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The circadian clock, metabolism and obesity

U. Albrecht

Summary

In the last decades, obesity has been on the rise becoming a burden for health care
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University of Fribourg, Fribourg, Switzerland
systems. The reasons behind this rise are most likely caused by lifestyle rather than
by an increase in gene mutations, because manifestations of genetic alterations
would take longer than just a few decades. Lifestyle has a great impact on the cir-
cadian system and therefore on the body internal organization of physiological
Address for correspondence: U. Albrecht, and biochemical processes, regulating various aspects of behavior and metabolism.
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In the following, I will discuss recent studies delineating relationships between met-
abolic processes and the circadian system, how metabolites and nutrients regulate
the circadian clock and how nuclear receptors can act as metabolic sensors and
E-mail: urs.albrecht@unifr.ch clock regulators. Finally, I will discuss how clock modulation and feeding patterns

influence the development of obesity.
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Introduction

On our planet, food is usually not available in a constant
steady manner. There are periods of excess followed by pe-
riods of shortage. Therefore, evolution has shaped most or-
ganisms in a way that they can accumulate body fat as
energy depots quite quickly in periods of nutritional excess
in order to withstand periods of famine. This change in
the availability of food is at least partially related to season
and therefore to the length of the light period. Hence, the or-
ganism is adapting to changes in food availability and light
period. Interestingly, these two natural parameters are not
only changing over the year but also every day, defining
the sleep and wake periods in mammals. During their activ-
ity phase mammals eat, whereas during the sleep phase they
fast. In order to keep the blood glucose levels in a narrow al-
most constant range to provide the brain with its preferred
fuel, metabolic adaptations are necessary. Because these
changes are predictable and parallel the light dark cycle, a
mechanism to predict both light and feeding changes devel-
oped in the form of a circadian clock mechanism that has a
period of about one day. This circadian clock appears to
have beneficial effects in a competitive environment as
shown for cyanobacteria (1), plants (2) and mice (3). This

clock mechanism is present in most cells of an organism
and consists of a transcriptional-translational feedback
loop made up by a set of clock genes, which activate
(Bmall, Clock) and inhibit (Per, Cry, Rev-erba) each other,
thereby establishing a feedback loop with a period of about
24 h (4) (Fig. 1A, B). In order to produce a coherent circa-
dian clock system, all the individual cellular clocks have to
be synchronized in a tissue to make up tissue clocks. The
various tissue and organ clocks in turn need to maintain a
constant phase relationship to each other to build a stable
systemic circadian oscillatory system that allows optimal
preparation to daily recurring and predicable events that
challenge the organism (5).

Disturbance of the phase relationships between organ
clocks can result from performing shift work, which is ac-
companied by sleep restriction with concurrent circadian
disruption. Epidemiological studies link short sleep
duration and circadian disruption with higher risk for
metabolic syndrome and diabetes (6). A recent study in
humans showed that indeed exposure to prolonged sleep
restriction with concurrent circadian disruption decreased
the resting metabolic rate and increased plasma glucose
concentration after a meal due to inadequate pancreatic in-

sulin secretion (7). In mice, prolonged circadian disruption
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Figure 1 Molecular hierarchy and feedback mechanisms of the circadian clock in a cell. A) Core clock mechanism with the Bmal/Clock heterodimer-
binding to E-box elements in the promoters of Per and Cry genes activating their transcription. Per and Cry proteins (blue) inhibit Bmal/Clock activity
thereby turning off their own transcription. B) Bmal/Clock binds also to E-box elements present in the promoters of clock controlled transcription factors
(purple). Rev-erb, Ror, Ppar and KIf10 either feed back and influence Bmal and Clock transcription or they can activate clock controlled genes via binding
to their cognate promoters elements present for example in genes coding for rate-limiting enzymes. C) Clock controlled genes (ccgs) are either directly
regulated by Bmal/Clock or indirectly via clock controlled transcription factors. These ccgs can code for enzymes whose products (red) can influence Bmal
or Clock transcription. D) Systemic signals affect expression and activity of immediate early genes (IEFs) and the general transcription factor SP1, which

may influence expression of Per genes and thereby clock phase and speed.

leads to adverse changes in the brain, manifested by
dendritic reorganization and loss, altered responses to
novel environments and increase in insulin levels and
weight gain (8). Therefore, it is likely that changes in hu-
man behavior due to the industrial revolution lead to circa-
dian de-synchrony and play an important if not dominant
role in the pandemic of metabolic syndrome observed
today (Fig. 2).

In the following sections, I will summarize the most recent
observations that illustrate the relationships between the

circadian clock and metabolic processes affecting important
physiological functions of homeostasis.

Relationships between metabolic processes and
the circadian clock

The basic nutritional energy carriers are carbohydrates,
lipids and amino acids that are handled by cells to produce
energy equivalents in the form of ATP. However, if cells do
not require more ATP, the biochemical processes are
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Figure 2 Desynchronization of the circadian system leads to disease.
The circadian system is made up of multiple circadian cycles such as
the sleep/wake cycle (blue), metabolic cycles (green) and feeding/fasting
cycles (orange). In a healthy organism, they maintain a stable phase rela-
tionship to each other and hence are synchronized to each other. Disrup-
tion of synchrony can happen by disrupting one or more of the cycles, for
example by rotating shift work, jet lag and stress. This leads to uncoupling
of the cycles and subsequent development of disease such as metabolic
syndrome, obesity and depression.

reversed, and energy is mainly stored in the form of glyco-
gen and triglycerides. In order to avoid interference between
catabolic and anabolic pathways, e.g. use of fatty acids
(FAs) in B-oxidation and synthesis of FAs, cells can separate
them spatially, e.g. in mitochondria versus the cytosol. Ad-
ditionally, anabolic and catabolic pathways are separated
temporally, because the organism’s activity is structured in
a time-of-day-dependent manner and hence metabolic needs
are dramatically different during the activity and resting
phase. High-throughput transcriptional studies revealed
that approximately a tenth of the mammalian genes across
various cell and tissue types exhibit 24-h variations in
mRNA levels. These transcripts code for proteins control-
ling processes such as mitochondrial oxidative phosphory-
lation, carbohydrate metabolism and transport, lipid
biogenesis, and cholesterol synthesis and degradation (9).
Additionally, about 20% of the proteome is subject to clock
control with some post-translational modifications also cy-
cling. Interestingly, a significant fraction of those proteins
lack oscillations at the mRNA level (10), illustrating that
cellular circadian oscillations are regulated at several levels
of gene expression. Metabolite profiling adds additional
complexity to the picture of circadian clock-regulated meta-
bolic function, where 15%-70% of the metabolome in
humans exhibits circadian variation (11).

At the molecular level, many genes coding for metaboli-
cally important enzymes are regulated directly or indirectly
by components of the circadian clock mechanism (Fig. 1C).
Direct regulation occurs via binding of BMAL1 and
CLOCK to E-box elements in the promoters of a gene
(Fig. 1), as for example in the gene coding for nicotinamide

phosphoribosyltransferase, the rate-limiting enzyme for ad-
enine dinucleotide (NAD™) synthesis in the mammalian sal-
vage pathway of nicotinamide (12,13). Interestingly, NAD*
levels regulate the clock mechanism via SIRT1, a histone
deacetylase that modulates transcriptional activity of
BMAL1/CLOCK, creating a metabolic feedback-loop be-
tween the clock and metabolism (12,14) (Fig. 1).

Indirect regulation of metabolic genes occurs via tran-
scription factors that are regulated by the clock mechanism.
These transcription factors include members of the PAR
bZip family such as D site of albumin promoter binding
protein (DBP), thyrotroph embryonic factor (TEF) and he-
patic leukemia factor (HLF) (15) and nuclear receptors
(16) that bind to their respective promoter elements, thereby
activating genes regulating metabolism and hence serve as
output regulators of the circadian clock. Interestingly, some
of these transcription factors control the expression of clock
components as for example DBP that regulates the Perl
gene (17) or REV-ERBa, RORa and PPARa that regulate
Bmall (18-21). Hence, these transcription factors not only
serve as clock output mediators but also as feedback control
factors to the clock itself (Fig. 1). One of the puzzling obser-
vations in murine hepatocytes is, however, that despite the
absence of BMAL1 or CLOCK, PER2 can continue to oscil-
late in a similar manner as in wild-type hepatocytes (22-24).
This is in contrast to the current understanding of the clock
mechanism based on experiments obtained studying the
central clock of the suprachiasmatic nuclei (SCN) (Fig. 1A),
indicating that peripheral clocks may differ at the mechanis-
tic level from the central clock. Per2 may be regulated by di-
urnally activated immediate early transcription factors
(IEFs), such as serum response factor, glucocorticoid recep-
tor (GR) and heat shock factorl (HSF1) (25) as well as by
SP1 that may compete with CLOCK and BMALI. Because
the amplitude of Per2 expression is not reduced in BMAL1
or CLOCK-depleted mice, IEFs and SP1 are probably more
efficient in stimulating Per2 transcription in peripheral
tissues (26) (Fig. 1D). Of note is that GR is not expressed
in the SCN and, hence, cannot interfere there with
BMAL1/CLOCK mediated Per2 transcription (27).

Overall, these examples illustrate that the circadian clock
and metabolic events are linked in self-balancing transcrip-
tional networks; however, central and peripheral clock reg-
ulation may not be identical.

Metabolites and nutrients regulating the
circadian clock

An important feature of the circadian clock is its adaptabil-
ity to changes in the environment. Stimuli such as light and
food can serve as signals to change clock phase in a tissue
and eventually of the entire circadian system. For example,
clock phase in the SCN is directly affected by light (reviewed
in (28)) from where all the rest of the body clocks are then
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synchronized allowing the organism to adapt to the new
light/dark cycle after jet lag. Food affects the phase of the
liver clock permitting adaptation to changes in food
availability. Interestingly, this food entrainment by the liver
does not affect clock phase in the SCN (29), illustrating that
periodic feeding signals, when not in phase with the
light/dark cycle, can cause de-synchrony of the circadian
system (Fig. 2).

Nutrient components have been identified as important
factors to entrain peripheral circadian clocks (reviewed in
(30), among which glucose appears to be a particularly po-
tent entraining factor) (31). Fibroblasts treated with glucose
displayed down-regulation of Per1 and Per2 and as a conse-
quence reduced clock resetting (32). Glucose up-regulates
the negatively acting zinc-finger transcription factor KLF10
(TTEG1), which represses Bmall transcription (33). Interest-
ingly, KLF10 is regulated by BMAL1/CLOCK and thus ap-
pears to be part of a feedback loop involving the circadian
clock and glucose levels (34). A recent study indicates that
glucose availability regulates cellular clock oscillation
through the hexosamine/O-GlcNAc pathway by glycosylat-
ing BMAL1 and CLOCK leading to an increased stability of
these proteins by inhibiting their ubiquitination (35). Fur-
thermore, a combined injection of glucose and amino acids
induced acute expression of multiple clock genes in the
mouse liver (36), indicating that glucose may influence
clock phase. For glucose homeostasis pancreatic beta cell
function is essential. A recent study shows that pancreatic
beta cells contain a circadian clock that controls insulin se-
cretion (37), which is probably important to prepare the
organism for predictable daily food intake and increase in
blood glucose. Therefore, it appears that an organism’s re-
sponse to glucose is orchestrated by the circadian clock by
providing a specific time window during which insulin se-
cretion is optimal and hence more efficient, reducing the
harmful effects of glucose. This may explain the impaired
glucose tolerance in clock mutant mice (38), in which pan-
creatic cells do not work optimally (39).

Polyamines such as putrescine, spermidine and spermine
modulate the interaction between PER2 and CRY1 pro-
teins, resulting in the shortening of period of the circadian
clock (40). Polyamines in the serum and clock period have
an inverse relationship in the ageing process, with poly-
amines declining with age and clock period lengthening
with age. Hence, dietary supplementation of polyamines
may reverse the lengthening of clock period during the age-
ing process. Interestingly, the clock components BMAL1
and CLOCK directly regulate the expression of the gene
for ornithine decarboxylase (Odc), which codes for the first
and rate-limiting step of polyamine biosynthesis (40),
highlighting a feedback loop between polyamine levels and
the clock (Fig. 1C). Additional components of nutrition
may affect the circadian clock either in a direct manner as
described above or indirectly via binding to nuclear

receptors that are either part or closely linked to the circa-
dian clock mechanism (16,18,21,41).

Nuclear receptors as metabolic sensors and
clock regulators

A number of organic molecules, such as FAs, bile acids,
oxysterols and glucocorticoids, serve as ligands for nuclear
receptors, which go into the nucleus and bind to specific
promoter elements of genes thereby regulating their expres-
sion in response to ligand binding. Many of these nuclear
receptors display a diurnal expression profile (16) and the
REV-ERBs and RORs are even part of the core clock mech-
anism (Fig. 1A, B; (18,19,42,43). Deletion of REV-ERBa
(44,45) or double deletion of REV-ERBa and REV-ERB
(42) resulted in metabolic alterations similar to those ob-
served in Clock mutant or Bmall knock-out mice (38,46),
illustrating the close relationship between the circadian
clock mechanism and metabolic regulation. Interestingly,
however, REV-ERBo modulates the clock and metabolism
by different genomic mechanisms. While clock control
requires REV-ERBo to bind to the genome at its cognate site
competing with ROR, metabolic genes are regulated by
REV-ERBa through recruitment of the HDAC3 co-
repressor to sites to which it is bound by cell type-specific
transcription factors (47). This allows REV-ERBo. to impose
a tissue-specific epigenomic rhythm that regulates metabo-
lism customized to the specific need of a tissue (Fig. 1B).
This differential regulation of the clock and metabolism by
REV-ERBua raises the possibility that synthetic ligands that
specifically affect REV-ERBo and NCoR/HDACS3 interac-
tion without disrupting DNA binding could specifically
alter liver metabolism with reduced side-effects on the circa-
dian clock mechanism.

Glucocorticoids, produced by the cortex of the adrenal
gland, regulating metabolic, cardiovascular and immuno-
logical functions, display a circadian rhythm in the circula-
tion with peak levels during the onset of activity in
humans (48) and rodents (49). Mice with mutations in clock
components lose rhythmicity of their corticosterone levels
(50,51) indicating that the clock regulates glucocorticoids.
In contrast, glucocorticoids can reset the phase of the circa-
dian clock (27), via binding to the GR, which then translo-
cates to the nucleus where it attaches to glucocorticoid
response elements present in the promoters of several clock
genes, including Perl and Per2. This suggests that GR is a
critical regulator of clock gene expression (52). Interest-
ingly, glucocorticoids do not act on the SCN itself, because
it does not express GR; however, resetting of peripheral
clocks by glucocorticoids depends on cues controlled by
the SCN rather than on feeding-fasting rhythms (53). It is
of note that CRY protein binds to GR and regulates its ac-
tivity (41). This correlates with the observation that Cry1/
2-double knock-out mice display an elevated response to
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glucocorticoids (41). Furthermore, these mice show in-
creased levels of blood glucose, which parallels the
deregulated activity of GR and increased expression of its
metabolic target genes such as phosphoenolpyruvate-
carboxykinase (Pepck). Interestingly, the CLOCK protein
has also been shown to acetylate GR influencing the binding
of GR to DNA (54).

Polyunsaturated FAs have been identified as ligands of
peroxisome  proliferator-activated  receptors  (PPARs)
(reviewed in (55). Ligand activated PPARs regulate meta-
bolic activities leading to FA catabolism, lipid storage
and/or other effects, such as those affecting inflammation
(56). In the liver, PPAR« is a master energy sensor (reviewed
in (57). Its activity is impaired in mice lacking the three cir-
cadian PAR bZip factors DBP, HLF and TEF (58). There-
fore, PPARa is one of the links connecting the circadian
clock and energy metabolism. In support of this view is
the observation that the clock component PER2 interacts
with PPARa and serves as a co-regulator of this and other
nuclear receptors (21). This interaction leads to rhythmic
modulation of promoters of nuclear receptor target genes
in vivo by PER2, like Bmall, Hnflo and Glucose-6-phos-
phatase (21). For example, PPARa binds to a peroxisome
proliferator response element located in the promoters of
uncoupling protein 1 (25) and carnitin palmitoyl transferase
1 (59) on which its transcriptional activity is modulated by
PER2 shaping the expression of these genes into a circadian
profile. Interestingly, PPARa also regulates Bmall expres-
sion establishing a feedback loop between the circadian
clock and FA-mediated signaling (20) (Fig. 1A, B).

Taken together, glucocorticoid signaling via GR and FA
signaling via PPARa illustrate the intimate relationship be-
tween the clock, nuclear receptor signaling and metabolism.

Clock modulation, feeding patterns and obesity

As described above, the circadian clock is synchronized to
the environment by light and feeding cues and is a body in-
ternal representation of the regular 24-h day. Light is sensed
by the retina, from where intrinsically photosensitive retinal
ganglion cells project via the retinohypothalamic tract di-
rectly to neurons of the SCN, evoking a signal that leads
to changes in Perl and Per2 clock gene expression. As a
consequence, the phase of the circadian oscillator in the
SCN is shifted eventually leading to a shift of the circadian
system in the body (reviewed in (60)). Interestingly, endoge-
nous glucocorticoid levels can be influenced by light. Light
indirectly induces gene expression in the adrenal gland via
the SCN-sympathetic nervous system, independent of gluco-
corticoid action on the hypothalmic—pituitary—adrenal axis
(61), thereby submitting GR signaling at least partially to
environmental lighting conditions. Traveling through sev-
eral time zones is associated with corresponding changes
in the lighting schedule and hence will shift the internal

circadian rhythm of an organism accordingly. This shifting
of the body internal clock phase to the new environmental
phase takes time, and if this process is repeated regularly it
leads to chronic de-synchrony of body functions which is as-
sociated with obesity. Mice exposed twice weekly to an ad-
vance of the LD cycle developed obesity when food was
available ad [libitum (62). Interestingly, however, time-
restricted feeding to the initial dark phase prevented devel-
opment of obesity (62).

Timing of the restricted access to food is critical and influ-
ences body weight. Restricted feeding of mice to daytime
(resting phase) leads to weight gain (63) and misaligns the
peripheral clocks with the SCN clock leading to metabolic
alterations, which, on their own shift the peripheral circa-
dian clock (64,65). Conversely, restricting food access to
the night (activity) phase can promote natural feeding
rhythms and restore synchrony with circadian oscillations
and prevent obesity (66,67). Several studies showed that
time-restricted feeding to the activity phase restores cycling
of metabolic regulators such as CREB, mTOR and AMPK
as well as oscillations of circadian clock genes and their tar-
gets. These parameters are all changed in diet-induced obe-
sity but can be normalized by time-restricted feeding during
the activity phase. Interestingly, mice on a high-fat diet
become obese under ad [libitum conditions, but under
restricted feeding during the activity phase obesity is
prevented, although the amount of calories consumed is
similar to the ad libitum fed animals. Mice under the time-
restricted feeding regimen displayed several abnormalities
related to lipid metabolism (68-71). These positive effects
of time-restricted feeding on metabolism could also be
observed in other obesogenic diets such as high-fructose
and high-sucrose diets (71). Furthermore, time-restricted
feeding normalized metabolism in mice with pre-existing
obesity and insulin resistance, and this was proportional
to the length of time of food restriction; mice with restricted
access to food for 9 h did better than those with access for
15 h (71).

Timed eating in humans suggests that weight-loss is
affected by synchronizing feeding/fasting cycles with
light/dark circadian rhythms (72). Individuals that
underwent weight-loss treatment were more likely to lose
weight when they consumed their calories earlier in the
day compared to those who ate later (73). Similarly, a
high-calorie breakfast is associated with better fasting glu-
cose, insulin sensitivity and improved lipid profile compared
to the effects of a high-calorie dinner (74). A study using a
smartphone app to investigate eating patterns in the popula-
tion revealed erratic eating patterns rather than the self-
reported three daily meals. For half of the cohort, daily food
intake duration exceeded 14.74 h. Overweight, healthy in-
dividuals from this study were then following an eating
schedule in which they could eat normally but only for
10-11 h daily. After 16 weeks, the participants reduced



//doc.rero.ch

http

body weight and improved sleep, which persisted for a year
(75). Taken together, time-restricted feeding has beneficial
effects on the liver and other metabolic organs (Fig. 3).

A recent study suggests that circadian clock deficiency or
chronic jet lag induce leptin resistance in mice, independent
of obesity risk factors. The circadian clock appears to main-
tain long-term energy balance by controlling the leptin en-
docrine feedback loop between the adipose tissue and the
brain, suggesting that circadian and metabolic synchrony
may at least in part depend on leptin signaling (76). The cir-
cadian clock mechanism in white adipocytes may control
leptin expression through BMAL1/CLOCK-modulated,
C/EBPa-mediated leptin gene transcription, although this
modulation appears to be quite weak (76). Leptin resistance
can also be induced by ER stress (77), and ER stress is acti-
vated by genetically induced circadian clock deficiency (78).
Hence, leptin resistance may also be explained via ER stress
in mice with circadian dysfunction. Genetic ablations of
leptin or its receptor in mice support the notion that leptin
signaling may affect the circadian clock. While leptin-
deficient mice display normal circadian period and altered
photic resetting (79,80) with disturbed peripheral clocks
(81), leptin receptor-deficient animals show arrhythmicity
in general activity (82) and slight alterations in Per2 mRNA
levels in the SCN, and impairments in the hepatic molecular
clockwork (83).

PER2—a link between the circadian clock and
systemic metabolic cues

To establish circadian clock and metabolic synchrony, a sen-
sor of both metabolic and clock state is most likely to play a
key role. In an approach to discriminate genes whose cyclic
expression is driven by the local liver clock or systemic

Rest Activity Rest

signals, mice with a conditionally active liver clock were
compared to mice in which the liver clock was inactive. In-
terestingly, the clock component Per2 did not depend on
functional liver oscillators, and its expression continued to
oscillate in their absence, indicating that Per2 oscillation in
the liver is driven by systemic cues (23). Hence, Per2 may
serve as both a sensor for cyclic systemic signaling cues
and as a clock component. This makes Per2 a good candi-
date to serve as a node and link between the circadian clock
and systemic cues.

Subjecting animals to a timed feeding schedule with re-
stricted food access for 4 h elicits food anticipatory activity
(FAA) that is independent of the central clock in the SCN
(84). Most of the genetically ablated circadian clock compo-
nents in mice do not or only partially affect FAA (85-88)
with the exception of Per2 (89). Hence, Per2 appears to be
important for FAA. Interestingly, liver-specific, but not
neuron-specific deletion of Per2 leads to loss of FA by inter-
fering with B-hydroxybutyrate (B-OHB) production and its
subsequent processing in the brain. However, timed B-
OHB administration can only rescue FAA in liver-specific
knock-out but not whole body knock-out mice, indicating
the presence of a systemic feedback signaling depending
on Per2 function also in other organs (59). Hence, Per2
may be a systemic integrator of metabolic cues as well as
an effector to respond to these cues, which is in line with
the view described above that IEFs and SP1 transcription
factors may convey systemic information via Per2 activa-
tion to the clock, as for example shown for HSF1, which in-
duces Per2 in response to cold exposure (25). Because time-
restricted feeding is effective in the treatment of metabolic
de-synchrony, one may speculate whether timed B-OHB ad-
ministration may be helpful for night-eating disorder and
related disorders in humans. Such experiments with mice

Activity Rest

Activity

C

Figure 3 Effects of the feeding schedule on weight in mice. Left panel: Mice have ad libitum access to a high-fat diet. This leads to changes in the gut
microbiome, stool metabolomics and hepatic gene expression. These mice are predisposed to obesity and dysmetabolism. Right panel: Time restricted
feeding to the activity phase restores fluctuations in the gut microflora, luminal metabolites and hepatic gene expression. Probably, also oscillations in
gut signaling are restored. These mice are protected against obesity and metabolic syndrome. Middle panel: Time restricted feeding to the resting phase
misaligns the peripheral clocks with the master SCN clock and leads to metabolic syndrome.
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are underway and may reveal new avenues for treatment of
derailed metabolic homeostasis.

Conclusions

Lifestyle has a great impact on body weight, and it appears
that not only the amount of food but also the timing when
food is taken up plays an important role in body weight reg-
ulation. The reason for this is the dynamic network organi-
zation of metabolism, which is controlled by three
oscillating systemic networks; light-entrainable central os-
cillations in the brain, sleep/wake homeostasis and
feeding/fasting rhythms (Fig. 2). Optimal efficiency of meta-
bolic regulation is achieved when the systemic network os-
cillations are in a stable phase relationship with each other
and therefore are synchronized. De-synchronization due to
alternation of one of the networks lowers efficiency of met-
abolic regulation and therefore leads to the development of
metabolic disease with obesity and diabetes as the most
prominent manifestations. However, it is not clear whether
de-synchronization is a hallmark in all forms of obesity. Fu-
ture studies will also have to address how circadian rhythms
and feeding/fasting cycles co-operate and what the mecha-
nisms of interaction are. This is also related to the question
how de-synchrony leads to metabolic disease and what the
molecular signaling pathways are that lead to metabolic de-
railment. One of the obvious unresolved questions is, how
homeostatic satiety regulation, involving the brain hypotha-
lamic nuclei and peripheral organs such as the gut, is af-
fected by the circadian clock and how its disruption
and/or de-synchronization from metabolic cycles affects ho-
meostatic satiety regulation. The gut microbiome displays
cyclic changes according to the feeding/fasting rhythms,
and it appears to contribute to the development of obesity
and metabolic disease. However, it is not understood how
the gut microbiome affects rhythms in metabolism and

physiology.
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