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Abstract Circadian clocks maintain periodicity in internal cycles of behavior,
physiology, and metabolism, enabling organisms to anticipate the 24-h rotation of
the Earth. In mammals, circadian integration of metabolic systems optimizes
energy harvesting and utilization across the light/dark cycle. Disruption of clock
genes has recently been linked to sleep disorders and to the development of
cardiometabolic disease. Conversely, aberrant nutrient signaling affects circadian
rhythms of behavior. This chapter reviews the emerging relationship between the
molecular clock and metabolic systems and examines evidence that circadian
disruption exerts deleterious consequences on human health.
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1 Introduction

The daily order of temporal life is so innate as to slip from consciousness on most
days. So it should not be surprising that a conceptual framework for studies of
biological timing remains outside of the realm of modern medical practice. Yet with
a transformation in our understanding of the molecular mechanism encoding
circadian systems over the past 20 years, new studies have begun to bridge the
gap from molecular clocks to human biology. Insight into circadian clocks and
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metabolism stems directly from the discovery that biological rhythms are sustained
by a genetically encoded transcription network that functions as a molecular
oscillator with near 24-h precision in most cell types, maintaining phase alignment
in a range of behavioral, physiological, and biochemical processes with the envi-
ronmental light cycle. The impact of circadian timing on human health has begun to
emerge through observational population studies in individuals subjected to sleep
restriction, shift work, and jet travel, in addition to experimental studies that reveal
broad pathophysiologic consequences of circadian disruption on cognitive function,
psychiatric disorders, cancer, metabolic syndrome, and inflammation (Bechtold
et al. 2010; Reppert and Weaver 2002; Albrecht 2013). In this chapter, we focus
on the growing body of evidence indicating a critical role of the clock network in
metabolic homeostasis and highlight the cross talk between circadian and metabolic
systems as a framework to understand effects of biological timing on physiology
and disease states.

2 Clocks, Metabolism, and Disease

2.1 Rhythmicity of Metabolic Processes

While the most overt outputs of the mammalian clock are the sleep/wake and
fasting/feeding cycles, the circadian clock also influences homeostasis across a
broad range of behavioral and physiological processes, including glucose and
lipid metabolism, body temperature, endocrine hormone secretion, and cardiovas-
cular health (Fig. 1) (Panda et al. 2002b; Reppert and Weaver 2002). An evolution-
ary advantage of the circadian clock may be that it enhances energetic efficiency
through temporal separation of anabolic and catabolic reactions (such as gluconeo-
genesis and glycolysis). An additional function of the clock is to maintain proper
alignment of internal metabolic cycles relative to the sleep/wake cycle, enabling
organisms to anticipate changes in the daily energetic environment tied to the rising
and setting of the sun. In humans, circadian control over physiology has been well
established through epidemiological research. For example, myocardial infarction,
pulmonary edema, and hypertensive crises all have a tendency to peak at particular
times during the day (Maron et al. 1994; Staels 2006). Circadian control of glucose
metabolism has also been well documented, though the precise molecular
mechanisms are not yet well understood. Glucose tolerance and insulin action are
known to vary throughout the day, as oral glucose tolerance is impaired in the
evening compared to morning hours due to combined effects of reduced insulin
sensitivity and diminished insulin secretion in the nighttime. Glucose levels per se
also display circadian oscillations and peak before the start of the active period
(Arslanian et al. 1990; Bolli et al. 1984). Evidence from SCN-ablated rats and
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Fig. 1 Rhythmicity of metabolic processes according to time of day. The clock coordinates
appropriate metabolic responses with the light/dark cycle and enhances energetic efficiency
through temporal separation of anabolic and catabolic reactions in peripheral tissues. Circadian
misalignment, which occurs during sleep disruption, shift work, and dietary alterations, disrupts
the integration of circadian and metabolic systems, leading to adverse metabolic health effects
[Figure modified from Bass and Takahashi (2010)]

degeneration of autonomic tracts linking SCN to liver further points toward a direct
role for the circadian clock in glucose homeostasis, as these rats display loss of 24-h
glucose rhythms (Cailotto et al. 2005; la Fleur et al. 2001). Of note, studies in both
rodents and humans suggest that loss of circadian rhythmicity of glucose metabo-
lism may even contribute to the development of metabolic disorders such as type
2 diabetes, as rhythms of insulin secretion, glucose tolerance, and corticosterone
release are diminished in streptozotocin-induced diabetic rats and in patients with
type 2 diabetes (Oster et al. 1988; Shimomura et al. 1990; Van Cauter et al. 1997).
Gaining a better understanding of the molecular mechanisms underlying circadian
control of glucose homeostasis and other physiological processes will therefore be
critical for enabling temporal evaluation in the diagnosis and treatment of metabolic
disorders.
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Fig. 2 Neural circuits linking hypothalamic regions important in circadian and energetic control.
Signals from the exogenous environment (i.e., light) and endogenous metabolism (i.e., hormones
and metabolites) are integrated in a network of hypothalamic neuronal centers (see text for details),
which in turn impart rhythmicity on behavioral and metabolic outputs, including sleep,
feeding and activity behavior, thermogenesis, and hormone secretion [Figure modified from
Huang et al. (2011)]

2.2 CNS Circuits Integrating Circadian and Metabolic Processes

Circadian and metabolic processes interact at both the neuroanatomic and neuroen-
docrine levels to regulate overall metabolic homeostasis. In order to better appreci-
ate how the circadian clock network within brain regulates whole body metabolism,
it is important to understand the anatomic connections between brain centers
essential for circadian rhythmicity and those that control appetite and energy
expenditure (Fig. 2) (reviewed in Horvath 2005; Horvath and Gao 2005; Saper
et al. 2005; Slat et al. 2013; Kalsbeek and Fliers 2013). Classical lesioning studies
performed in the 1970s first determined that the “master pacemaker” neurons are
localized to the suprachiasmatic nuclei (SCN), which consist of bilateral nuclei
within the anterior hypothalamus that receive environmental light input via the
retinohypothalamic tract (RHT). SCN ablation abolishes 24-h rhythms of locomo-
tor activity, feeding, drinking, and sleep. Subsequent studies in the 1990s revealed
that transplantation of a short-period (fau) mutant SCN into an SCN-lesioned wild-
type hamster results in the wild-type hamster having a period length identical to that
of the tau mutant donor SCN (Ralph et al. 1990). However, 24-h rhythms of
glucocorticoid and melatonin oscillations were not restored. These experiments
established that direct neuronal projections, in addition to secreted factors, are
necessary for SCN regulation of behavioral and metabolic homeostasis (Cheng
et al. 2002; Kramer et al. 2001; Meyer-Bernstein et al. 1999; Silver et al. 1996).
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Elegant tracing studies have revealed that neurons from the SCN predominantly
synapse directly on cell bodies within the ventral and dorsal subparaventricular
zones (vSPZ and dSPZ, respectively) and the dorsomedial hypothalamus (DMH).
vSPZ neurons are involved in regulation of sleep/wake and activity cycles, but not
body temperature cycles, while neurons within the dSPZ control temperature
rhythms and have minimal impact on sleep and activity cycles (Lu et al. 2001).
The SPZ also projects to the DMH, a brain region important for rhythms of the
sleep/wake cycle, locomotor activity, body temperature, food intake, and cortico-
steroid secretion (Chou et al. 2003). Projections from neurons within the DMH
target neuronal centers involved in the regulation of sleep/wake cycle (ventrolateral
preoptic nucleus—VLPO), corticosteroid release (paraventricular nucleus—PVN),
and feeding and wakefulness (lateral hypothalamus—LHA). As such, the DMH
acts as a relay center, amplifying circadian signals from the SCN to multiple
regions of the brain involved in regulation of sleep, activity, and feeding.

The DMH and LHA also receive input from the arcuate nucleus (ARC), which
plays a well-characterized role in the regulation of feeding and appetite. The ARC
contains orexigenic neurons that express neuropeptide Y (NPY) and the agouti-
related protein (AgRP), as well as neurons expressing anorexigenic peptides
including pro-opiomelanocortin (POMC) and cocaine- and amphetamine-regulated
transcript (CART). Because the choroid plexus allows passage through the
blood—brain barrier, the ARC is uniquely positioned to integrate humoral signals
from the periphery with neuronal signals within the hypothalamus. For example,
leptin, a hormone secreted in proportion to fat mass by adipose tissue, stimulates
production of a-melanocyte-stimulating hormone (a-MSH) from POMC/CART
neurons while simultaneously inhibiting NPY/AgRP production within the ARC
(Cowley et al. 2001; Frederich et al. 1995). This in turn decreases production of the
orexigenic peptides orexin (ORX) and melanin-concentrating hormone (MCH)
within the LHA and suppresses appetite and food intake. When leptin levels are
low, the orexigenic neurons in the ARC produce NPY and AgRP, which stimulate
hunger and decrease energy expenditure via signaling to the LHA. Interestingly, in
addition to regulation by nutrient status, leptin also displays a circadian pattern of
expression. While our knowledge of circadian regulation of circulating hormones
from the periphery is still quite incomplete, it will ultimately be important to
identify how signals regulated by the nutritional status of the organism communi-
cate with and co-regulate brain centers involved in control of activity, feeding,
sleep, and metabolism. In this regard it is of note that NPY, AgRP, and orexin
display circadian patterns of expression within the hypothalamus, with peaks
around the beginning of the active period, while «-MSH levels are highest at the
beginning of the inactive period (Kalra et al. 1999; Lu et al. 2002). Thus, under-
standing the neural networks integrating centers involved in regulation of circadian
rhythms, sleep, and energy homeostasis may shed light on the interplay between
anticipatory and adaptive behaviors involved in long-term energy constancy.
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2.3 Peripheral Oscillators and Circadian Regulation of Metabolic
Transcription Networks

Prior to the discovery of molecular clock genes, a prevailing model held that
circadian rhythms represent a unique property of pacemaker neurons. However,
seminal experiments performed in the 1990s established the presence of cell-
autonomous circadian gene rhythmic expression in cultured fibroblasts,
demonstrating the ubiquity of circadian transcriptional oscillators throughout all
cells (Balsalobre et al. 1998). Subsequent molecular analyses have revealed that the
clock network is indeed expressed not only in the SCN, but in most mammalian
tissues, including those essential for cardiometabolic function, such as liver, pan-
creas, muscle, and heart (Davidson et al. 2005; Marcheva et al. 2010; Wilsbacher
et al. 2002; Yamazaki et al. 2000; Yoo et al. 2004; reviewed in Brown and Azzi
2013). Because the phase of peripheral clocks is delayed compared to that of the
SCN, and since ablation of the SCN abolishes synchrony of peripheral oscillators, it
is believed that the SCN functions as a master pacemaker maintaining phase
alignment of autonomous cellular clocks throughout all peripheral tissues
(Balsalobre et al. 1998; Sakamoto et al. 1998).

Emerging genomic studies have illuminated the multifaceted function of periph-
eral circadian oscillators at the cellular level (Fig. 3). For instance, transcriptional
profiling studies have revealed that ~10 % of all mammalian genes across multiple
tissues exhibit 24-h variations in mRNA levels (Miller et al. 2007; Oishi et al. 2003;
Panda et al. 2002a; Rey et al. 2011; Rudic et al. 2005; Storch et al. 2002; Zvonic
et al. 2006). Importantly, gene ontogeny analyses have shown that many of these
rhythmic genes cluster within classes regulating intermediary metabolism, includ-
ing processes such as mitochondrial oxidative phosphorylation, carbohydrate
metabolism and transport, lipid biosynthesis, adipocyte differentiation, and choles-
terol synthesis and degradation (Bass and Takahashi 2010; Delaunay and Laudet
2002; Doherty and Kay 2010; Panda et al. 2002a; Yang et al. 2006). While only a
small subset of these oscillating metabolic genes is a direct target of the molecular
clock, many encode transcription factors, transcription or translation modulators, or
rate-limiting enzymes, which in turn impart rhythmicity on downstream metabolic
genes and processes (Noshiro et al. 2007; Panda et al. 2002a; Ripperger and
Schibler 2006). Interestingly, the phase of oscillation and the level of expression
of each metabolic gene vary across different tissues, suggesting that the circadian
system responds to both local and systemic cues to control diverse metabolic
processes in a physiologically meaningful manner (Delaunay and Laudet 2002;
Kornmann et al. 2007). Not surprisingly, mutation of the core molecular clock
disrupts the rhythmic expression of numerous key metabolic genes (Lamia et al.
2008; McCarthy et al. 2007; Oishi et al. 2003; Panda et al. 2002a). Whether
rhythmicity of these metabolic genes is secondary to the feeding rhythm or arises
due to intrinsic clock expression within the periphery has been a long-standing
question. Only recently, studies involving tissue-specific circadian gene mutant
mice have indicated that molecular clocks in the periphery play a crucial role in
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Fig. 3 Cross talk between the core clock mechanism and metabolic pathways. The core clock
consists of a series of transcription/translation feedback loops that either directly or indirectly
synchronize diverse metabolic processes. The clock also receives reciprocal input from nutrient
signaling pathways (including NAD*-dependent sirtuins), which function as rheostats to coordinate
metabolic processes with daily cycles of sleep/wakefulness and fasting/feeding [Figure modified
from Bass and Takahashi (2010)]

imparting rhythmicity to metabolic gene oscillation (Lamia et al. 2008; Marcheva
et al. 2010; Sadacca et al. 2010).

Although the mammalian core clock genes are well defined, the precise role of
both central and peripheral oscillators in the maintenance of energy balance and
metabolic homeostasis is still not well understood. Research aiming to elucidate the
molecular pathways linking the circadian clock with metabolic sensors remains an
active area of investigation.

3 Circadian Disruption and Disease

3.1 Metabolic Phenotypes of Circadian Mutant Mice

Mouse models have been invaluable in defining the roles of individual core clock
genes in the generation and maintenance of circadian rhythmicity and have recently
begun to provide insight into the metabolic functions of the circadian clock. The first
genetic link between circadian rhythmicity and metabolism was discovered in mice
carrying the Clock®""!° mutation. While initial studies found that these animals
become arrhythmic when subjected to total darkness, it was subsequently observed
that they also display attenuated diurnal feeding rhythms, hyperphagia, hyperlipid-
emia, hyperleptinemia, hepatic steatosis, and hyperglycemic hypoinsulinemia due
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to impaired insulin secretion and islet proliferation (Marcheva et al. 2010; Turek
et al. 2005). In addition, Clock*'*"*"® animals exhibit loss of rhythmic expression of
key metabolic and proliferative genes in liver, muscle, and pancreas, which
undoubtedly contributes to the extensive disruption of glucose and lipid homeostasis
(Marcheva et al. 2010; McCarthy et al. 2007; Miller et al. 2007; Panda et al. 2002a).
Knockout of Clock also compromises renal sodium reabsorption and reduces arterial
blood pressure (Zuber et al. 2009). Furthermore, overexpression of the ClockA”
allele in cardiomyocytes alters heart rate variability, contractility, and
responsiveness to changes in afterload, revealing a role of the peripheral circadian
gene network in the control of cardiac fuel handling (Bray et al. 2008).

Studies in mice mutant for BMAL1, the heterodimeric partner of CLOCK, have
revealed that, in addition to causing arrhythmic behavior, loss of BMALI1 also
impairs adipogenesis, adipocyte differentiation, and hepatic carbohydrate metabo-
lism (Lamia et al. 2008; Rudic et al. 2004; Shimba et al. 2005). Mutation of Bmall
also leads to disruption of circadian variation in blood pressure and heart rate, to
increased susceptibility to vascular injury, and to skeletal muscle pathologies (Anea
et al. 2009; Curtis et al. 2007; McCarthy et al. 2007). Various peripheral tissue-
specific Bmall knockout mouse models, which exhibit normal circadian activity
and feeding rhythms, have provided further insight into the role of the cell-
autonomous clock in metabolism and energy balance. For example, pancreas-
specific Bmall disruption leads to hyperglycemia, impaired glucose tolerance,
and decreased insulin response due to impaired fB-cell proliferation and insulin
granule exocytosis, while liver-specific Bmall deletion leads to loss of oscillation
of key hepatic metabolic genes, impaired gluconeogenesis, exaggerated glucose
clearance, and hypoglycemia during the resting phase (Lamia et al. 2008; Marcheva
etal. 2010; Sadacca et al. 2010). Thus, tissue-specific circadian clocks have distinct
roles within pancreatic islets and liver, affecting opposing metabolic processes and
thereby contributing to glucose constancy across periods of feeding and fasting.

Genetic loss of core clock genes downstream of the CLOCK/BMALI
heterodimer also leads to metabolic abnormalities. Disruption of both Cry/ and
Cry2 in mice results in glucose intolerance, elevated corticosterone levels,
increased glucocorticoid transactivation in liver, altered lipogenic and steroido-
genic pathways, and impaired body growth and liver regeneration (Bur et al. 2009;
Lamia et al. 2011; Matsuo et al. 2003; Okamura et al. 2011). Knockdown of Cryl
and Cry2 was also found to increase expression of gluconeogenic genes and to
augment hepatic glucose production (Zhang et al. 2010). These observations are
consistent with findings that adenoviral overexpression of CRY1 decreases fasting
glucose levels and improves insulin sensitivity in insulin-resistant Lepr®”“* mice,
while overexpression of mutant CRY1 results in polydipsia, polyuria, and hyper-
glycemia, all symptoms of diabetes mellitus (Okano et al. 2009; Zhang et al. 2010).
Deficiency of PER2, another member of the core circadian feedback loop, abolishes
glucocorticoid rhythmicity and protects mice from development of glucose intoler-
ance in response to glucocorticoids (So et al. 2009; Yang et al. 2009). Finally,
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disruption of the ability of the circadian kinase CK/e to phosphorylate its PER
and CRY protein targets (fau mutation of the Syrian hamsters) is also
associated with reduced growth and elevated metabolic rate (Lucas et al. 2000;
Oklejewicz et al. 1997).

Mice carrying mutations of nuclear hormone receptors (NHRs) that participate
in circadian transcription feedback loops also display alterations in metabolic
function. For example, in addition to a shorter circadian period in constant dark-
ness, mice lacking the Bmall repressor REV-ERBa exhibit altered lipid and bile
metabolism (Le Martelot et al. 2009; Preitner et al. 2002). Conditional liver-specific
overexpression of Rev-erba induces changes in expression of genes involved in
xenobiotic detoxification, carbohydrate and energy metabolism, and lipid and sterol
homeostasis (Kornmann et al. 2007). Deficiency of the Bmall activator ROR« in
staggerer mice leads to predisposition to age-related phenotypes such as athero-
sclerosis (Akashi and Takumi 2005; Mamontova et al. 1998; Sato et al. 2004).
Similarly, vascular deletion of Ppary, a stimulator of Bmall expression, causes a
significant reduction of the daily fluctuation in heart rate and blood pressure,
modifies the diurnal variation in sympathetic nerve activity, and alters the expres-
sion of vascular adrenoceptors (Berger 2005; Wang et al. 2008). Additionally,
ablation of Pgc-la, a thythmically expressed metabolic regulator and coactivator
of the RAR-related orphan receptor (ROR) family of orphan nuclear receptors,
leads to abnormal rhythms of locomotor activity, body temperature, and metabolic
rate in mice (Liu et al. 2007).

Finally, disruption in the expression of clock-controlled genes downstream of
the core circadian network also impacts metabolism. For instance, mice mutant for
the circadian poly(A) deadenylase Nocturnin, which is involved in posttranscrip-
tional regulation of rhythmic gene expression, exhibit alterations in glucose toler-
ance and peripheral tissue insulin sensitivity. They are also resistant to diet-induced
obesity and hepatic steatosis due to defective lipid absorption in the small intestine
(Douris et al. 2011; Green et al. 2007). Similarly, disruption of the estrogen-related
receptor-a (ERR-a), another orphan nuclear receptor, has been implicated in
resistance to high-fat diet and metabolic dysregulation, including reduced periph-
eral fat deposits, hypoglycemia, and time-dependent hypoinsulinemia (Dufour et al.
2011). Of note, ablation of ERR-a also modifies locomotor activity rhythms and the
expression patterns of the core clock genes, suggesting a function of ERR-« as a
potential regulator of the circadian clock (Dufour et al. 2011). Collectively, these
animal model studies have unveiled the importance of both central and peripheral
circadian clocks for the maintenance of energy homeostasis.

3.2 Circadian Gene Polymorphisms and Metabolic
Phenotypes in Humans

In addition to the recent findings in animal models, mounting evidence suggests that
genetic variation in circadian genes also influences metabolic parameters in
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humans. A number of genome-wide association studies (GWAS) have uncovered
links between polymorphisms in CLOCK and susceptibility to hypertension, obe-
sity, and metabolic syndrome (Garaulet et al. 2009; Sookoian et al. 2008, 2010).
Single-nucleotide polymorphisms (SNPs) in CLOCK are also associated with high
plasma ghrelin concentrations, short sleep duration, and altered eating behaviors,
leading to higher total energy intake, decreased compliance with prescribed diet
plans, and, ultimately, resistance to weight loss (Garaulet et al. 2010b, 2011).
Case—control studies have further revealed a correlation between common genetic
variations of CLOCK and the incidence and severity of nonalcoholic fatty liver
disease (NAFLD), one of the most common disorders observed in obese persons
(Sookoian et al. 2007).

Genetic variants in BMALI have also been linked with the development of
hypertension and type 2 diabetes, and SNPs in loci in or near CRY2 have been
associated with fasting glucose concentrations (Dupuis et al. 2010; Woon et al.
2007). PER?2 polymorphisms have also been linked with hyperglycemia, abdominal
obesity, and unhealthy feeding behavior phenotypes, while expression of PER2
mRNA may also correlate with metabolic markers in humans (Ando et al. 2010;
Englund et al. 2009; Garaulet et al. 2010a; Gomez-Abellan et al. 2008). Conversely,
a rare variant of NAMPTI, a gene involved in a clock negative feedback loop, is
associated with protection from obesity (Blakemore et al. 2009).

GWAS studies have also recently indicated that MTNRI1A and MTNRIB,
G-protein-coupled receptors for melatonin, a circadianly regulated circulating
hormone implicated in the regulation of sleep and glucose homeostasis, are
associated with high fasting plasma glucose levels (Dubocovich et al. 2003;
Li et al. 2011; Ling et al. 2011; Peschke and Muhlbauer 2010; Ronn et al. 2009;
Takeuchi et al. 2010; Tam et al. 2010). Genetic variants in and near MTNRIB are
further associated with impaired insulin secretion and increased risk of developing
type 2 and gestational diabetes mellitus, while the SNP rs2119882 in the MTNRIA
gene is linked to insulin resistance and susceptibility to polycystic ovary syndrome,
a hormonal disorder in women often associated with obesity, type 2 diabetes, and
heart disease (Kim et al. 2011; Kwak et al. 2012; Li et al. 2011; Lyssenko et al.
2009; Staiger et al. 2008).

While most GWAS analyses do not take into account the added complexity of
gene—gene interactions, one study demonstrated the existence of a synergistic effect
of specific polymorphisms in PER2, PER3, CLOCK, and BMALI that accounts for
morning or evening activity preference in humans (Pedrazzoli et al. 2010). The
extensive cross talk between circadian and metabolic networks further adds to the
complexity of analysis of human genetic studies. For instance, environmental
dysregulation of metabolic homeostasis, such as overnutrition with western diet,
may reciprocally feedback to impair circadian homeostasis (Kohsaka et al. 2007).
Further, carriers of the CLOCK SNP rs4580704 display lower glucose levels and
improved insulin sensitivity only when on a diet high in monounsaturated fatty
acids, while an association between the CLOCK SNP rs1801260 and increased
waist circumference is evident only in the presence of saturated fatty acids
(Garaulet et al. 2009). A complete understanding of circadian gene function in
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humans will ultimately require consideration of both genetic and nutritional
variables. As new evidence for interactions between clocks and metabolism
emerges from epidemiologic and association studies, it underscores the clinical
importance of rhythmicity for the maintenance of metabolic homeostasis and
emphasizes the significance and implications of a better understanding of the
interconnections between the two systems.

3.3 Impact of Circadian Misalignment in Humans

Since the introduction of artificial light and nighttime work, serious health
consequences have been reported for those who sleep less and/or routinely discon-
nect their working time from the light/dark cycle. Reduced sleep duration (both
acute and chronic) and poor-quality sleep are linked with impaired glucose toler-
ance, reduced insulin responsiveness following glucose challenge, increased body
mass index, decreased levels of leptin, and increased levels of ghrelin (Donga et al.
2010; Gottlieb et al. 2005; Knutson and Van Cauter 2008; Megirian et al. 1998;
Nilsson et al. 2004; Spiegel et al. 2009; Taheri et al. 2004). Association studies have
further revealed that shift workers have increased risk of obesity, metabolic dys-
function, cardiovascular disease, cancer, and ischemic stroke (Di Lorenzo et al.
2003; Ellingsen et al. 2007; Karlsson et al. 2001, 2003). Social jetlag, the discrep-
ancy between the circadian and social clock resulting in chronic sleep loss, has also
been linked to increased BMI (Roenneberg et al. 2012). One of the most compelling
clinical studies to examine the role of circadian alignment on metabolic physiology
comes from an experimental paradigm in which healthy volunteers were placed on
a 28-h “day” and scheduled to sleep at different phases throughout the circadian
cycle. When the subjects were shifted 12 h from their normal sleep/wake cycle, they
exhibited decreased leptin, increased glucose, and elevated blood pressure. In
addition, their post-meal glucose response was similar to that seen in prediabetic
patients (Scheer et al. 2009). Together, these studies highlight the detrimental
health effects of disruption of the circadian system and the importance of synchro-
nization of physiological systems with the light/dark cycle for maintenance of
overall health.

4 Clocks and Nutrient Sensing

4.1 Impact of Diet Composition and Feeding Time

The aforementioned trend in modern society to disrupt the traditional sleep/wake
cycle is coupled with a tendency to eat at irregular times. However, high-energy
food intake in the evening and fasting in the morning have both been associated
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with the development of obesity, and skipping breakfast has also been shown to
impair postprandial insulin sensitivity and fasting lipid levels in humans
(Ekmekcioglu and Touitou 2011; Farshchi et al. 2005). Further, mice fed a high-
fat diet (HFD) have increased daytime activity, lengthened period of locomotor
activity rhythms, and altered expression of clock and clock-controlled genes
involved in fuel utilization (Kohsaka et al. 2007). Interestingly, these mice consume
nearly all of their extra calories during the 12-h light phase, suggesting that feeding
at the incorrect time in the light/dark cycle (i.e., their rest period) exacerbates the
obesogenic effects of high caloric intake due to desynchronization of various
behavioral, hormonal, and molecular rhythms involved in maintaining energy
balance (Kohsaka et al. 2007). In agreement with these observations, food restric-
tion to the active (dark) phase in genetically obese mice with disrupted diurnal
feeding patterns leads to improvement of their obesity and metabolic disorders,
while HFD consumption exclusively during the rest (light) phase in wild-type mice
significantly contributes to weight gain (Arble et al. 2009; Masaki et al. 2004).
Together, these data suggest that the normal alignment of feeding and activity with
the environmental light cycle is critical for the maintenance of energy homeostasis,
though further studies will be necessary to understand the precise mechanisms of
how the timing of food intake impacts energy constancy.

Restricted feeding (RF) (i.e., limiting food availability to the normal rest period)
in rodents also induces a burst of food anticipatory activity (FAA), or an increase in
locomotor activity prior to mealtime. On a molecular level, RF entrains circadian
oscillations in peripheral tissues, such as liver and kidney, without affecting the
clock rhythms in the central pacemaker in the SCN, thereby uncoupling the phase of
peripheral clocks from that of the SCN (Damiola et al. 2000; Stokkan et al. 2001).
However, the involvement of circadian oscillators in FAA remains controversial
because while lesioning of the dorsomedial nucleus alters FAA, food anticipatory
behavior persists in Bmall nullizygous mice (Fulton et al. 2006; Mieda et al. 2006).
It is possible that the FAA constitutes a metabolic oscillator responsive to periph-
eral, neural, or circulating signals elicited by food ingestion. Resolution of the
precise stimuli and neural pathways involved in FAA and understanding the effect
of these nutrient signaling pathways on core properties of the SCN pacemaker
remain important avenues for further investigation.

In addition to timing of food availability affecting the circadian outputs of the
clock, caloric restriction (i.e., restriction of the total number of calories consumed
without malnutrition) induces phase advances in rat behavioral and physiological
circadian rhythms and alters expression of clock genes and neuropeptides in the
mouse SCN (for review, Challet 2010). Prolonged fasting also advances the phase
of free-running rhythms of locomotor activity and temperature (Challet et al. 1997).
Together, these studies demonstrate that feeding behavior plays an essential role in
coordinating the circadian rhythms of metabolism, though the precise identity of
the signals that are able to reset the clock remains obscure.
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4.2 Circadian Control of NAD™ Biosynthesis and
Sirtuin/PARP Activity

One potential molecule that has been implicated as a mediator between circadian
and metabolic pathways is nicotinamide adenine dinucleotide NAD™, a key cofactor
involved in cellular redox reactions. The molecular clock directly regulates tran-
scription of nicotinamide phosphoribosyltransferase (NAMPT), a key rate-limiting
enzyme in the NAD™ salvage pathway (Nakahata et al. 2009; Ramsey et al. 2009).
Consistent with circadian regulation of NAMPT, NAD" levels also oscillate in
peripheral tissues such as liver and adipose tissue, even when animals are
maintained in constant darkness (Ramsey et al. 2009; Sahar et al. 2011). Impor-
tantly, mice with mutations in the activator genes Clock and Bmall exhibit consti-
tutively low NAD™ levels, while those deficient in the clock repressor genes Cryl
and Cry2 have elevated NAD, indicating direct regulation of NAD" by the clock
(Ramsey et al. 2009).

In addition to its role in redox reactions, NAD" also acts as a cofactor for several
enzymatic reactions, including NAD"-dependent deacetylation and ADP-
ribosylation. The circadian clock was recently shown to modulate the activity of
the metabolic enzyme, SIRT1, a class III protein deacetylase and a member of the
sirtuin family of NAD"-dependent deacetylases. SIRT1 resides primarily in the
nucleus and targets several transcription factors involved in the maintenance of
nutrient flux, including Peroxisome Proliferator-Activated Receptor Gamma
Coactivator 1-alpha (PGC-1a), Forkhead Box Protein O1 (FOXO1), Transducer
of Regulated CREB Protein 2 (TORC?2), Sterol Regulatory Element-Binding Pro-
tein 1c (SREBP-Ic), and Signal Transducer and Activator of Transcription 3
(STAT3) (Haigis and Sinclair 2010; Rodgers et al. 2005; Sahar et al. 2011;
Saunders and Verdin 2007). SIRT1 is a critical regulator of metabolic processes
such as gluconeogenesis, lipid metabolism, and insulin sensitivity, as well as
lifespan (Haigis and Sinclair 2010; Sahar et al. 2011; Saunders and Verdin 2007).
Through rhythmic NAD" biosynthesis, the circadian clock modulates SIRT1 activ-
ity, which then coordinates the daily transitions between the periods of fasting and
feeding. Of note, SIRT1 also modulates CLOCK/BMALI activity, generating a
negative feedback loop in which circadian control of NAD"-mediated sirtuin
activity in turn regulates the clock itself through interaction with PER2, CLOCK,
and BMALI1 (Asher et al. 2008; Grimaldi et al. 2009; Nakahata et al. 2008). Thus,
the cross talk between the biological clock and the NAMPT/NAD"/SIRT1 pathway
provides a nexus linking the circadian system and nutrient-sensing pathways.

It will be of great interest to determine whether circadian control of NAD*
biosynthesis affects other NAD"-dependent metabolic enzymes, including the six
other mammalian sirtuin homologs (SIRT2-7) or the poly (ADP-ribose) polymerase
(PARP-1). SIRT3-5 are primarily localized to mitochondria and have recently been
characterized as important regulators of oxidative (fasting) metabolic pathways,
including fatty acid oxidation, TCA cycle, ketogenesis, urea cycle, and oxidative
phosphorylation (Haigis et al. 2006; Hallows et al. 2006, 2011; Hirschey et al. 2010;
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Huang et al. 2010; Nakagawa and Guarente 2009; Schwer et al. 2006; Shimazu et al.
2010; Someya et al. 2010). While little is known about circadian rhythms of NAD*
in mitochondria, it is intriguing to speculate that the circadian clock may influence
mitochondrial sirtuins. PARP-1, which also plays an important role in the response
to metabolic stress, has recently been identified as a regulator of clock gene
expression through direct ADP-ribosylation of CLOCK and inhibition of CLOCK/
BMAL1 DNA-binding activity (Asher et al. 2010). Interestingly, PARP-1 activity in
mice is rhythmic, suggesting circadian control of ADP-ribosylation (Asher et al.
2010; Kumar and Takahashi 2010). However, at present, there is no evidence to
suggest that these oscillations are mediated by clock-dependent control of NAD*
biosynthesis.

4.3 A Role of Redox in Circadian Rhythms

Prior to the discovery that the molecular clock directly regulates rhythms of NAD*,
in vitro studies by McKnight and coworkers revealed that cellular redox status
affects the circadian clock. Increased levels of oxidized cofactors (NAD" or
NADP") decrease the ability of CLOCK/BMALI1 and NPAS2/BMALIL to bind to
DNA in purified systems, suggesting that cellular redox changes may be sufficient
to entrain clocks (Rutter et al. 2001).

Interestingly, recent studies have further identified ~24-h rhythms in the cellular
redox state, which control circadian oscillations of the oxidation state of the
peroxiredoxin family of antioxidant enzymes (Kil et al. 2012; O’Neill and Reddy
2011; O’Neill et al. 2011; Vogel 2011). Oscillating peroxiredoxin redox state
affects its antioxidant activity, generating self-sustained rhythms of cellular redox
status even in the absence of transcriptional control of circadian gene expression
(both in anucleate human red blood cells and in single-celled alga Ostreococcus
tauri treated with inhibitors of transcription and translation) (O’Neill and Reddy
2011; O’Neill et al. 2011). More recent studies have revealed that rthythms of
peroxiredoxin oxidation exist in all domains of life and that these rhythms persist
even in the presence of genetic clock disruption in mammalian cells, fungi and flies
(Edgar et al. 2012; O’Neill and Reddy 2011). These studies raise the possibility that
oscillations in cellular redox state may be an integral mechanism by which circa-
dian rhythms of metabolic processes are controlled and that these rhythms may be
maintained independently from the molecular clock transcriptional feedback loop.

4.4 A Link Between Circadian Rhythms and Nuclear Hormone
Receptor Pathways

Several recent studies have focused on the role of nuclear hormone receptors as
potential nutrient-sensing factors linking metabolic and circadian pathways. NHRs
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comprise a large family of proteins, containing both DNA- and ligand-binding
domains that regulate their activities as transcriptional activators and/or repressors.
Known NHR ligands include a wide range of molecules (e.g., steroid hormones,
fatty acids, heme, sterols), though many NHRs are still classified as “orphan” since
their endogenous ligands have not yet been identified (Sonoda et al. 2008). Inter-
estingly, more than half of the ~50 known NHRs display rhythmic expression
patterns in peripheral tissues and are thus attractive candidates as integrators of
circadian and nutrient-sensing pathways (Asher and Schibler 2011; Teboul et al.
2009; Yang et al. 2006, 2007).

Some NHRs, such as members of the REV-ERB and ROR families, are both
transcriptional targets of the CLOCK/BMALI1 complex as well as transcriptional
regulators of clock genes themselves. In the SCN and most metabolic tissues, REV-
ERBs repress and RORs activate Bmall transcription, generating a short negative
feedback loop (Akashi and Takumi 2005; Duez and Staels 2009; Preitner et al.
2002; Sato et al. 2004) (refer also to Sect. 3.1). As sensors of metabolites including
heme, fatty acids, and sterols, REV-ERBo/p and RORa integrate nutrient signals
with transcriptional regulation of the clock (Jetten 2009; Kallen et al. 2004; Yin
et al. 2007). REV-ERBs and RORs also directly interact with other important
metabolic factors, including the transcriptional regulator PGC-la, which
coactivates Bmall with RORa and f and also plays a key role in regulation of
mitochondrial oxidative metabolism (Grimaldi and Sassone-Corsi 2007; Liu et al.
2007). Interestingly, activity of PGC-1a is regulated by SIRT1-mediated NAD"-
dependent deacetylation, suggesting that circadian regulation of NAD" may repre-
sent yet another metabolic feedback loop involving PGC-1a (Rodgers et al. 2005).

In addition to REV-ERBs and RORs, other NHRs are important for the coordi-
nation of molecular clocks and nutrient-sensing pathways. For example, members
of the PPAR family of NHRs are also regulators of clock gene expression. PPAR«
activates both Bmall and Rev-erba in liver (Li and Lin 2009; Schmutz et al. 2010;
Yang et al. 2007). Conversely, several proteins, including PPAR«, y, and d, are
transcriptionally regulated by the circadian clock (Li and Lin 2009). Ligands for
PPARs include various types of lipids, including the circulating gut metabolite
oleylethanolamide (OEA), which is generated and released from the small intestine
and suppresses food intake during the rest period in a PPARa-dependent manner
(Fu et al. 2003; Rodriguez de Fonseca et al. 2001). In addition, PPARY maintains
daily rhythms of blood pressure and heart rate in blood vessels via regulation of
Bmall expression (Wang et al. 2008). Further studies will be necessary to deter-
mine the importance of other lipid-derived PPAR ligands as effectors of the
molecular clock.

The glucocorticoid receptor (GR) is another important NHR involved in the
cross talk between central and peripheral circadian clocks. GR is expressed in many
metabolic tissues, including liver, skeletal muscle, heart, and kidney, and activates
several metabolic pathways including lipid metabolism and gluconeogenesis
(Dickmeis and Foulkes 2011). GR is activated by glucocorticoid (GC) steroid
hormones, which are produced and secreted in a circadian manner from the adrenal
cortex. Timed release of GC from the adrenal cortex is generated through relays
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from the SCN to the hypothalamic-pituitary-adrenal axis (HPA). As such, GC
rhythms are entrained by light and peak in the early morning in humans (Chung
et al. 2011; Oster et al. 2006). Rhythmic GC release affects GR activity in
peripheral tissues and thereby acts to synchronize peripheral clocks with the SCN
(Teboul et al. 2009). Indeed, liver-specific GR knockout mice display accelerated
clock phase-shifting in response to daytime food restriction, suggesting a lack of
entrainment by the central clock (Le Minh et al. 2001). Furthermore, pharmacolog-
ical activation of GR by dexamethasone resets the peripheral clock in liver, heart,
and kidney, presumably by direct GR regulation of Rev-erba and Perl expression
(Balsalobre et al. 2000; Torra et al. 2000; Yamamoto et al. 2005). While detailed
mechanisms underlying clock resetting by GR have not been fully defined, GR
appears to be a key entrainment signal of peripheral clock rhythms, allowing for the
coupling of food- and SCN-derived resetting cues.

4.5 Circadian Control of Metabolic Peptide Hormones

Several metabolic hormones also display circadian oscillations and likely integrate
circadian rhythms with feeding responses (reviewed in Kalsbeek and Fliers 2013).
Diurnal oscillations of leptin and ghrelin, two hormones produced by the adipocytes
and stomach, respectively, are important for delivering nutritional cues to the brain
and establishing feeding behavior (Ahima et al. 1998; Huang et al. 2011; Kalra et al.
2003; Kalsbeek et al. 2001; Mistlberger 2011; Yildiz et al. 2004). Leptin levels in
humans peak at night and are responsible for nocturnal appetite suppression
mediated by hypothalamic neurons (Sinha et al. 1996). Conversely, ghrelin
increases before meal times and facilitates food anticipatory behavior (Cummings
et al. 2001). Although the mechanisms controlling the rhythmic release of leptin
and ghrelin from peripheral tissues remain unclear, it is known that their effects
modulate the hypothalamic clock. Thus, these hormones counterbalance the GC/
GR pathway, providing information from peripheral food-responsive clocks to the
central pacemaker within the SCN.

Recent studies have also uncovered a role for the pancreatic B-cell clock in
normal islet insulin exocytosis (Marcheva et al. 2010, 2011). As insulin is a primary
regulator of blood glucose levels, these findings highlight the critical importance of
the circadian system for the maintenance of energy homeostasis. Clock-dependent
insulin levels may also have a broad impact on various nutrient-sensing pathways
such as signaling through AMPK or sirtuins in other tissues. Interestingly, insulin,
which is able to reach the brain via a transporter across the blood—brain barrier, is in
turn able to modulate circadian feeding behavior (Gerozissis 2003). Thus, this
feedback loop adds another layer to the intricate interplay between the circadian
and metabolic systems that ultimately increases the organism’s adaptability and
chances for survival.
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5 Perspectives on Timing in Animal and Human Studies

5.1 Importance of Timing and Environmental Light
in Experimental Design

As compelling evidence for the vast effect of the biological clock on metabolic
processes continues to mount, the importance of understanding the effect of circa-
dian rhythmicity in the treatment and design of animal and clinical studies is
becoming increasingly clear. Since a vast number of metabolic genes display
diurnal tissue-specific variations in expression, comprehensive analysis of meta-
bolic processes and pathways in animals should involve studies at several different
time points over a 24-h period (Lamia et al. 2008; Marcheva et al. 2010; Sadacca
et al. 2010). Phase delay between the timing of transcription and translation should
also be considered, since processes such as pre-mRNA splicing, polyadenylation,
and RNA decay may influence the activity and function of enzymes involved in
metabolic homeostasis (reviewed in Staiger and Koster 2011; O’Neill et al. 2013).
For instance, in liver, rhythmic transcription of the mitochondrial succinate dehy-
drogenase (Sdhl) is phase-advanced compared to its translation, while the inhibitor
of serine protease Serpinald exhibits a nonrhythmic mRNA pattern, but an
oscillating protein profile (Reddy et al. 2006). Finally, circadian regulation of
posttranslational modification, such as protein phosphorylation and ubiquiti-
nylation, may also affect metabolic function (Eide et al. 2005; Lamia et al. 2009;
Lee et al. 2001, 2008).

Temporal factors in the environment can also influence reproducibility of
research results. Light is a powerful synchronizer of circadian rhythms, and thus,
animal facility lighting intensity and photoperiod can affect behavioral activity and
metabolic homeostasis (Menaker 1976; Reiter 1991). For example, exposure to
constant light affects catecholamine, ACTH, and progesterone levels, while con-
stant darkness shifts the peaks of blood glucose and nonesterified fatty acids and
alters the expression of catabolic enzymes (Ivanisevic-Milovanovic et al. 1995;
Zhang et al. 2006). Even small changes to the normal light/dark cycles, such as a
switch to daylight savings time or a brief light pulse during the dark phase, can
cause temporary misalignment of behavioral and metabolic rhythmicity, potentially
increasing variability in experimental results (Clough 1982). Further, contamina-
tion of light at night in animal facilities, from translucent observation door
windows, poorly insulated doorframes, and in-room lighted equipment, should be
minimized, as studies have reported that as little as 0.2 lux light exposure during the
dark cycle can disrupt the circadian rhythms of gene expression, shift the timing of
food consumption, increase body mass, reduce glucose tolerance, alter melatonin
rhythms, and increase oncogenicity (Dauchy et al. 1999; Fonken et al. 2010;
Minneman et al. 1974). These observations underscore the importance of taking
circadian timing and environmental light cycles into consideration in the design and
interpretation of metabolic studies.
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5.2 Clinical Aspects of Timing

As scientists continue to uncover links between the circadian network and metabo-
lism at the molecular level, many of these findings have made their way into the
clinical realm in both the diagnosis and treatment of various metabolic disorders.
For example, cortisol, an adrenal hormone essential for lipid and glucose metabo-
lism, and ACTH, the pituitary hormone that regulates cortisol secretion from the
adrenal gland, exhibit robust circadian rhythms in man (Orth et al. 1979; Orth and
Island 1969; Szafarczyk et al. 1979). Therefore, proper diagnosis of Cushing’s
disease (characterized by cortisol excess) necessitates measurement of saliva corti-
sol in the late evening hours when the levels of this hormone are typically low,
while adrenal insufficiency is more appropriately diagnosed when cortisol is
measured in the morning hours when it is at its peak. Further, glucocorticoid
therapy for patients with adrenal insufficiency aims to mimic the endogenous
rhythms of cortisol, as short-acting synthetic glucocorticoids are usually given
2-3 times a day in tapering doses such that the largest amount is taken in the
morning and the smallest in the early evening (Arlt 2009).

Melatonin, a natural hormone important for the initiation and maintenance of
sleep, is another example where timing of drug delivery is critical in the treatment
of daytime sleepiness following shift work or jetlag. Physiologic doses of melatonin
during the day (when melatonin is normally low) result in daytime sleepiness, while
treatment during the dark phase (coinciding with the endogenous increase in
melatonin secretion) improves sleep latency and helps achieve continuous sleep
(Brzezinski et al. 2005). Further, melatonin administration several hours prior to the
normal onset of secretion causes a phase advance in the endogenous melatonin
rhythm, which is particularly useful for treatment of eastbound jetlag. Conversely,
melatonin treatment following the endogenous onset of secretion is often useful to
improve westbound jetlag (Herxheimer and Petrie 2002).

As our knowledge of the complexity of the circadian and metabolic interacting
networks deepens, we can also begin to rationally develop new treatments for
disorders affected by circadian misalignment. For example, unbiased drug discov-
ery screens have identified several compounds that can shift the phase of the
endogenous clock. Indeed, treatment of human U20S cells stably expressing a
Bmall-Luc reporter construct with more than 120,000 potential drugs uncovered
numerous compounds that either shorten or lengthen the period, including various
inhibitors of CKIS, CKle, and GSK-3 (Hirota and Kay 2009; Hirota et al. 2008).
This novel approach provides a means to pharmacologically control the circadian
cycle, which may be useful in the treatment of circadian disorders and metabolic
disturbances with a circadian component (reviewed in Antoch and Kondratov
2013). It also offers new insight into the interaction of previously unsuspected
pathways with the circadian system.
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6 Conclusion

The circadian clock is an evolutionarily conserved internal timekeeping mechanism
that synchronizes endogenous systems with daily environmental cycles. The clock
network is present in almost all mammalian tissues and governs a remarkable
variety of biochemical, physiological, and behavioral processes. A growing body
of evidence indicates that proper function of central and peripheral clocks is crucial
for the well-being of the organism. Disruption of circadian rhythmicity has been
implicated in the pathogenesis of several diseases, including metabolic disorders.
Therefore, a deeper understanding of the role of the molecular clock in regulation of
daily physiological processes will enable development of new treatments, more
efficient therapeutic delivery, and better preventative strategies for management of
diabetes, obesity, and other metabolic disorders.
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