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Abstract

Circadian rhythms occur with a periodicity of about 24 hours and regulate a wide array of
metabolic and physiologic functions. Accumulating epidemiological and genetic evidence
indicates that disruption of circadian rhythms can be directly linked to many pathological
conditions, including sleep disorders, depression, metabolic syndrome and cancer. Intriguingly, a
number of molecular gears constituting the clock machinery have been found to establish
functional interplays with regulators of cellular metabolism. While the circadian clock regulates
multiple metabolic pathways, metabolite availability and feeding behavior can in turn regulate the
circadian clock. An in-depth understanding of this reciprocal regulation of circadian rhythms and
cellular metabolism may provide insights in the development of therapeutic intervention against
specific metabolic disorders.

Clock and the control of cellular metabolic processes

The cycling of day and night, caused by the earth’s rotation around its axis, has far reaching
affects on our physiology. Circadian (from the Latin circa diem meaning “about a day™)
clocks have evolved to enable organisms to anticipate environmental changes (such as
availability of food or activity of predators) so that the organisms can adapt their behavior
and physiology to the appropriate time of day. Although it has been known for several
decades that many metabolic processes, such as glucose and cholesterol metabolism, or
renal function are regulated by the circadian clock, it is only in the past few years that the
severe metabolic consequences of circadian disruption have emerged [1]. Metabolic
syndrome and obesity have been observed in mice harboring mutations in the clock genes,
which encode for transcription factors that affect both the persistence and period of circadian
rhythms [2,3]. Epidemiological studies have identified a correlation between metabolic
syndrome and shift work [4,5]. Forced misalignment of behavioral and circadian cycles in
human subjects, caused by being active and eating at biological night time, was recently
shown to cause a decrease in leptin and an increase in glucose and insulin levels [6].
Moreover, food intake during rest phase [7] and exposure to light at night [8] have been
shown to cause weight gain in mice. Although a clear molecular understanding of these
observations is lacking, recent findings point to some highly specialized links between
unique clock components and the control of cellular metabolism. There appears to be a
reciprocal relationship between circadian rhythms and metabolism. While the circadian
clock regulates multiple metabolic pathways, metabolites and feeding behavior can regulate
the circadian clock [9]. In this review we will discuss how this reciprocal relationship is
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regulated and what the metabolic consequences of disruption of circadian rhythms are (Box
1).

l. Circadian Regulation of Metabolism

How does the circadian clock exert its control over metabolism?

To ensure a strict temporal regulation of various metabolic pathways, many key steps and
players involved in these pathways are regulated by the circadian clock machinery (Figure
1). This regulation is achieved by controlling the expression of enzymes that regulate rate-
limiting steps of a metabolic pathway, or by integrating proteins such as nuclear receptors
and nutrient-sensors with the clock machinery, and by regulating the abundance of several
metabolites. Some of these mechanisms are discussed in detail here.

i) Regulation of Rate-Limiting Steps—An interesting way by which nature can
regulate many metabolic pathways in a circadian manner is by controlling their rate limiting
steps [10]. For example, the activity of the rate-limiting enzyme in cholesterol biosynthesis
HMG-CoA reductase (Hmgcr), displays circadian rhythmicity [11], and is found to be
highest at night [12]. Interestingly, this information is exploited in the treatment of
Hypercholesterolemia. Cholesterol-lowering drugs such as Statins that act by inhibiting
HMG-CoA reductase, are most effective when administered before bedtime [13]. Another
example where the circadian clock can regulate an entire metabolic pathway by regulating
the expression of one rate-limiting enzyme, is demonstrated in the regulation of the NAD*-
salvage pathway [14,15]. Circadian clock controls the expression of nicotinamide
phosphoribosyltransferase (NAMPT), a key rate-limiting enzyme in the salvage pathway of
NAD* biosynthesis [14,15]. The rhythmicity in the expression of this enzyme drives the
oscillation in NAD™ levels. The oscillatory expression of Nampt is abolished in Clock/Clock
mice that harbor a point mutation causing a 51 amino acid deletion in the CLOCK protein.
This results in drastically reduced levels of NAD* in mouse embryonic fibroblasts (MEFs)
derived from these mice (Figure 1). Similarly, the circadian clock controls the cellular heme
levels by regulating the expression of Aminolevulinate synthase 1 (ALAS1), the rate
limiting enzyme in heme biosynthesis [16] (Figure 1).

ii) Circadian Control of Nuclear Receptors—Nuclear receptors constitute a
superfamily of ligand-activated transcription factors which regulate a number of biological
processes, including growth, development, endocrine signaling, reproduction, and energy
metabolism [17]. A number of specialized nuclear receptors act as sensors of metabolites
such as fat-soluble hormones, vitamins, lipids, oxysterols, bile acids and xenobiotics. The
expression of several nuclear receptors is known to be directed by CLOCK and BMAL1
(transcription factors and the master regulators of the circadian clock machinery that
heterodimerize to regulate circadian gene expression) (Box 1). These receptors include the
Retinoic acid-related orphan receptor o (RORa) and REV-ERBua, as well as the Peroxisome
proliferator-activated receptor (PPAR)a. [18]. PPARa acts as sensor for polyunsaturated
fatty acids, regulates fatty acid oxidation and apolipoprotein synthesis, and is a target for
drugs such as fenofibrates [17]. While CLOCK and BMAL1 can directly regulate Ppara
expression via binding to an E-box element on its promoter, PPARa can also directly
regulate BMAL1 expression by binding to a PPARa response element (PPRE) on the Bmall
promoter [19] (Box 1). This reciprocal regulation suggests a very close link between nuclear
receptors, metabolism and the circadian clock. Further evidence of this was provided by a
detailed study involving a temporal mMRNA expression profiling of all 45 nuclear receptors
in various metabolic tissues [20]. The expression of 25 nuclear receptors, including PPAR
family members (a, v, 8) and estrogen-related receptor (ERR) family members (a, B, v), is
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rhythmic in a tissue-specific manner. This could well be a possible explanation for the
observed daily oscillations in glucose and lipid metabolism.

Another mode of regulation of nuclear receptor function by the circadian clock was
established by recent studies demonstrating that PERIOD proteins (PER 1-3) physically
associate with several nuclear receptors [21,22,23,24]. Circadian expression of the PER
proteins is directly regulated by CLOCK and BMALL1, and the PER proteins negatively
feedback on their own expression by inhibiting CLOCK:BMALL1 heterodimer (Box 1).
PER2 was shown to interact with a plethora of nuclear receptors including PPARy [22], ERa
[24], PPARa, REV-ERBo, HNF4a, TRo, NURR1 and RORa [21]. PER3 was also shown to
interact with PPARYy [23]. These interactions had one of two consequences:

i.  Modulation of the core clock gene expression. E.g.: PER2, in co-ordination with
PPARa and REV-ERBa, regulates Bmall expression.

ii. Regulation of the activity or stability of these nuclear receptors, thereby fine-tuning
several metabolic pathways. E.g.: (2) PER2 inhibits the recruitment of PPARYy to its
target promoters, specifically in white adipose tissue (WAT) [22]. Absence of
PER?2 caused de-repression of several PPARYy target genes and led to the expression
of brown adipose tissue (BAT)-specific genes in WAT. This altered gene
expression could be responsible for the observation that the Per2~/~ mice have
altered lipid metabolism [22]. (b) PER2 interaction with REV-ERBa and other
nuclear receptors is critical for glycogen metabolism [21]. Rhythmic expression of
Glucose-6-phosphatase, a key enzyme in glycogen degradation to produce glucose,
was blunted in the Rev-Erba~/~/Per2Brdml mutant mice. This leads to low and non-
rhythmic levels of glycogen in the liver of these mutant animals. (¢) PER3 inhibits
PPARY activity by binding to PPARYy target sites and blocks adipogenesis [23].
Per3~~ mice were hence shown to display altered body composition with
increased adipose tissue and decreased muscle tissue.

Thus, interaction of PER proteins with various nuclear receptors not only influences several
metabolic pathways (such as lipid and glycogen metabolism), it also modulates the
expression of core clock genes (such as Bmall) that are necessary for generation and
maintenance of circadian rhythms. These observations further support the notion that the
circadian clock regulates metabolism at various levels and, therefore, disruptions in
circadian rhythms could manifest in metabolic disorders.

iii) Nutrient Sensors as Regulators of Clock—In order for the circadian clock to
efficiently control cellular metabolism, there must be a way through which the clock
machinery determines the energy status of the cell. That requirement is fulfilled by the
association of nutrient-sensors, Sirtuin 1 (SIRT1) and AMP-activated protein kinase
(AMPK), with the clock machinery (Figure 2).

a) SIRT1: The role of SIRT1 in metabolism is well studied [25]. SIRT1 is a deacetylase and
it plays crucial roles in metabolism by (a) deacetylating several proteins that participate in
metabolic pathways, and (b) regulating gene expression by histone deacetylation. A
fascinating hallmark of SIRT1 is that its enzymatic activity is NAD*-dependent [26]. Since
the NAD*/NADH ratio is a direct measure of the energy status of a cell, the NAD*
dependence of SIRT1 directly links cellular energy metabolism and deacetylation of target
proteins. Recently, two independent studies identified SIRT1 to be a critical modulator of
the circadian clock machinery [27,28]. While Asher et. al. observed oscillations in SIRT1
protein levels [28], Nakahata et.al. demonstrated that SIRT1 activity, and not its protein
levels, oscillate in a circadian manner [27]. Circadian oscillations in NAD™ levels were later
shown to drive SIRT1 rhythmic activity [14]. SIRT1 modulates circadian rhythms by
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deacetylating histones (histone H3 Lys9 and Lys14 at promoters of rhythmic genes) and
non-histone proteins (BMAL1 and PER2). The CLOCK-BMAL1 complex interacts with
SIRT1 and recruits it to the promoters of rhythmic genes. Importantly, circadian gene
expression and BMAL1 acetylation are compromised in liver-specific SIRT1 mutant mice
[27]. While BMALL acetylation acts as a signal for CRY recruitment [29], PER2 acetylation
enhances its stability [28]. These findings led to the concept that SIRT1 operates as a
rheostat of the circadian machinery, modulating the amplitude and “tightness’ of CLOCK-
mediated acetylation and consequent transcription cycles in metabolic tissues [27] (Figure
2).

SIRT1 also deacetylates and thereby regulates several metabolic proteins. For example,
SIRT1 regulates gluconeogenesis by deacetylating and activating PPARy-coactivator o
(PGCla) and Forkhead box O1 (FOXO1) [30]. FOXO1 directly regulates expression of
several gluconeogenic genes [31], whereas PGC1la. coactivates glucocorticoid receptors and
hepatic nuclear factor 4-alpha (HNF-4a) to induce the expression of gluconeogenic genes
[32]. SIRT1 also regulates cholesterol metabolism by deacetylating, and thus activating,
Liver X receptor (LXR) [33] (Figure 2). LXR regulates cholesterol metabolism by inducing
the expression of the ATP-binding cassette transporter A1 (ABCA1), which mediates
cholesterol efflux from peripheral tissues to the blood. Since SIRT1 activity is regulated in a
circadian manner, it would be interesting to determine if the acetylation of other SIRT1
targets oscillate in a circadian manner.

b) AMPK: AMPK is activated when the cellular energy status is low, meaning the AMP/
ATP ratio is high. Activation of AMPK turns on catabolic processes that produce ATP and
turns off ATP consuming processes. The activity of AMPK was found to be rhythmic in the
mouse liver, hypothalamus and in mouse fibroblasts [34,35]. AMPK can modulate the
circadian clock by phosphorylating CRY1 [34] and Casein Kinase 1 (CK1) ¢ [36]. CK1g
plays an important role in the regulation of circadian rhythms by phosphorylating PER
proteins and controlling their degradation [37,38]. Phosphorylation by AMPK makes CRY1
a target of SCF (Skp2l/cullin/F-box protein) ubiquitin ligase F-box and leucine-rich repeat
protein 3 (FBXL3), which leads to the ubiquitination and degradation of CRY1 [34]. AMPK
mediated activation of CK1e leads to degradation of PER2 [36]. Under conditions of glucose
deprivation and low energy status, AMPK activation alters circadian gene expression in
MEFs [34]. Deletion of AMPK isoforms in mice, leads to tissue-specific alterations in
circadian gene expression [35]. Interestingly, AMPK activation also leads to an increase in
NAD* levels [39]. Thus, AMPK could also modulate circadian gene expression indirectly
through SIRT1 activation.

iv) Circadian Orchestration of the Metabolome: When output can also be an
input!—Metabolites, such as glucose and amino acids, have been known to display
circadian rhythmicity in their abundance in plasma. Minami et.al. have recently shown that
the levels of hundreds of metabolites exhibit circadian oscillations in mouse plasma [40].
These metabolites include phospholipids, amino acids, and urea cycle metabolites. In fact,
the abundance of these metabolites is so precisely gated by the circadian clock that just by
measuring the concentrations of these metabolites, the biological time can be determined.
Moreover, the circadian oscillation in these metabolites is independent of the age, sex or
genetic background of the mice [40].

An interesting concept is emerging in the regulation of circadian rhythms wherein some of
these oscillating metabolites (which are the outputs of the circadian clock) might also act as
inputs for subsequent cycles. For example, cyclic AMP (cAMP) and NAD* have recently
been shown to be both the outputs and regulators of the circadian clock [14,15,41]. cAMP is
a second messenger that is made from ATP by the action of Adenylate Cyclase. cAMP can
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act as a hunger signal in several tissues such as liver and muscle where glucagon can
promote glycogen breakdown by activating cAMP signaling [42]. Interestingly, CAMP
levels oscillate in the suprachiasmatic nucleus (SCN) and also in fibroblasts [41]. Altering
the concentrations of cAMP by pharmacological means lead to changes in the amplitude,
phase and period of circadian transcription.

NAD* levels have been reported to oscillate in fibroblasts and liver through the circadian
regulation of the expression of Nampt [14,15]. Inhibition of NAMPT by FK866, a highly
specific inhibitor of the enzyme, alters both the phase and the amplitude of circadian gene
expression [14]. Interestingly, defects in behavioral and metabolic circadian rhythms were
observed in mice deficient of NAD™ hydrolase CD38, that display elevated levels of NAD*
in many tissues [43,44]. CD38-null mice display a shortened period length of locomotor
activity, alteration in the rest-activity rhythm, and alterations in the circadian levels of
several amino acids [43].

These results demonstrated that cAMP and NAD™ are not only a clock output but can also
regulate the clock by acting as an input signal. It would be important to identify other
metabolites that can feedback into the clock machinery.

Il. Regulation of the Circadian Functions by Metabolism: When Metabolism
Can Twist the Hands of the Clock

Mice entrained to a 12 hr light: 12 hr dark cycle, demonstrate circadian rhythmicity in their
feeding behavior. Almost 80% of food is consumed at night, when the mice are active.
Recent research has shown that alterations in the timing of food availability or the
composition of food can have a significant impact on the functioning of the clock.
Restricting food availability to only during the day time can uncouple the circadian phases
of gene expression between peripheral and central clock (Box 1) [9]. While day time feeding
completely inversed the phase of the expression of circadian genes in the liver (peripheral
clock), the same genes oscillated with an unaltered phase in the SCN (central clock). These
results confirmed that food is a potent Zeitgeber (time giver) for peripheral clocks [9].
Interestingly, restricting food access to a certain time period could also restore rhythmicity
in the expression of some genes in the livers of the arrhythmic Cryl~Cry2~~mice [45]. In
addition, restricting food access to day time in Drosophila, causes desynchrony between
clocks located in the fat body (mammalian equivalent of liver) and the brain, and affects
reproductive fitness [46].

Shift work, and accompanying light exposure at night, has been implicated in the
development of metabolic syndrome and cardiovascular diseases [4,5]. A recent study
showed that mice exposed to light at night gained more weight, had reduced glucose
tolerance and ate more during the light phase. Interestingly, when food was restricted to the
dark phase, weight gain was prevented [8]. In another study, mice fed a high-fat diet only
during the light-phase gained more weight when compared to mice that ate the same high-fat
diet but only during the dark-phase, an observation that highlights the importance in the
timing of food intake [7]. These results raise an interesting question: Could adjusting our
food intake to only during the active phase (daytime for humans) be an effective way of
weight control? Since humans have evolved for thousands of years without artificial light,
our internal clock still functions the best when natural light is the only source of light, so it is
probable that restricting food intake to daytime, may help control weight gain.

Not just the timing, but the quality of the diet might also affect the clock. Mice fed a high-fat
diet had altered circadian rhythms and displayed a lengthening of the period of locomotor
activity [47]. Interestingly, these mice also consumed a higher than normal percentage of
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food during the light phase. Moreover, the expression of core clock genes and the clock-
controlled genes (CCGs) was altered in the mice that were fed a high-fat diet [47]. These
studies have clearly established that metabolism can also control the peripheral clock.

lll. Role of clock components in metabolic homeostasis

If circadian machinery is critical for metabolic homeostasis, deletion or mutation of
individual core clock components or of CCGs should lead to metabolic disorders. This is
indeed the case as illustrated by examples discussed below and in table 1.

A) CLOCK and BMAL1

Loss of function of CLOCK and BMALL, the central transcription factors that regulate
circadian rhythms, leads to several metabolic anomalies. Clock/Clock mutant mice, which
are arrhythmic when placed in constant darkness, become hyperphagic and obese, and
develop classical signs of “metabolic syndrome” such as hyperglycemia, dyslipidemia and
hepatic steatosis (fatty liver) [2]. In addition, the mRNA levels of the neuropeptides orexin
and ghrelin — both involved in the neuroendocrine regulation of food intake [48,49] — are
also reduced in these mice. Furthermore, renal sodium reabsorption is compromised and
arterial blood pressure is reduced in the Clock ~ mice [50] (Box 2).

Loss of BMAL1, which renders mice completely arrhythmic [51], also leads to disruption of
oscillations in glucose and triglyceride levels [52]. To address the question of whether the
metabolic defects are due to a loss of rhythmicity in the SCN or in the peripheral clocks,
mice with tissue specific deletion of Bmall in the liver or pancreas have been generated.
Even though these mice show normal locomotor activity, they display disturbances in the
maintenance of blood glucose levels. In liver-specific Bmall KO mice, the circadian
expression of key metabolic genes, such as glucose transporter 2 (glut2), is abolished. This
results in the mice being hypoglycemic during the fasting phase of the feeding cycle [53].
Further illustrating the importance of peripheral circadian clocks, deletion of BMALL1 in the
pancreas leads to diabetes [3,54]. These mice display elevated blood glucose levels,
impaired glucose tolerance, and decreased insulin secretion.

Another important metabolic function of BMALL1 is its role in adipogenesis [55]. BMAL1
mRNA levels are high during adipocyte differentiation and Bmal1~~ MEFs do not
differentiate into adipocytes.

B) REV-ERBa

REV-ERBa was originally identified as a nuclear receptor that regulates lipid metabolism
and adipogenesis [56]. Thus, the role of Rev-Erba in controlling Bmall expression —a
function that provides robustness to circadian oscillations [57] — established a critical link
between the molecular machinery that regulates circadian oscillations and metabolism.
Although Rev-Erba ~~ mice are not arrhythmic, the rhythmicity in their locomotor activity
is altered (a shorter period length under constant light or constant dark conditions) [57].

REV-ERBua appears to act downstream of PPARY, a key regulator of fat metabolism and
adipocyte differentiation [56]. The regulatory function of REV-ERBu is controlled by the
nuclear receptor corepressor 1 (NCoR1), a corepressor that recruits HDAC3, a histone
deacetylase, to mediate transcriptional repression of target genes, such as Bmall. When the
NCoR1-HDAC3 association is genetically disrupted in mice, circadian and metabolic
defects develop [58]. These mice demonstrate a shorter period, increased energy
expenditure, and are resistant to diet-induced obesity. Moreover, these animals exhibit
altered cyclic expression of genes involved in lipid metabolism in the liver [58]. HDAC3
recruitment to the genome was recently shown to be rhythmic (high during the day and low
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at night)[59]. At these HDAC3 binding sites, REV-ERBa and NCoR1 recruitment were in
phase with HDAC3 recruitment, whereas histone acetylation and RNA Polymerase 11
recruitment were anti-phasic. Interestingly, genes involved in lipid metabolism in the liver
also appear to be major targets of HDAC3 and REV-ERBa. Depletion of either HDAC3 or
REV-ERBa was shown to cause fatty liver phenotype, such as increased hepatic lipid and
triglyceride content [59].

Recent reports show that heme functions as a ligand for REV-ERBa [60,61] (Figure 1). The
binding of heme increases the thermal stability of REV-ERBa and enhances its interaction
with the co-repressor complex, and hence is required for its repressor function. The
requirement for heme places REV-ERBu in a pivotal position in the regulation of circadian
rhythms and metabolism. Importantly, the circadian clock controls the cellular heme levels.
Aminolevulinate synthase 1 (ALAS1), the rate limiting enzyme in heme biosynthesis, is
expressed in a circadian manner and is a specific target gene for the NPAS2 (a paralogue of
CLOCK)/BMAL1 heterodimer [16] (Figure 1). Heme, in turn, binds to NPAS2 and inhibits
its transactivation ability [62]. ALAS1 expression is also regulated by PGC-1a. [63]. The
metabolic roles attributed to heme are well known. Heme is a cofactor for enzymes such as
catalases, peroxidases and cytochrome p450 enzymes, playing a role in oxygen and drug
metabolism [64]. Importantly, heme promotes adipocyte differentiation [65], a function also
associated with REV-ERBa and BMALL. Thus, heme appears to be a key player in the
precise coordination of metabolism and circadian function, connecting a transcriptional
circadian loop to an enzymatic pathway.

C) PGC-1a and PGC-18

PGC-1a is a transcriptional coactivator, inducible by metabolic stimuli such as fasting,
exercise, or low temperature, and functions as a metabolic regulator [66]. PGC-1a regulates
oxidative phosphorylation, adaptive thermogenesis in brown adipose tissue, and expression
of reactive oxygen species (ROS) detoxifying enzymes. By coactivating PPARGa, it induces
fatty acid oxidation. It also stimulates hepatic gluconeogenesis by enhancing the activities of
HNF-4a and glucocorticoid recpetors [32,66,67]. Besides these critical metabolic functions,
PGC-1a was recently shown to play a crucial role in the regulation of circadian rhythms
[68]. PGC-1a itself displays a circadian expression pattern in metabolic tissues such as liver
and skeletal muscle. It coactivates RORa and RORy and stimulates expression of Bmall and
Rev-erba. Mice lacking the PGC-1a gene have defects in locomotor activity, body
temperature, and metabolic rate [68]. These defects are due to aberrant expression of clock
and metabolic genes. Mice lacking another PGC-1 family member, PGC-1p, display reduced
activity during the dark phase [69]. PGC-1p also shows circadian rhythmicity in its
expression [68], however, it is not understood whether it directly regulates the core clock
machinery.

These results indicate that PGC-1a is regulated by the circadian clock and that in turn it
might regulate the clock machinery. Interestingly, PGC-1a is deacetylated, and thus
activated by SIRT1 [70]. It is, therefore, conceivable that PGC-1a might be a very important
integrator of metabolic status and circadian function.

CONCLUSIONS

The coupling of circadian and metabolic cycles has been evident in many organisms ranging
from humans to yeast [71]. Circadian control not only provides a fine-tuning mechanism to
the metabolic pathways, but it also ensures that energetically incompatible reactions are
temporally segregated. Mutations in clock genes lead to anomalies in metabolism of glucose
and lipids, and also effect the functioning of the kidney. As more data accumulates
describing specific mechanistic roles of these clock genes in regulating metabolic pathways,
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new therapeutic targets are emerging. It is conceivable that drugs that modulate the clock

function could be an effective treatment against certain metabolic disorders. Furthermore,
chronotherapy (administration of drugs at a certain time of the day when its efficacy is the
highest and the side-effects are the lowest) could also prove to be an effective therapeutic

option.

BOX 1
Molecular Organization of the Circadian Clock

Circadian clocks are present in almost all of the tissues in mammals. The master or
“central” clock is located in the hypothalamic suprachiasmatic nucleus (SCN), which
contains 10-15,000 neurons. “Peripheral clocks” are present in almost all other
mammalian tissues such as liver, heart, lung and kidney, where they maintain circadian
rhythms and regulate tissue-specific gene expression. These peripheral clocks are
synchronized by the central clock to ensure temporally coordinated physiology. The
synchronization mechanisms implicate various humoral signals, including circulating
entraining factors such as glucocorticoids. The SCN clock can function autonomously,
without any external input, but can be reset by environmental cues such as light. The
molecular machinery that regulates these circadian rhythms comprises of a set of genes,
known as “clock” genes, the products of which interact to generate and maintain the
rhythms.

A conserved feature among many organisms is the regulation of the circadian clock by a
negative feedback loop [72]. Positive regulators induce the transcription of clock-
controlled genes (CCGs), some of which encode proteins that feedback on their own
expression by repressing the activity of positive regulators. CLOCK and BMAL1 are the
positive regulators of the mammalian clock machinery which regulate the expression of
the negative regulators: cryptochrome (CRY1 and CRY2) and period (PER1, PER2,
PER3) families (Figure 2). CLOCK and BMAL1 are transcription factors that
heterodimerize through the PAS domain and induce the expression of clock-controlled
genes by binding to their promoters at E-boxes [CACGTG]. Once a critical concentration
of the Per and Cry proteins is accumulated, these proteins translocate into the nucleus and
form a complex to inhibit CLOCK-BMAL1 mediated transcription, thereby closing the
negative feedback loop (Figure 2). In order to start a new transcriptional cycle, the
CLOCK-BMAL1 complex needs to be de-repressed through the proteolytic degradation
of PER and CRY. Core clock genes (such as Clock, Bmall, Period, Cryptochrome) are
necessary for generation of circadian rhythms, whereas CCGs (such as Nampt, Alasl
etc.) are regulated by the core clock genes.

Some CCGs are transcription factors, such as albumin D-box binding protein (DBP),
RORa and REV-ERBa, which can then regulate cyclic expression of other genes. DBP
binds to D-boxes [TTA(T/C)GTAA], whereas RORa and REV-ERBa bind to the Rev-
Erb/ROR-binding element, or RRE [(A/T)A(A/T)NT(A/G)GGTCA]. Approximately
10% of the transcriptome displays robust circadian rhythmicity [10,73]. Interestingly,
most transcripts that oscillate in one tissue do not oscillate in another [10,73,74].

BOX 2
Circadian Control of Kidney Function

The major functions of the kidney, such as urinary excretion of water and electrolytes,
have long been known to display robust circadian rhythms [75]. Recent studies have
demonstrated that the circadian regulation of renal function is achieved in two ways: (i)
through the intrinsic renal clock [50] and (ii) through humoral factors (e.g.: aldosterone
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[76]). Many genes that control water and solute homeostasis in kidney display circadian
oscillations in their expression [50]. For example, V2 vasopressin receptor and
aquaporin-2, two critical genes that regulate water reabsorption in the kidney, display
circadian rhythmicity in the abundance of their transcripts. Their expression pattern is
altered in the kidney from Clock ~ mice, which might be responsible for the excretion of
diluted urine in these mice [50]. Moreover, the expression of the a-subunit of the
epithelial sodium channel (¢ENaC), a key regulator of sodium reabsorption, is reduced in
the kidney of Clock 7~ mice. Since renal sodium reabsorption plays a critical role in
maintaining blood pressure, the Clock ~ mice display reduced arterial blood pressure
[50]. aENaC expression is also reduced in the Perl-mutant mice, and correlates with
increased urinary sodium excretion and total urine volume [77]. Aldosterone was shown
to induce the expression of Perl, which, in turn, induces the expression of aENaC [77].
Aldosterone, a steroid hormone produced by the adrenal gland, regulates sodium
reabsorption in the kidney. Doi et. al. recently demonstrated that the plasma aldosterone
concentration is rhythmic in WT mice, but is highly elevated in Cry17~Cry2 7~ mice
[76]. A key enzyme in aldosterone biosynthesis, type VI 3B-hydroxyl-steroid
dehydrogenase (Hsd3b6), displays circadian rhythmicity in its expression in the
aldosterone producing zona glomerulosa of the adrenal gland [76]. Hsd3b6 expression is
under the control of the circadian clock. Its transcription is positively regulated by DBP
and its expression is elevated in the Cryl 7 ~Cry2~~mice. These Cryl~Cry2 7~ mice
demonstrated high blood pressure when fed a high salt diet (salt-sensitive hypertension)
[76].
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Figure 1. Regulation of metabolism by the circadian clock
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Peripheral clocks, such as the one in liver, are regulated by the master clock present in the
suprachiasmatic nucleus (SCN). The liver clock can regulate multiple metabolic pathways
by various mechanisms. These mechanisms include regulation of rate-limiting steps, control
of metabolite levels, interaction with nutrient sensors, and modulation of nuclear receptors.
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Figure 2. Interplay between regulators of circadian clock and metabolism

CLOCK and BMAL1 regulate circadian gene expression by binding to E-box elements
within the promoters of clock controlled genes (CCGs). Some of the CCGs are regulators of
metabolic pathways (e.g. Pepck, Glut2, Hmgcr), while some can influence metabolite levels
(e.g. Nampt, Alasl). Nutrient sensors AMPK and SIRT1 are regulated in a circadian manner,
and they can modulate circadian rhythms and metabolism by post-translational
modifications of key regulators.
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Table 1
Metabolic defects in mice harboring mutations in clock genes

“Core clock genes” are represented in blue and “Clock-controlled genes” are in Red.
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Clock Gene | Function Metabolic Defects in mutant mice
bHLH-PAS domain containing *  Metabolic syndrome (in clock/clock mice)2
transcription factor, Positive Regulator, . . .
Histone Acetyltransferase . Reduced arterial blood pressure, altered renal function and excretion
of diluted urine (in Clock 7~ mice)®°
bHLH-PAS domain containing . Abolished oscillations in plasma glucose and triglycerides®?
transcription factor, Positive Regulator
. Fasting hypoglycemia (in liver-specific KO)%3
. Diabetes mellitus (in pancreas-specific KO)354
PAS-domain containing negative regulator . Increased urinary sodium excretion’”
PAS-domain containing negative regulator *  Altered lipid metabolism, lower body weight??
Negative Regulator *  Hyperglycemia™
. Salt-sensitive hypertension’®
Nuclear Receptor, Negative Regulator . Increased serum triglycerides™
Nuclear Receptor, Positive Regulator . Reduced plasma triglycerides and HDL8
. Enhanced atherosclerosis®?
Pgc-la Transcriptional coactivator . Increased sensitivity to insulin8
*  Altered thermogenesis®
Nocturnin mRNA Deadenylase *  Resistant to diet-induced obesity?3

Altered lipid metabolism®*
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