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Circadian clocks and Metabolism: implications for microbiome
and aging
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Abstract

The circadian clock directs many aspects of metabolism to separate in time opposing metabolic
pathways and optimize metabolic efficiency. The master circadian clock of the suprachiasmatic
nucleus synchronizes to light, while environmental cues such as temperature and feeding out of
phase to the light schedule may synchronize peripheral clocks. This misalignment of central and
peripheral clocks may be involved in the development of disease and the acceleration of aging,
possibly in a gender specific manner. Here we discuss the interplay between the circadian clock
and metabolism, the importance of the microbiome and how they relate to aging.
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The circadian clock

Life has adapted to energetic cycles, governed by the Earth’s rotation, by evolving molecular
mechanisms that anticipate the most advantageous time of day for biological processes. As a
result, the majority of biological functions exhibit daily rhythms. In mammals, these diurnal
(Glossary box) oscillations are evoked by autoregulatory transcriptional and translational
feedback loops known as circadian clocks [1]. The circadian clock of the suprachiasmatic
nucleus (SCN) in the hypothalamus of mammals serves as the central pacemaker at the level
of the organism. This has been shown directly in hamsters, where lesioning of the SCN
rendered the animals arrhythmic while implantation of brain grafts containing fetal SCN
restored circadian rhythms [2]. SCN neurons receive light information from specialized
melanopsin expressing intrinsically photosensitive ganglion cells in the retina via the
retinohypothalamic tract and synchronize the phase of their circadian clock to the phase of
the light [3]. Explanted SCN is capable of maintaining robust circadian rhythmicity for
many days /n vitro, while peripheral tissues, although rhythmic when explanted, show much
less robust rhythms that do not persist as long [4]. This suggests that the circadian clocks in
peripheral tissues require continuous entrainment to remain synchronized. The SCN
transmits its rhythmic information to other brain regions and peripheral organs via neuronal
connections, endocrine signals, body temperature rhythms and indirect cues, provoked by
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oscillating behavior such as feeding rhythms (Figure 1, Key Figure) [3]. At the molecular
level, the transcription factors Brain Muscle Arnt-Like Protein 1 (BMALZ1) and Clock
Locomotor Output Kaput (CLOCK) or Neuronal PAS domain protein 2 (NPAS2)
heterodimerize during the early circadian day, bind to E-box containing elements of gene
promoters and induce transcription of downstream genes. Among these genes are Period
(Pen and Cryptochrome (Cry) that encode repressors of BMAL1:CLOCK/NPAS2. During
the early circadian night, PER and CRY translocate to the nucleus and form large complexes
[5] that repress the transcriptional activity of BMAL1:CLOCK/NPAS2, thus downregulating
their own expression. Degradation of PER and CRY during the night ends this repression
and allows the start of a new transcriptional cycle with a period of approximately 24 hours.
In an additional feedback loop, BMAL1:CLOCK/NPAS?2 activate the transcription of Rev-
erb (also known as nuclear receptor subfamily 1, group D (Nrld) and RAR-related orphan
receptor (Ror) that encode the nuclear receptors REV-ERB and ROR. REV-ERBs inhibit and
RORs activate the transcription of Bmal1 [6, 7]. This second feedback loop generates
oscillations of Bmall mRNA. The rhythmic binding of BMAL1:CLOCK/NPAS2 and REV-
ERB/ROR respectively on E-box and REV-ERB/ROR sequences in regulatory elements,
drive the rhythmic expression of a substantial fraction of genes in any particular cell or
tissue involved in many different functions [8]. The function and timing of the
transcriptional feedback loops depends on post-translational modifications regulating the
stability and degradation of the transcription factors [9] and epigenomic regulation of their
transcriptional activity [10]. This molecular oscillator exists in almost all cells/tissues
throughout mammals and the rhythmic expression of genes ultimately generates rhythms of
physiological relevance [3].

Cellular energy is circadian

Early efforts at identifying genes with rhythmic expression under constant conditions that
are under the control of the circadian clock revealed many that encoded proteins involved in
metabolic processes [11, 12]. Around the same time, the idea that the circadian clock and the
metabolic state of the cell are interconnected was proposed [13]. Since then, many different
groups contributed to our current understanding of the crosstalk between the circadian clock
and energy state within the cell.

The circadian clock regulates mitochondrial activity through temporal regulation of
mitochondrial fission, mitophagy and biogenesis to maintain respiration at times of
increased bioenergetic demand [14]. In addition, the circadian clock controls the NAD
salvage pathway by imposing rhythms on nicotinamide phosphoribosyltransferase
(NAMPT), the enzyme that catalyzes the rate-limiting step in the synthesis of NAD [15].
The circadian clock directed rhythms in NAD biosynthesis drive oscillations in the activity
of the NAD™-dependent deacetylases, the sirtuins (SIRTS). As a result, the circadian clock
orchestrates SIRT driven cell physiology by dictating oscillations in the energy status of the
cell. The rhythmic activity of mitochondrial SIRT3 generates rhythms of mitochondrial
oxidative phosphorylation [16]. SIRT3 drives the rhythmic acetylation of mitochondrial
proteins to generate rhythms in mitochondrial activity [16]. In turn, the NAD*/NADH redox
state of the cell influences the transcriptional activity of BMAL1:CLOCK [13]. SIRT1 binds
BMAL1:CLOCK in a rhythmic manner and promotes the deacetylation of clock proteins
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and histones [17, 18] to create a feedback loop between the redox state and the circadian
clock. SIRT®6 interacts with the chromatin recruitment of BMAL1:CLOCK to regulate the
expression of a set of clock controlled genes distinct from the ones influenced by SIRT1
[19]. SIRT®6 also regulates chromatin recruitment of the metabolic transcription factor, sterol
response element-binding protein (SREBPL1) to control circadian fatty acid metabolism [19].
Aside from mitochondrial activity, ATP cellular levels are directly involved in the crosstalk
between the circadian clock and energy state. ATP levels exhibit circadian rhythms in
several brain regions including the SCN [20] and the ratio of ATP to AMP regulates the
activity of adenosine monophosphate-activated protein kinase (AMPK) [21]. In turn, AMPK
phosphorylates and destabilizes CRY1 to promote its degradation [22]. AMPK also
phosphorylates casein kinase le (CKle) resulting in increased CKle activity and degradation
of PER2 [23]. AMPK controls the expression of NMamptto increase cellular NAD* levels
feeding into the feedback regulation of the circadian clock through the NAD*/NADH redox
state and the activity of sirtuins [24] (Figure 2). Over- and hyper-peroxidation rhythms of
peroxiredoxins have been found in human red blood cells [25], which have no nucleus that
are found to be driven by hemoglobin auto-oxidation rhythms and are associated with the
degradation of hyperoxidized peroxiredoxins [26]. Inhibiting the pentose phosphate
pathway, a critical source for NADPH, was found to influence circadian rhythms in cells
across species [27], with a recent study showing an effect on the amplitude and phase of the
clock [28] This work further supports a feedback from cellular energy metabolism to the
transcriptional/translational circadian clock.

Cellular metabolism is under the control of the clock

The circadian clock regulates cellular metabolism through the control of transcription, by
imposing rhythmic expression on genes that encode metabolic enzymes. BMALL1 directly
targets genes that encode rate-limiting enzymes such as phosphoenolpyruvate carboxykinase
(PEPCK) for gluconeogenesis [29], long-chain fatty acid elongase 6 (ElovI6) for fatty acid
biosynthesis and triacylglycerol hydrolase for triglyceride breakdown [30]. Clock proteins
control the rhythmic expression or rhythmic activity of other transcription factors, which
then impose a rhythm in the expression of metabolically relevant genes. For example, the
transcription factors DBP, TEF and HLF are under the control of BMAL1:CLOCK and
regulate rhythms in xenobiotic metabolism through the control of the nuclear constitutive
androstane receptor [31]. REV-ERBa controls transcription both by direct binding to DNA
and indirectly through interaction with other transcription factors [32]. Repression of
circadian clock gene transcription requires the DNA binding domain of REV-ERBa., while
transcription of lipid metabolic genes is independent of the DNA binding domain and
involves tethering of REV-ERBa. to DNA by other transcription factors [32]. In addition,
REV-ERBa controls the circadian transcription of many factors involved in metabolism. For
example, REV-ERBa influences the circadian transcription of /nsig2, encoding a trans-
membrane protein that sequesters SREBP proteins to the endoplasmic reticulum and thereby
controlling their activity to regulate cholesterol and lipid metabolism [33]. PER2 interacts
directly with Peroxisome proliferator-activated receptor alpha (PPARa) to rhythmically
modulate its target gene G6pc encoding glucose-6-phosphatase [34]. PER2 also blocks
Peroxisome proliferator-activated receptor gamma (PPAR) recruitment to target promoters
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to promote lipogenesis [35]. CRY's compete with glucocorticoids for the glucocorticoid
response element in the phosphoenolpyruvate carboxykinase 1 promoter to regulate the
conversion of energy substrates to glucose [36]. Clock proteins also interact with chromatin-
modifying factors to achieve cyclical activation and repression of expression. REV-ERBa
dictates the genomic recruitment of Histone deacetylase 3 (HDAC3) to direct a circadian
rhythm of histone acetylation and expression of genes involved in lipid metabolism [37].
Aside from transcription, the circadian clock regulates rhythmic mRNA translation into
protein. Rhythmic phosphorylation of BMALL1 by ribosomal S6 protein kinase 1 mediates
the association of BMAL1 with the translational machinery and results in rhythmic protein
synthesis [38]. In addition to the transcriptional and translational control of metabolism, the
circadian clock controls protein phosphorylation to regulate the timing of metabolic
pathways. The activity of kinases downstream of the insulin/insulin-like growth factor 1
(IGF1) receptor, measured as the phosphorylation of their substrates, is high during the
active phase [39]. Phosphorylation of proteins by the kinases, glycogen synthase kinase 3
(GSK3) and AMPK, including the rate-limiting enzymes of glycolysis (6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase 3 (PFKFB3)), glycogen synthesis (glycogen synthase 2
(GYS2)), and fatty acid biosynthesis (acetyl-CoA carboxylase 1 (ACACA)) peaked during
the inactive phase [39]. The modulation of key rate-limiting enzymes through
phosphorylation permits the activation of glucose anabolic metabolism, protein synthesis
during the active phase and the stimulation of glycolysis, repression of glycogen synthesis
and inhibition of lipid biosynthesis during the inactive phase. Rhythmic oscillations also
exist in the phosphorylation of transcriptional regulators of metabolism, such as the
glucocorticoid receptor and oxysterol receptor LXRa [39].

Circadian organization of metabolism at the level of the organism

The profound regulation of cellular metabolism by the circadian clock is reflected at the
systemic level of organisms as rhythmic cycles of metabolic processes that can be measured
as oscillations of circulating and tissue metabolites. Recent advances in metabolomic
technologies allowed the profiling of metabolites across the daily cycle and revealed large
scale oscillations of metabolic pathways [40-42]. Lipids oscilate in adipose tissue under the
control of the circadian clock [43]. The importance of circadian organization of metabolism
has been illustrated by the use of genetic animal models of circadian clock disruption. Early
studies showed that universal whole body inactivation of BMAL1 and CLOCK induces
hypoglycemia in response to insulin during the inactive phase [29]. Subsequent studies
confirmed these findings and showed that hypoglycemia can be at least partially attributed to
the inactivation of the liver clock [44, 45]. The role of the circadian clock in maintenance of
glucose homeostasis extends to the secretion of insulin by the pancreatic B cells. Inactivation
of pancreatic clocks causes glucose intolerance due to defects in the synthesis and secretion
of insulin [46, 47]. Circadian organization is critical for energy homeostasis. Both whole
body Clock mutants [48] and Bmall knockouts [45] develop obesity characterized by
increased adiposity. Inactivation of the circadian clock of adipocytes is at least partially
responsible for both the increased adiposity and increased body weight [30]. The
inactivation of the adipocyte clock compromised a time-dependent feedback from adipose to
the brain that appears to be necessary for the timing of feeding behavior [30]. The
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importance of the circadian clock in metabolic fitness has been demonstrated in liver and
heart, where loss of circadian rhythmicity in mitochondrial function leads in reduced
respiratory output, increased oxidative damage, and abnormal mitochondrial morphology
[14, 49]. Similarly, deletion of the transcriptional activators of the circadian clock in neurons
of the central nervous system results in increased oxidative damage in the brain [50].

The importance of the circadian clocks in metabolic fitness raises the question of how the
circadian clock may be implicated in the development of the metabolic syndrome. As
discussed above, peripheral clocks require regular entrainment to stay in synchrony and are
subject to entrainment by both the SCN and cues such as metabolites and temperature that
are influenced by changes in activity and behavior. Indeed, both the sleep-wake cycle [51]
and feeding patterns [52] have strong effects on circadian metabolic oscillations. It has been
suggested that many aspects of the modern lifestyle, such as shift work and jet lag, can
throw circadian clocks out of synchrony to accelerate metabolic dysfunction and poise
towards the development of the metabolic syndrome [53]. Indeed, time restricted feeding is
protective against diet induced obesity and diabetes [54]. Studies of induced circadian
misalignment in humans show impaired glucose tolerance, reduced plasma leptin and
increased blood pressure [55, 56].

Circadian clock regulation of the microbiota and metabolism

Although the mechanisms by which circadian misalignment causes metabolic dysfunction
are largely unknown, one of the changes in response to misalignment that has been
implicated in metabolic dysfunction is the change in the enteral microbiota [57, 58].
Several studies of enteral microbiota composition reveal circadian oscillations in the relative
abundance of approximately 15% of various bacterial taxa representing 60% of the total gut
bacteria [57-62]. At least one species of enteral microbiota, enterobacter aerogenes,
expresses diurnal rhythms when isolated outside of the human gut [63]. Enterobacter
aerogenes is sensitive to the melatonin secreted into the gastrointestinal lumen and expresses
circadian patterns of swarming and motility [63]. Disruption of the circadian clock of the
host, either by mutations of clock genes or by jet-lag, abolishes the diurnal oscillation in
composition of the intestinal microbiota [58, 59, 62]. Evidently, the control by the host’s
circadian clock of enteral microbiota oscillations is mostly dictated by clock imposed
diurnal rhythmicity in feeding [57, 58] (Figure 3). Animal models of genetic disruption of
the circadian clock display attenuated feeding rhythms and restoring the feeding rhythms
rescues the oscillation of enteral microbiota abundance in these animals [58].

Interestingly, there is feedback from the microbiota to the circadian clocks of the host as
well. Integrity of the microbiota is essential for normal circadian rhythmicity of gene
expression in gut epithelium [64]. Rhythmic expression of toll-like receptors (TLRs) in
intestinal epithelial cells generates rhythmic detection of microbial metabolites, which in
turn mediate rhythmic TLR signaling and maintains circadian clock function in the cells
[64]. In addition, the microbiota exhibits rhythmic localization, adherence to the intestinal
epithelium and rhythmic metabolite secretion that determine the rhythmic exposure of the
intestinal epithelium to different bacterial species and their metabolites [60, 61]. This
rhythmic exposure reprograms chromatin and transcriptional oscillations, not only in the
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Aging

host intestinal cells but also in liver, which then modulates hepatic circadian gene expression
and detoxification reactions [60, 61]. Specific microbial metabolites, in particular, short-
chain fatty acids such as butyrate, can modulate circadian gene expression in hepatocytes
[61]. Experiments in germ-free mice, confirm the requirement of the microbiome for hepatic
circadian clock oscillators and identify changes in downstream nuclear receptors that
regulate metabolic gene expression [65]. A direct association between circadian oscillations
of gut microbiota and metabolic disease has been provided in studies of chronic phase
shifting [58]. This maneuver ablates microbiota compositional oscillations and causes the
metabolic syndrome in mice, while chronically shifted mice whose gut flora had been
eliminated with antibiotics are protected [58]. Similarly, jet-lag-induced dysbiosis between
host and microbiota in both mice and humans promotes glucose intolerance and obesity that
are transferrable to germ-free mice upon fecal transplantation [58]. It will be interesting to
determine whether gender may influence these effects, given the differences in the
microbiome between males and females [62]. In addition, the changes in enteral microbiota
in response to host circadian clock disruption were different between genders [62]. Male and
female mice show significant differences in gut microbiota composition and sex hormones
can mediate change in the microbiota [66]. Administration of testosterone after
gonadectomy prevented the significant gonadectomy-associated changes in gut microbiota
composition and reversed gender specific differences in bile acid composition [66].
Production of testosterone and other steroids requires the circadian clock protein BMAL1
[67]. Bile acids are regulators of intestinal microbiota [68] and their production and
secretion is under the control of the circadian clock [69, 70]. Hormones such as testosterone
and bile acids may relate to some of the mechanisms that explain gender differences in the
microbiome and suggest an interaction between the circadian clock and gender that shapes
the circadian rhythmicity and composition of the enteral microbiota. In humans, the gut
microbiota differs in men and women at the bacterial phyla level, at the genus level, and at
the species level and there is an association between intestinal microbiota composition and
obesity that is dependent on gender [71]. Autoimmune diseases have pronounced gender
specificity with the majority appearing with higher frequency in women compared to men
[72]. Although the direct effect of the microbiome on the development of autoimmune
diseases has not been tested in humans, the importance of the microbiota in immune system
function is well established (reviewed in [73]). Given that the circadian clock controls
several aspects of immunity (reviewed in [74]), the interaction between the circadian clock
and the microbiome may be one of the mechanisms responsible for the gender specificity in
the development of autoimmune diseases.

Disrupted metabolism as a result of circadian misalignment may lead to accelerated aging.
Rhythmic behaviors begin to fragment with age, suggesting that aging has an adverse effect
on the circadian clock. The best example of such rhythmic behavior is sleep that often
becomes less consolidated as age progresses. Animals show an impairment of rest-activity
rhythms with age, similar to humans. Experiments in flies show that the core clock in the
central pacemaker continues to oscillate with robust amplitude in older age [75] despite age-
related changes in expression of individual clock proteins [76—78]. Although the SCN is
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relatively resistant to age at the level of the molecular clock, it undergoes significant age-
related degradation at the network level. The total number of SCN neurons is unchanged
with aging but elderly rats have significantly fewer vasopressinergic cells [79], a change that
is likely to have consequences for downstream signaling. A greater proportion of SCN cells
are silent in older animals ex vivo [80] and SCN neurons display decreased circadian phase
coherence with age [81]. This results in desynchronization [81] and decreased amplitude of
electrical activity rhythms [82] at the network level. Together these are predicted to reduce
the strength of output rhythms and could account for the attenuation of behavioral rhythms
in older animals.

Although the deteriorating effect of aging on circadian clock output is evident, whether
circadian dysfunction promotes aging is less clear. The reduced amplitude in peripheral
oscillators with age, whether from loss of intrinsic clock function or decline in entraining
signals from the SCN, could contribute to the aging process [83]. Although changes in clock
gene expression are still not causally linked to pathology associated with aging, we note that
several clock targets are relevant to much of this pathology. The C. elegans BMAL1
homolog, Aryl Hydrocarbon receptor Associated protein (AHA-1) regulates oxidative
metabolism and extends lifespan [14]. Disruption of the circadian clock in Drosophila
shortens life expectancy after shortterm oxidative stress with higher accumulation of
oxidative damage, lower climbing ability and increased neuronal degeneration [84]. Double-
mutant flies containing both the period null mutant and a mutation in sniffer, which leads to
oxidative stress and a neurodegenerative phenotype, displayed accelerated neuronal
degeneration and a reduced lifespan [85]. The Drosophila clock mutants, period and
timeless, (homologs of mammalian Per and Cry) are less sensitive to the lifespan-extending
effects of dietary restriction (DR) [86]. Together with the observation that DR strengthens
circadian oscillations in peripheral tissues, these findings suggest that clocks, at least those
in peripheral tissues, are relevant to the determination of lifespan under some conditions.

In mice, disruption of the clock gene Bmall predisposes to accelerated aging characterized
by premature bone and muscle mass and hair loss, development of cataracts and reduced
lifespan [87]. Augmented accumulation of reactive oxygen species occurs in Bmall
knockout mice and correlates with age-dependent pathology in specific tissues [87]. In
support of an increased stress response that leads to accelerated aging, supplementation of
these Bmall knockout mice with the antioxidant N-acetyl-L-cysteine partially rescues their
decreased lifespan and age-dependent pathology [88]. Deletion of the transcriptional
activators of the circadian clock Bmall, or NjpasZ2together with Clock, predisposes to
neurodegeneration, gliosis, loss of inter-regional connectivity and increased oxidative stress
in the brain of mice [50]. More recently, postnatal deletion of BmalZ was found to attenuate
some but not all features of the accelerated aging phenotype observed in the conventional
knockouts [89]. Most importantly, the short lifespan characterizing conventional Bmall
knockout mice is normal when deletion of Bmall is delayed until the postnatal period. This
finding implicates Bmall during development in conditioning health for the rest of the
lifespan. Further investigation of the role of the circadian clock in aging and the metabolic
syndrome is required.
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Concluding Remarks

Further studies to improve our understanding of how circadian misalignment predisposes to
the metabolic syndrome are needed so that we can get closer to using the circadian clock as
a therapeutic tool (see Outstanding Questions). The possibility of improving metabolic
health by manipulating the timing of behavior, or the timing of administration of already
existing drugs is a very exciting and cost effective therapeutic approach. Small organic
molecules that act as ‘clock-reinforcing’ compounds may also prove to be new tools with
which to interrogate the complex interplay between obesity and metabolism [90].

Glossary Box

Diurnal

A rhythm recurring every 24 hours under rhythmic environmental conditions. If it
characterizes an organism it refers to organisms that are active during the day (in contrast to
nocturnal organisms that are active during the night)

Suprachiasmatic nucleus

Located in the hypothalamus of the brain and positioned directly above the optic chiasm. In
mammals, the suprachiasmatic nucleus contains the master circadian clock that maintains
synchrony of circadian clocks throughout the organism with the phase of environmental light

Entrainment
is the process of synchronization of the circadian clock to a specific phase

Lipogenesis
is the biosynthesis of lipids. Lipogenesis is an anabolic metabolic process that requires
energy to be completed

Enteral microbiota
is the population of microorganisms that reside in the enteral lumen of the digestive system
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Trends Box
. The circadian clock directs rhythms of cellular energy metabolism, while
cellular energy status regulates circadian clock driven transcription
. Advances in metabolomics and metagenomics allow the quantification of
enteral microbiota and permit the characterization of diurnal rhythms in
microbiota abundance.
. Changes in cellular energy metabolism associated with aging may be driven

by reduced amplitude of circadian rhythms in older age.
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Figure 1.
The mammalian circadian clock. Photosensitive melanopsin ganglion cells within the retina

relay light information to the neurons of the suprachiasmatic nucleus (SCN). The neurons of
the SCN fire with a rhythm of approximately 24 hours that is driven by autoregulatory
transcriptional and translational feedback loops known as circadian clock. Circadian clocks
exist in most cells and consist of transcriptional activators Brain Muscle Arnt-Like Protein 1
(BMAL1) and Clock Locomotor Output Kaput (CLOCK) that drive the expression of genes
during the daytime. Among those genes are Period (Per) and Cryptochrome (Cry) that
encode repressors of BMAL1 and CLOCK and Rors, Rev-erbs. PER and CRY form
complexes with casein kinase 1 /6 (CK1e/8) that translocate to the nucleus during early
night and repress the transcriptional activity of BMAL1 and CLOCK. Degradation of PER
and CRY ends the repression on BMAL1 and CLOCK and allows the initiation of a new
transcriptional cycle. Postranslational modifications of PER and CRY delay the
transcriptional translational loop to a period of approximately 24 hours. The nuclear
receptors RAR-related orphan receptor (ROR) (a, B, y) and REV-ERB (a, B) translocate to
the nucleus to activate and repress the expression of Bmall. The circadian clocks of the SCN
synchronize the clocks of the rest of the body to the same phase to generate 24 hour rhythms
of physiology and behavior. Environmental cues such as feeding synchronize peripheral
clocks but not the SCN clocks to the time of feeding.
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Figure 2.
Interplay between the circadian clock and cellular energy state. The circadian clock imposes

rhythms of nicotinamide phosphoribosyltransferase (NAMPT) that catalyzes the synthesis of
NAD™ from the conversion of nicotinamide (NAM) to nicotinamide mononucleotide
(NMN). The rhythmic synthesis of NAD* drives rhythms in the activity of the NAD*-
dependent deacetylases sirtuins (SIRTS). SIRT3 generates rhythms of mitochondrial
oxidative phosphorylation by rhythmic acetylation of mitochondrial proteins. Rhythmic ATP
production imposes a rhythm in the phosphorylation of casein kinase 1 /6 (CK1e/8) and
Cryptochrome (CRY) by adenosine monophosphate-activated protein kinase (AMPK).
SIRT1 binds BMALL:CLOCK in a rhythmic manner and promotes the deacetylation of
clock proteins.
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Figure 3.
Circadian clock and the enteral microbiome. The circadian clock imposes a rhythm in the

abundance of enteral microbiota mainly through feeding rhythms. In turn rhythms in the
composition and localization of the enteral microbiota generate rhythmic exposure of the
intestinal epithelium to different bacterial species and their metabolites. This rhythmic
exposure modulates circadian gene expression in enteral epithelium and remote tissues such
as the liver.
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