090
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0090
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0095
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0095
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0100
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0100
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0105
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0105
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0105
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0105
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0110
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0115
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0115
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0115
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0120
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0120
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0125
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0125
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0130
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0130
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0135
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0135
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0140
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0140
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0145
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0145
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0145
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0150
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0155
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0155

128

Etienne Challet

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Nagai K, Nishio T, Nakagawa H. Bilateral lesions of suprachiasmatic nucleus eliminate
circadian rhythms of oxygen consumption and the respiratory quotient in rats.
Experientia. 1985;41:1136—1138.

Escobar C, Diaz-Munoz M, Encinas F, Aguilar-Roblero R. Persistence of metabolic
rhythmicity during fasting and its entrainment by restricted feeding schedules in rats.
Am J Physiol Regul Integr Comp Physiol. 1998;274:R1309-R 1316.

Satoh Y, Kawai H, Kudo N, Kawashima Y, Mitsumoto A. Time-restricted feeding
entrains daily rhythms of energy metabolism in mice. Am J Physiol Regul Integr Comp
Physiol. 2006;290:R 1276-R 1283.

Grimaldi B, Bellet MM, Katada S, et al. PER2 controls lipid metabolism by direct reg-
ulation of PPAR gamma. Cell Metab. 2010;12:509-520.

Vollmers C, Gill S, DiTacchio L, Pulivarthy SR, Le HD, Panda S. Time of feeding and
the intrinsic circadian clock drive rhythms in hepatic gene expression. Proc Natl Acad Sci
USA. 2009;106:21453-21458.

Vu-Dac N, Gervois P, Grotzinger T, et al. Transcriptional regulation of apolipoprotein
A-T gene expression by the nuclear receptor RORalpha. J Biol Chem.
1997;272:22401-22404.

Raspe E, Duez H, Gervois P, et al. Transcriptional regulation of apolipoprotein C-III
gene expression by the orphan nuclear receptor RORalpha. | Biol Chem.
2001;276:2865-2871.

WangJ, Li Y, Zhang M, et al. A zinc finger HIT domain-containing protein, ZNHIT-
1, interacts with orphan nuclear hormone receptor Rev-erbbeta and removes Rev-
erbbeta-induced inhibition of apoCIII transcription. FEBS J. 2007;274:5370-5381.
Gimble JM, Floyd ZE. Fat circadian biology. J Appl Physiol. 2009;107:1629-1637.
Tsutsumi K, Inoue Y, Kondo Y. The relationship between lipoprotein lipase activity
and respiratory quotient of rats in circadian rhythms. Biol Pharm Bull.
2002;25:1360-1363.

Wang H, Eckel RH. Lipoprotein lipase: from gene to obesity. Am J Physiol Endocrinol
Metab. 2009;297:E271-E288.

Iwadate R, Satoh Y, Watanabe Y, et al. Impairment of heme biosynthesis induces short
circadian period in body temperature rhythms in mice. Am J Physiol Regul Integr Comp
Physiol. 2012;303:R8-R18.

Guenthner CJ, Bickar D, Harrington ME. Heme reversibly damps PERIOD2 rhythms
in mouse suprachiasmatic nucleus explants. Neuroscience. 2009;164:832—841.

Dioum EM, Rutter J, Tuckerman JR, Gonzalez G, Gilles-Gonzalez MA,
McKnight SL. NPAS2: a gas-responsive transcription factor.  Science.
2002;298:2385-2387.

Kaasik K, Lee CC. Reciprocal regulation of haem biosynthesis and the circadian clock
in mammals. Nature. 2004;430:467—471.

Airola MV, Du J, Dawson JH, Crane BR. Heme binding to the Mammalian circadian
clock protein period 2 is nonspecific. Biochemistry. 2010;49:4327-4338.

Raghuram S, Stayrook KR, Huang P, et al. Identification of heme as the ligand for the
orphan nuclear receptors REV-ERBalpha and REV-ERBbeta. Nat Struct Mol Biol.
2007;14:1207-1213.

Yin L, Wu N, Curtin JC, et al. Rev-erbalpha, a heme sensor that coordinates metabolic
and circadian pathways. Science. 2007;318:1786—1789.

Pardee KI, Xu X, Reinking J, et al. The structural basis of gas-responsive transcription
by the human nuclear hormone receptor REV-ERBbeta. PLoS Biol. 2009;7:¢43.
Gupta N, Ragsdale SW. Thiol-disulfide redox dependence of heme binding and heme
ligand switching in nuclear hormone receptor rev-erb{beta}. J Biol Chem.
2011;286:4392—4403.


http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0160
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0160
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0160
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0165
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0165
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0165
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0170
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0170
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0170
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0175
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0175
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0180
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0180
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0180
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0185
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0185
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0185
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0190
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0190
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0190
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0195
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0195
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0195
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0200
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0205
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0205
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0205
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0210
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0210
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0215
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0215
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0215
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0220
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0220
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0225
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0225
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0225
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0230
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0230
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0235
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0235
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0240
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0240
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0240
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0245
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0245
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0250
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0250
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0255
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0255
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0255

Circadian Clocks, Food Intake, and Metabolism 129

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

O’Neill JS, Reddy AB. Circadian clocks in human red blood cells. Nature.
2011;469:498-503.

Edgar RS, Green EW, Zhao Y, etal. Peroxiredoxins are conserved markers of circadian
rhythms. Nature. 2012;485:459-464.

Rutter J, Reick M, Wu LC, McKnight SL. Regulation of clock and NPAS2 DNA
binding by the redox state of NAD cofactors. Science. 2001;293:510-514.

Nakahata Y, Sahar S, Astarita G, Kaluzova M, Sassone-Corsi P. Circadian control of the
NAD™ salvage pathway by CLOCK-SIRT1. Science. 2009;324:654—657.

Ramsey KM, Yoshino J, Brace CS, et al. Circadian clock feedback cycle through
NAMPT-mediated NAD™ biosynthesis. Science. 2009;324:651-654.

Lamia KA, Sachdeva UM, DiTacchio L, et al. AMPK regulates the circadian clock by
cryptochrome phosphorylation and degradation. Science. 2009;326:437—-440.

Um JH, Yang S, Yamazaki S, et al. Activation of 5’~AMP-activated kinase with dia-
betes drug metformin induces casein kinase Iepsilon (CKlepsilon)-dependent degrada-
tion of clock protein mPer2. J Biol Chem. 2007;282:20794—20798.

Nogueiras R, Habegger KM, Chaudhary N, et al. Sirtuin 1 and sirtuin 3: physiological
modulators of metabolism. Physiol Rev. 2012;92:1479-1514.

Nemoto S, Fergusson MM, Finkel T. SIRT1 functionally interacts with the metabolic
regulator and  transcriptional = coactivator PGC-lalpha. | Biol = Chem.
2005;280:16456—16460.

Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM, Puigserver P. Nutrient con-
trol of glucose homeostasis through a complex of PGC-1alpha and SIRT1. Nature.
2005;434:113-118.

Liu C, Li S, Liu T, Borjigin J, Lin JD. Transcriptional coactivator PGC-1alpha inte-
grates the mammalian clock and energy metabolism. Nature. 2007;447:477-481.
Asher G, Gatfield D, Stratmann M, et al. SIRT1 regulates circadian clock gene expres-
sion through PER2 deacetylation. Cell. 2008;134:317-328.

Nakahata Y, Kaluzova M, Grimaldi B, et al. The NAD -dependent deacetylase STIR T1
modulates CLOCK-mediated chromatin remodeling and circadian control. Cell.
2008;134:329-340.

Fontaine C, Dubois G, Duguay Y, etal. The orphan nuclear receptor Rev-Erbalphais a
peroxisome proliferator-activated receptor (PPAR) gamma target gene and promotes
PPAR gamma-induced adipocyte differentiation. J Biol Chem. 2003;278:37672-37680.
Duez H, Duhem C, Laitinen S, et al. Inhibition of adipocyte differentiation by
RORalpha. FEBS Lett. 2009;583:2031-2036.

Shimba S, Ishii N, Ohta Y, et al. Brain and muscle Arnt-like protein-1 (BMAL1), a
component of the molecular clock, regulates adipogenesis. Proc Natl Acad Sci USA.
2005;102:12071-12076.

Gervois P, Chopin-Delannoy S, Fadel A, et al. Fibrates increase human REV-
ERBalpha expression in liver via a novel peroxisome proliferator-activated receptor
response element. Mol Endocrinol. 1999;13:400—409.

Canaple L, Rambaud J, Dkhissi-Benyahya O, et al. Reciprocal regulation of brain and
muscle Arnt-like protein 1 and peroxisome proliferator-activated receptor alpha defines
a novel positive feedback loop in the rodent liver circadian clock. Mol Endocrinol.
2006;20:1715-1727.

Damiola F, Le Minh N, 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.
Hoogerwert WA, Hellmich HL, Cornelissen G, et al. Clock gene expression in the
murine gastrointestinal tract: endogenous rhythmicity and effects of a feeding regimen.
Gastroenterology. 2007;133:1250-1260.


http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0260
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0260
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0265
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0265
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0270
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0270
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0275
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0275
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0275
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0280
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0280
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0280
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0285
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0285
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0290
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0290
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0290
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0295
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0295
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0300
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0300
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0300
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0305
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0305
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0305
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0310
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0310
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0315
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0315
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0320
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0320
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0320
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0320
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0325
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0325
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0325
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0330
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0330
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0335
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0335
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0335
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0340
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0340
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0340
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0345
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0345
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0345
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0345
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0350
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0350
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0350
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0355
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0355
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0355

130

Etienne Challet

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Zvonic S, Ptitsyn AA, Conrad SA, et al. Characterization of peripheral circadian clocks
in adipose tissues. Diabetes. 2006;55:962-970.

Hirao A, Nagahama H, Tsuboi T, Hirao M, Tahara Y, Shibata S. Combination of star-
vation interval and food volume determines the phase of liver circadian rhythm in
Per2::Luc knock-in mice under two meals per day feeding. Am J Physiol Gastrointest
Liver Physiol. 2010;299:G1045-G1053.

Balsalobre A, Brown SA, Marcacci L, et al. Resetting of circadian time in peripheral
tissues by glucocorticoid signaling. Science. 2000;289:2344-2347.

Hirota T, Okano T, Kokame K, Shirotani-lkejima H, Miyata T, Fukada Y. Glucose
down-regulates Per1 and Per2 mRNA levels and induces circadian gene expression in
cultured Rat-1 fibroblasts. | Biol Chem. 2002;277:44244—44251.

Wu T, Ni'Y, Kato H, Fu Z. Feeding-induced rapid resetting of the hepatic circadian
clock is associated with acute induction of Per2 and Dec1 transcription in rats. Chro-
nobiol Int. 2010;27:1-18.

Tahara Y, Otsuka M, Fuse Y, Hirao A, Shibata S. Refeeding after fasting elicits insulin-
dependent regulation of Per2 and Rev-erbalpha with shifts in the liver clock. J Biol
Rhythms. 2011;26:230-240.

Mieda M, Williams SC, Richardson JA, Tanaka K, Yanagisawa M. The dorsomedial
hypothalamic nucleus as a putative food-entrainable circadian pacemaker. Proc Natl
Acad Sci USA. 2006;103:12150-12155.

Waddington Lamont E, Harbour VL, Barry-Shaw J, et al. Restricted access to food, but
not sucrose, saccharine, or salt, synchronizes the expression of Period2 protein in the
limbic forebrain. Neuroscience. 2007;144:402—411.

Mendoza J, Pevet P, Felder-Schmittbuhl MP, Bailly Y, Challet E. The cerebellum har-
bors a circadian oscillator involved in food anticipation. J Neurosci. 2010;30:1894-1904.
Rath MF, Rohde K, Moller M. Circadian oscillations of molecular clock components
in the cerebellar cortex of the rat. Chronobiol Int. 2012;29:1289—-1299.

Hogenesch JB, Herzog ED. Intracellular and intercellular processes determine robust-
ness of the circadian clock. FEBS Lett. 2011;585:1427—-1434.

Ximenes da Silva A, Gendrot G, Serviere J, Lavialle M. Daily changes of cytochrome
oxidase activity within the suprachiasmatic nucleus of the Syrian hamster. Neurosci Lett.
2000;286:139-143.

Isobe Y, Hida H, Nishino H. Circadian rhythm of metabolic oscillation in sup-
rachiasmatic nucleus depends on the mitochondrial oxidation state, reflected by cyto-
chrome C oxidase and lactate dehydrogenase. J Neurosci Res. 2011;89:929-935.
Schwartz WJ, Davidsen LC, Smith CB. In vivo metabolic activity of a putative circa-
dian oscillator, the rat suprachiasmatic nucleus. | Comp Neurol. 1980;189:157-167.
Allen G, Rappe ], Earnest DJ, Cassone VM. Oscillating on borrowed time: diftusible
signals from immortalized suprachiasmatic nucleus cells regulate circadian rhythmicity
in cultured fibroblasts. J Neurosci. 2001;21:7937-7943.

Gillette MU. The suprachiasmatic nuclei: circadian phase-shifts induced at the time of
hypothalamic slice preparation are preserved in vitro. Brain Res. 1986;379:176—181.
Wang YC, Yang JJ, Huang RC. Intracellular Na(4) and metabolic modulation of
Na/K pump and excitability in the rat suprachiasmatic nucleus neurons.
J Neurophysiol. 2012;108:2024-2032.

Wang TA, Yu YV, Govindaiah G, et al. Circadian rhythm of redox state regulates
excitability in suprachiasmatic nucleus neurons. Science. 2012;337:839-842.

Paul KN, Saafir TB, Tosini G. The role of retinal photoreceptors in the regulation of
circadian rhythms. Rev Endocr Metab Disord. 2009;10:271-278.

Meijer JH, Michel S, Vansteensel MJ. Processing of daily and seasonal light information
in the mammalian circadian clock. Gen Comp Endocrinol. 2007;152:159-164.


http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0360
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0360
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0365
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0365
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0365
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0365
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0370
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0370
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0375
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0375
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0375
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0380
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0380
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0380
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0385
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0385
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0385
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0390
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0390
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0390
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0395
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0395
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0395
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0400
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0400
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0405
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0405
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0410
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0410
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0415
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0415
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0415
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0420
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0420
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0420
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0425
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0425
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0430
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0430
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0430
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0435
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0435
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0440
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0440
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0440
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0440
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0445
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0445
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0450
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0450
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0455
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0455

Circadian Clocks, Food Intake, and Metabolism 131

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Harrington ME. The ventral lateral geniculate nucleus and the intergeniculate leaflet:
interrelated structures in the visual and circadian systems. Neurosci Biobehav Rev.
1997;21:705-727.

Challet E, Denis I, Rochet V, et al. The role of PPARbeta/delta in the regulation of
glutamatergic signaling in the hamster suprachiasmatic nucleus. Cell Mol Life Sci.
2013;70:2003-2014.

Challet E, Malan A, Turek FW, Van Reeth O. Daily variations of blood glucose,
acid-base state and PCO2 in rats: effect of light exposure. Neurosci Lett.
2004;355:131-135.

Rai D, Bhatia G, Sen T, Palit G. Comparative study of perturbations of peripheral
markers in different stressors in rats. Can J Physiol Pharmacol. 2003;81:1139-1146.
Redlin U. Neural basis and biological function of masking by light in mammals: sup-
pression of melatonin and locomotor activity. Chronobiol Int. 2001;18:737-758.

Tsai JW, Hannibal J, Hagiwara G, et al. Melanopsin as a sleep modulator: circadian gat-
ing of the direct effects of light on sleep and altered sleep homeostasis in Opn4(-/-)
mice. PLoS Biol. 2009;7:e1000125.

Yamamoto H, Nagai K, Nakagawa H. Role of SCN in daily rhythms of plasma glucose,
FFA, insulin and glucagon. Chronobiol Int. 1987;4:483—491.

Kalsbeek A, Strubbe JH. Circadian control of insulin secretion is independent of the
temporal distribution of feeding. Physiol Behav. 1998;63:553-558.

Kalsbeek A, Fliers E, Romijn JA, et al. The suprachiasmatic nucleus generates the diur-
nal changes in plasma leptin levels. Endocrinology. 2001;142:2677-2685.

Shea SA, Hilton MF, Orlova C, Ayers RT, Mantzoros CS. Independent circadian and
sleep/wake regulation of adipokines and glucose in humans. J Clin Endocrinol Metab.
2005;90:2537-2544.

Dallmann R, Viola AU, Tarokh L, Cajochen C, Brown SA. The human circadian
metabolome. Proc Natl Acad Sci USA. 2012;109:2625-2629.

Inouye SI. Restricted daily feeding does not entrain circadian rhythms of the sup-
rachiasmatic nucleus in the rat. Brain Res. 1982;232:194—199.

Stokkan KA, Yamazaki S, Tei H, Sakaki Y, Menaker M. Entrainment of the circadian
clock in the liver by feeding. Science. 2001;291:490-493.

Iwanaga H, Yano M, Miki H, et al. Per2 gene expressions in the suprachiasmatic
nucleus and liver difterentially respond to nutrition factors in rats. J Parenter Enteral Nutr.
2005;29:157-161.

Mendoza J, Drevet K, Pevet P, Challet E. Daily meal timing is not necessary for reset-
ting the main circadian clock by calorie restriction. J Neuroendocrinol. 2008;20:251-260.
Challet E. Interactions between light, mealtime and calorie restriction to control daily
timing in mammals. J Comp Physiol B. 2010;180:631-644.

Mendoza ], Gourmelen S, Dumont S, Sage-Ciocca D, Pevet P, Challet E. Setting the
main circadian clock of a diurnal mammal by hypocaloric feeding. J Physiol (Lond).
2012;590:3155-3168.

Oishi K, Uchida D, Ohkura N, et al. Ketogenic diet disrupts the circadian clock and
increases hypofibrinolytic risk by inducing expression of plasminogen activator
inhibitor-1. Arterioscler Thromb Vasc Biol. 2009;29:1571-1577.

Hut RA, Pilorz V, Boerema AS, Strijkstra AM, Daan S. Working for food shifts noc-
turnal mouse activity into the day. PLoS One. 2011;6:¢17527.

Mendoza J, Angeles-Castellanos M, Escobar C. A daily palatable meal without food
deprivation entrains the suprachiasmatic nucleus of rats. Eur J Neurosci.
2005;22:2855-2862.

Mendoza ], Clesse D, Pevet P, Challet E. Food-reward signalling in the suprachiasmatic
clock. J Neurochem. 2010;112:1489-1499.


http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0460
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0460
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0460
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0465
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0465
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0465
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0470
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0470
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0470
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0475
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0475
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0480
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0480
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0485
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0485
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0485
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0490
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0490
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0495
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0495
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0500
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0500
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0505
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0505
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0505
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0510
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0510
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0515
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0515
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0520
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0520
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0525
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0525
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0525
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0530
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0530
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0535
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0535
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0540
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0540
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0540
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0545
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0545
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0545
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0550
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0550
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0555
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0555
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0555
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0560
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0560

132

Etienne Challet

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Rudic RD, McNamara P, Curtis AM, et al. BMAL1 and CLOCK, two essential com-
ponents of the circadian clock, are involved in glucose homeostasis. PLoS Biol. 2004;2:
e377.

Kennaway DJ, Owens JA, Voultsios A, Boden MJ, Varcoe TJ. Metabolic homeostasis
in mice with disrupted Clock gene expression in peripheral tissues. Am J Physiol Regul
Integr Comp Physiol. 2007;293:R 1528-R 1537.

Doi M, Takahashi Y, Komatsu R, et al. Salt-sensitive hypertension in circadian clock-
deficient Cry-null mice involves dysregulated adrenal Hsd3b6. Nat Med.
2010;16:67-74.

Carvas JM, Vukolic A, Yepuri G, et al. Period2 gene mutant mice show compromised
insulin-mediated endothelial nitric oxide release and altered glucose homeostasis. Front
Physiol. 2012;3:337.

Bray MS, Shaw CA, Moore MW, et al. Disruption of the circadian clock within the
cardiomyocyte influences myocardial contractile function, metabolism, and gene
expression. Am | Physiol Heart Circ Physiol. 2008;294:H1036-H1047.

Lamia KA, Storch KF, Weitz CJ. Physiological significance of a peripheral tissue cir-
cadian clock. Proc Natl Acad Sci USA. 2008;105:15172—-15177.

Marcheva B, Ramsey KM, Buhr ED, et al. Disruption of the clock components
CLOCK and BMAL1 leads to hypoinsulinaemia and diabetes. Nature.
2010;466:627-631.

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.
Goumidi L, Grechez A, Dumont J, et al. Impact of REV-ERB alpha gene polymor-
phisms on obesity phenotypes in adult and adolescent samples. Int J Obes (Lond).
2013;37:666—672.

Pevet P, Jacob N, Lakhdar-Ghazal N, Vuillez P. How do the suprachiasmatic nuclei of
the hypothalamus integrate photoperiodic information? Biol Cell. 1997;89:569-577.
Pevet P. Melatonin: from seasonal to circadian signal. J Neuroendocrinol.
2003;15:422-426.

Sinitskaya N, Schuster-Klein C, Guardiola-Lemaitre B, Gourmelen S, Pevet P,
Challet E. Short day-length increases sucrose consumption and adiposity in rats fed a
high-fat diet. Psychoneuroendocrinology. 2008;33:1269—-1278.

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 USA. 2010;107:18664—18669.
Coomans CP, van den Berg SA, Houben T, et al. Detrimental eftects of constant light
exposure and high-fat diet on circadian energy metabolism and insulin sensitivity.
FASEB J. 2013;27:1721-1732.

Haimov I, Arendt J. The prevention and treatment of jet lag. Sleep Med Rev.
1999;3:229-240.

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.

Tsai LL, Tsai YC, Hwang K, Huang YW, Tzeng JE. Repeated light-dark shifts speed
up body weight gain in male F344 rats. Am J Physiol Endocrinol Metab. 2005;289:
E212-E217.

Bartol-Munier I, Gourmelen S, Pevet P, Challet E. Combined effects of high-fat feed-
ing and circadian desynchronization. Int J Obes (Lond). 2006;30:60—67.
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.

van Amelsvoort LG, Schouten EG, Kok FJ. Duration of shiftwork related to body mass
index and waist to hip ratio. Int J Obes Relat Metab Disord. 1999;23:973-978.


http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0565
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0565
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0565
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0570
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0570
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0570
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0575
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0575
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0575
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0580
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0580
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0580
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0585
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0585
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0585
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0590
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0590
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0595
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0595
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0595
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0600
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0600
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0605
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0605
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0605
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0610
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0610
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0615
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0615
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0620
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0620
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0620
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0625
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0625
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0630
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0630
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0630
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0635
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0635
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0640
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0640
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0640
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0645
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0645
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0645
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0650
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0650
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0655
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0655
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0655
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0660
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0660

Circadian Clocks, Food Intake, and Metabolism 133

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Karlsson B, Knutsson A, Lindahl B. Is there an association between shift work and hav-
ing a metabolic syndrome? Results from a population based study of 27,485 people.
Occup Environ Med. 2001;58:747-752.

Esquirol Y, Bongard V, Mabile L, Jonnier B, Soulat JM, Perret B. Shift work and met-
abolic syndrome: respective impacts of job strain, physical activity, and dietary rhythms.
Chronobiol Int. 2009;26:544—559.

Di Lorenzo L, De Pergola G, Zocchetti C, et al. Effect of shift work on body mass
index: results of a study performed in 319 glucose-tolerant men working in a Southern
Italian industry. Int | Obes Relat Metab Disord. 2003;27:1353—1358.

Macagnan J, Pattussi MP, Canuto R, Henn RL, Fassa AG, Olinto MT. Impact of
nightshift work on overweight and abdominal obesity among workers of a poultry
processing plant in southern Brazil. Chronobiol Int. 2012;29:336-343.

Mendoza |, Pevet P, Challet E. High-fat feeding alters the clock synchronization to
light. J Physiol (Lond). 2008;586:5901-5910.

Martino TA, Tata N, Belsham DD, et al. Disturbed diurnal rthythm alters gene expres-
sion and exacerbates cardiovascular disease with rescue by resynchronization. Hyperten-
sion. 2007;49:1104-1113.

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 USA.
2011;108:1657-1662.

Coomans CP, van den Berg SA, Lucassen EA, et al. The suprachiasmatic nucleus con-
trols circadian energy metabolism and hepatic insulin sensitivity. Diabefes.
2013;62:1102-1108.

Scheer FA, Hilton MF, Mantzoros CS, Shea SA. Adverse metabolic and cardiovascular
consequences of circadian misalignment. Proc Natl Acad Sci USA. 2009;106:4453—4458.
Baron KG, Reid KJ, Kern AS, Zee PC. Role of sleep timing in caloric intake and BMI.
Obesity (Silver Spring). 2011;19:1374-1381.

Thompson OM, Ballew C, Resnicow K, et al. Dietary pattern as a predictor of change
in BMI z-score among girls. Int J Obes (Lond). 2006;30:176—182.

Colles SL, Dixon JB, O’Brien PE. Night eating syndrome and nocturnal snacking: asso-
ciation with obesity, binge eating and psychological distress. Int | Obes (Lond).
2007;31:1722-1730.

Barf RP, Meerlo P, Scheurink AJ. Chronic sleep disturbance impairs glucose homeo-
stasis in rats. Int J Endocrinol. 2010;2010:819414.

Barclay JL, Husse J, Bode B, et al. Circadian desynchrony promotes metabolic disrup-
tion in a mouse model of shiftwork. PLoS One. 2012;7:¢37150.

Spiegel K, Tasali E, Leproult R, Van Cauter E. Effects of poor and short sleep on glu-
cose metabolism and obesity risk. Nat Rev Endocrinol. 2009;5:253-261.

Fukagawa K, Sakata T, Yoshimatsu H, Fujimoto K, Uchimura K, Asano C. Advance
shift of feeding circadian rhythm induced by obesity progression in Zucker rats. Am
J Physiol Regul Integr Comp Physiol. 1992;263:R1169-R1175.

Mistlberger RE, Lukman H, Nadeau BG. Circadian rhythms in the Zucker obese rat:
assessment and intervention. Appetite. 1998;30:255-267.

Motosugi Y, Ando H, Ushijima K, et al. Tissue-dependent alterations of the clock gene
expression rhythms in leptin-resistant Zucker diabetic fatty rats. Chronobiol Int.
2011;28:968-972.

Sans-Fuentes MA, Diez-Noguera A, Cambras T. Light responses of the circadian sys-
tem in leptin deficient mice. Physiol Behav. 2010;99:487—494.

Ho A, Chin A. Circadian feeding and drinking patterns of genetically obese mice fed
solid chow diet. Physiol Behav. 1988;43:651-656.

Ando H, Kumazaki M, Motosugi Y, et al. Impairment of peripheral circadian clocks
precedes metabolic abnormalities in ob/ob mice. Endocrinology. 2011;152:1347-1354.


http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0665
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0665
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0665
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0670
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0670
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0670
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0675
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0675
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0675
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0680
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0680
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0680
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0685
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0685
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0690
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0690
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0690
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0695
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0695
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0695
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0700
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0700
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0700
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0705
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0705
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0710
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0710
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0715
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0715
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0720
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0720
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0720
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0725
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0725
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0730
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0730
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0735
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0735
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0740
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0740
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0740
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0745
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0745
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0750
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0750
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0750
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0755
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0755
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0760
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0760
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0765
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0765

134

Etienne Challet

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Kohsaka A, Laposky AD, Ramsey KM, et al. High-fat diet disrupts behavioral and
molecular circadian rhythms in mice. Cell Metab. 2007;6:414—421.

Hsieh MC, Yang SC, Tseng HL, Hwang LL, Chen CT, Shieh KR. Abnormal expres-
sions of circadian-clock and circadian clock-controlled genes in the livers and kidneys
of long-term, high-fat-diet-treated mice. Int J Obes (Lond). 2009;34:227-239.
Yanagihara H, Ando H, Hayashi Y, Obi Y, Fujimura A. High-fat feeding exerts min-
imal effects on rhythmic mRNA expression of clock genes in mouse peripheral tissues.
Chronobiol Int. 2006;23:905-914.

Kudo T, Akiyama M, Kuriyama K, Sudo M, Moriya T, Shibata S. Night-time
restricted feeding normalises clock genes and Pai-1 gene expression in the db/db mouse
liver. Diabetologia. 2004;47:1425-1436.

Su W, Guo Z, Randall DC, Cassis L, Brown DR, Gong MC. Hypertension and
disrupted blood pressure circadian rhythm in type 2 diabetic db/db mice. Am
J Physiol Heart Circ Physiol. 2008;295:H1634-H1641.

Kuriyama K, Sasahara K, Kudo T, Shibata S. Daily injection of insulin attenuated
impairment of liver circadian clock oscillation in the streptozotocin-treated diabetic
mouse. FEBS Lett. 2004;572:206-210.

Challet E, van Reeth O, Turek FW. Altered circadian responses to light in
streptozotocin-induced diabetic mice. Am J Physiol Endocrinol Metab. 1999;277:
E232-E237.

Corbalan-Tutau MD, Madrid JA, Ordovas JM, Smith CE, Nicolas F, Garaulet M. Dif-
ferences in daily rhythms of wrist temperature between obese and normal-weight
women: associations with metabolic syndrome features.  Chronobiol  Int.
2011;28:425-433.

Van Cauter E, Polonsky KS, Scheen AJ. Roles of circadian rhythmicity and sleep in
human glucose regulation. Endocr Rev. 1997;18:716-738.

Gomez-Abellan P, Hernandez-Morante JJ, Lujan JA, Madrid JA, Garaulet M. Clock
genes are implicated in the human metabolic syndrome. Int J Obes (Lond).
2008;32:121-128.

Zanquetta MM, Correa-Giannella ML, Giannella-Neto D, et al. Expression of clock
genes in human subcutaneous and visceral adipose tissues. Chronobiol Int.
2012;29:252-260.

Otway DT, Mantele S, Bretschneider S, et al. Rhythmic diurnal gene expression in
human adipose tissue from individuals who are lean, overweight, and type 2 diabetic.
Diabetes. 2011;60:1577—-1581.

Chen Z, Yoo SH, Takahashi JS. Small molecule modifiers of circadian clocks. Cell Mol
Life Sci. 2013; in press.

Hardeland R. Antioxidative protection by melatonin: multiplicity of mechanisms from
radical detoxification to radical avoidance. Endocrine. 2005;27:119-130.

Cardinali DP, Cano P, Jimenez-Ortega V, Esquifino AI. Melatonin and the metabolic
syndrome: physiopathologic and therapeutical implications. Neuroendocrinology.
2011;93:133-142.

Meng QJ, McMaster A, Beesley S, et al. Ligand modulation of REV-ERBalpha func-
tion resets the peripheral circadian clock in a phasic manner. J Cell Sci.
2008;121:3629-3635.

Solt LA, Wang Y, Banerjee S, et al. Regulation of circadian behaviour and metabolism
by synthetic REV-ERB agonists. Nature. 2012;485:62—68.

Solt LA, Burris TP. Action of RORs and their ligands in (patho)physiology. Trends
Endocrinol Metab. 2012;23:619—627.

Matsumoto E, Ishihara A, Tamai S, et al. Time of day and nutrients in feeding govern
daily expression rhythms of the gene for sterol regulatory element-binding protein
(SREBP)-1 in the mouse liver. J Biol Chem. 2010;285:33028-33036.


http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0770
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0770
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0775
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0775
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0775
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0780
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0780
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0780
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0785
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0785
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0785
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0790
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0790
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0790
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0795
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0795
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0795
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0800
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0800
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0800
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0805
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0805
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0805
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0805
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0810
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0810
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0815
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0815
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0815
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0820
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0820
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0820
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0825
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0825
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0825
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0830
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0830
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0835
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0835
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0840
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0840
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0840
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0845
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0845
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0845
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0850
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0850
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0855
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0855
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0860
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0860
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0860

Circadian Clocks, Food Intake, and Metabolism 135

173.

174.

175.

176.

177.

178.

179.

180.

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.

Sherman H, Genzer Y, Cohen R, Chapnik N, Madar Z, Froy O. Timed high-fat diet
resets circadian metabolism and prevents obesity. FASEB J. 2012;26:3493—-3502.
Hariri N, Thibault L. Dietary obesity caused by a specific circadian eating pattern. Chro-
nobiol Int. 2011;28:216-228.

Salgado-Delgado R, Angeles-Castellanos M, Saderi N, Buijs RM, Escobar C. Food
intake during the normal activity phase prevents obesity and circadian desynchrony
in a rat model of night work. Endocrinology. 2010;151:1019-1029.

Kasukawa T, Sugimoto M, Hida A, et al. Human blood metabolite timetable indicates
internal body time. Proc Natl Acad Sci USA. 2012;109:15036—15041.

Erren TC, Reiter RJ. Light hygiene: time to make preventive use of insights—old and
new—into the nexus of the drug light, melatonin, clocks, chronodisruption and public
health. Med Hypotheses. 2009;73:537-541.

Krauchi K, Cajochen C, Werth E, Wirz-Justice A. Alteration of internal circadian
phase relationships after morning versus evening carbohydrate-rich meals in humans.
J Biol Rhythms. 2002;17:364-376.

de Castro JM. When, how much and what foods are eaten are related to total daily food
intake. BrJ Nutr. 2009;102:1228-1237.


http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0865
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0865
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0865
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0870
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0870
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0875
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0875
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0880
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0880
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0880
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0885
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0885
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0890
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0890
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0890
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0895
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0895
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0895
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0900
http://refhub.elsevier.com/B978-0-12-396971-2.00005-1/rf0900

	Circadian Clocks, Food Intake, and Metabolism
	Introduction
	Physiology
	Daily rhythm of food intake
	Daily variations in energy metabolism
	Cross talk between molecular clocks and intracellular metabolic pathways
	Peripheral organs and most brain regions: Clocks entrainable by mealtime
	SCN: The master light-entrainable clock is sensitive to metabolic and reward cues

	Pathology
	Circadian disturbances are associated with metabolic dysfunctions
	Metabolic pathologies are frequently associated with circadian disturbances

	Chronotherapeutics
	Pharmacology
	Food composition and feeding time
	Light and other (de)synchronizers

	Conclusion
	Acknowledgments
	References


