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Abstract

Circadian systems have evolved in plants, eubacteria, neurospora, and the metazoa as a
mechanism to optimize energy acquisition and storage in synchrony with the rotation of the Earth
on its axis. In plants, circadian clocks drive the expression of genes involved in oxygenic
photosynthesis during the light and nitrogen fixation during the dark, repeating this cycle each
day. In mammals, the core clock in the suprachiasmatic nucleus (SCN) functions to entrain extra-
SCN and peripheral clocks to the light cycle, including regions central to energy homeostasis and
sleep, as well as peripheral tissues involved in glucose and lipid metabolism. Tissue-specific gene
targeting has shown a primary role of clock genes in endocrine pancreas insulin secretion,
indicating that local clocks play a cell-autonomous role in organismal homeostasis. A present
focus is to dissect the consequences of clock disruption on modulation of nuclear hormone
receptor signaling and on posttranscriptional regulation of intermediary metabolism. Experimental
genetic studies have pointed toward extensive interplay between circadian and metabolic systems
and offer a means to dissect the impact of local tissue molecular clocks on fuel utilization across
the sleep—wake cycle.

Circadian clocks represent a network of internal oscillators that maintain ~24-h periodicity
in behavioral and physiological systems. In mice, electrolytic ablation studies localized an
area of hypothalamus superior to the optic chiasm (suprachiasmatic nucleus, SCN) as
necessary for circadian locomotor activity rhythms (Mohawk and Takahashi 2011). The
SCN pacemaker neurons are entrained by light and sustain internal circadian alignment with
the environmental cycle through both direct neural projections and secreted factors
(Hastings and Herzog 2004; Saper 2006; Mohawk and Takahashi 2011). Forward genetic
approaches originally in flies, and subsequently in neurospora and mice, led to the discovery
of the first clock genes and established that the core oscillator is encoded by a transcription
feedback loop composed of basic helix-loop—helix PAS (Per Arnt Sim) domain transcription
factors, in addition to proline- and acid-rich (PAR) basic region leucine zipper (bZIP)
factors (reviewed in Zhou et al. 1997; Takahashi et al. 2008; Rosbash 2009; Dibner et al.
2010). Interestingly, these transcription factor superfamilies function as both receptors and
DNA binding proteins and are responsive to environmental flux, such as changes in oxygen,
xenobiotics, and lipids (Mclntosh et al. 2010). A paradigm shift in studies of animal clocks
was triggered by the discovery that clock transcription factors are expressed and oscillate not
only within pacemaker neurons, but also within peripheral cells. At the local tissue level, the
observation that a majority of the 49 known neuroendocrine nuclear hormone receptors
show strong circadian oscillation points toward interdependence of pathways involved in
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energy homeostasis and circadian rhythmicity. Over the past decade, the availability of mice
with loss- and gain-of-function mutations in clock genes has enabled systematic analysis of
the role of clocks in processes ranging from cell cycle control to feeding, neuroendocrine
function, vascular biology, and glucose metabolism. The purpose of this chapter is to
highlight how investigation into the molecular organization of circadian systems has begun
to enlighten our understanding of mammalian energy homeostasis and the interdependence
of circadian and metabolic processes.

RHYTHMIC FEEDBACK OSCILLATORS IN METABOLIC PATHWAYS AND
CLOCK TRANSCRIPTION NETWORKS

Molecular Organization of Circadian Clocks: Relationship to Metabolic Oscillators

Metabolic oscillations have been recognized in a wide variety of organisms for many years,
with classical studies focused on glycolytic cycles by Britton Chance in the 1960s (Ghosh
and Chance 1964; Betz and Chance 1965; Bass and Takahashi 2011; Chandra et al. 2011).
Recognition that many metabolic cycles show ~24-h periodicity even in prokaryotes led
McKnight and colleagues to suggest that rhythmic cycling may couple energetic, growth,
and reproductive pathways (Tu and McKnight 2006). Just as distinct organelles enable
spatial separation of incompatible biochemical processes within the cell, so too temporal
partitioning prevents incompatible energetic processes from occurring simultaneously.
Circadian cycles represent a subset of rhythmic oscillators in light-sensitive organisms that
couple internal biological processes to the rising and setting of the sun. For photo-synthetic
organisms, including cyanobacteria and plants, the coupling of ~24-h oscillators to energy
homeostasis appears to be direct because photons of light are captured during the oxygenic
phase of the daily cycle, whereas nitrogen fixation converts acquired energy to usable fuel
during the dark. That circadian oscillators provide a selective advantage has been suggested
by so-called resonance studies in cyanobacteria (Ouyang et al. 1998) and plants (Dodd et al.
2005), in which survival and reproduction have been shown to directly correlate with phase
alignment (or resonance) of the external light—dark cycle with internal period length. The
observations that nuclear hormone receptors show robust circadian rhythms and that there is
convergence between metabolic transcription factors and core clock genes (e.g., Rev-erbal/,
Pgclal/Ppar a; Grimaldi et al. 2010) suggest the presence of extensive coordination of fuel
and nutrient cycles in vertebrates (Yang et al. 2006; So et al. 2009; Schmutz et al. 2010).
Further, the expression of nearly 10% of the genome has been found to display rhythmicity,
including the transcription of key genes involved in glycolytic and oxidative fuel cycles, in
addition to lipogenic pathways (Panda et al. 2002; Storch et al. 2002; Hatanaka et al. 2010;
Rey et al. 2011).

Despite intensive focus on the transcriptional interconnections between circadian and
metabolic networks, a related line of investigation has posed a “chicken or the egg” puzzle,
that is: Is gene transcription necessary to produce ~24-h metabolic cycles? A surprising
result in cyanobacteria was the demonstration that in vitro expression of just three proteins
(in the absence of nuclei or transcription) was sufficient to reconstitute 24-h patterns of
phosphorylation (Nakajima et al. 2005). Recent studies of peroxiredoxins, members of a
conserved family of redox-sensitive antioxidants proteins, has shown that the oscillation
between oxidized and reduced states of the enzyme persists with a 24-h periodicity even in
the absence of gene transcription in both prokaryotes and in human red blood cells. These
studies pose the question as to whether genetic programming is dispensable for circadian
function (Bass and Takahashi 2011; O’Neill and Reddy 2011; O’Neill et al. 2011). They
also raise provocative theoretical points concerning the metabolic sensors responsible for
gaging “time”—suggesting that redox state per se may be the most basic signal. Although
these experimental observations raise intriguing questions concerning periodic phenomenon,
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in the intact organism, metabolic cycles are coupled to and dependent on circadian
transcription cycles. In summary, metabolic oscillations can be reproduced in vitro and
observed in living prokaryotic and eukaryotic cells where they are tied to pathways involved
in fuel utilization, reproduction, and growth (Tu and McKnight 2006; Cai et al. 2011).
Indeed clock genes have evolved four different times, and as such appear to confer a unique
selective advantage; whether this arises as a result of energetic benefits remains a question
for further investigation.

Integration of Circadian Systems, Sleep, and Feeding in Animals

In metazoa, the hypothesis that circadian cycles confer energetic advantage is complicated
by the complexity of feeding as a means of energy acquisition. Long-term energy constancy
is now best understood as the net balance between the production of anabolic and adipostatic
hormones generated in the nutrient replete state versus the suppression of anabolic factors
and activation of catabolic signals during fasting and starvation. Indeed the daily fasting—
feeding cycle is closely coupled with the sleep—wake cycle, and both processes are
influenced by a combination of circadian and nutrient signals (Laposky et al. 2008a; Green
et al. 2008). Disruption of the clock, feeding time, and/or light cycles alters nutrient balance
and increases susceptibility to obesity (Arble et al. 2009; Fonken et al. 2010). Conversely,
changes in metabolism or the nutrient status of the organism leads to behavioral and
molecular disruption of the clock (Fig. 1). Indeed, leptin, a central anorectic signal produced
in proportion to adipose stores, also impacts sleep architecture (Laposky et al. 2006;
Laposky et al. 2008b). Clock genes also influence both sleep and feeding, and clock
disruption leads to fragmented night-eating, akin to the human night-eating syndrome
(Dudley et al. 2003; Stunkard and Lu 2010). In humans, sleep restriction influences appetite
(Spiegel et al. 2004; Taheri et al. 2004) and, at a population level, sleep loss is correlated
with increases in obesity (Bass and Turek 2005; Spiegel et al. 2009). Orexin/hypocretin, a
neuropeptide produced in lateral hypothalamic neurons that stimulates wakefulness
(Adamantidis et al. 2007) and which is deficient in narcolepsy (Lin et al. 1999), is also
involved in feeding and energy balance (Sakurai et al. 1998; Funato et al. 2009). Indeed,
disruption of circadian clock function has also been shown to affect reproduction in mice
(Miller et al. 2004), indicating that reproductive fitness, energy balance, sleep, and circadian
homeostasis may be interdependent in animals.

STUDIES IN GENETIC MODELS OF CLOCK DISRUPTION: EXPERIMENTAL
CONSIDERATIONS

Whereas clinical studies in human subjects have shown that many aspects of endocrine
physiology, including appetitive behavior and glucose metabolism (Spiegel et al. 2009;
Kalsbeek et al. 2011), show pronounced circadian oscillation, analyses in genetically
modified mice have begun to reveal interconnections between circadian and metabolic
systems at the molecular level. Several conceptual considerations in experimental design are
important to note in this new field. First, in mice, strong modifiers modulate the penetrance
and phenotype of circadian genes with regard to effects on both locomotor activity and
physiological endpoints; indeed strain modifiers provide potential new insight into gene
network interactions. For instance, the lengthened period of the Clock219 mutant mouse,
originally generated by mutagenesis on the C57BL/6J strain, shows shortened period when
introgressed into the Balbc/J strain (Shimomura et al. 2001). Similar strain modifier effects
have been well documented in studies of the Egf receptor on embryogenesis and placental
formation by Threadgill and colleagues (Strunk et al. 2004). Indeed a major effort of
experimental genetics has been to delineate the biological basis for inbred strain effects on
cell signaling and behavior (Justice et al. 1992). In an analogous way, characterization of
monogenic mutations in families with advanced and delayed sleep phase syndromes has
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provided a molecular and genetic entry point to evaluate clock gene function in humans
(Ptacek et al. 2007). Interestingly, studies of monogenic diabetes and obesity syndromes in
both mice and humans have similarly proved central to understanding the core principles of
nutrient homeostasis and glucose metabolism (Bell and Polonsky 2001).

A second issue in genetic analyses of clock function has been the use of multitissue mutants
as a primary model (Rudic et al. 2004; Turek et al. 2005). However, it is difficult to tease
apart the opposing effects of circadian disruption in distinct tissues in multitissue mutants,
which involve clock defects in both brain and peripheral tissues. For instance, clock function
in liver and muscle appears to mask the effects of clock in pancreas—indeed diabetes is
weaker in Clock19 and Bmal1~/~ global animals compared with islet-specific mutants. In
the future, understanding the interrelationship between brain-behavioral properties of the
clock and peripheral tissues will necessitate selective ablation within distinct neuronal
subpopulations.

Third, phenotypes observed in particular models may reflect “epiphenomena” rather than
temporal aspects of physiology. Two points relate to this caveat: First, comparison of the
effects on output pathways of loss (or gain) of function of clock activator genes (CLOCK/
BMAL/NPAS?2) versus clock repressors (CRYs/PERS) provides clues concerning the net
effects on downstream outputs. That is, when opposite effects on physiology are observed
following loss or gain of function in the activator versus repressor loop, then a reasonable
inference would be that there is coupling of timing and physiology. An example of such an
opposing outcome is the effect of loss of Clock or Bmall in liver (resulting in
hypoglycemia) versus loss of the Cry genes (resulting in hyperglycemia). Similarly, at the
molecular level, loss of Clock or Bmal1 results in deficiency of NAD* and NAD*-dependent
deacetylase activity, whereas loss of Cry exerts the opposite effects on NAD*. A full
understanding of this yin—yang between clock activators and repressors will also require
analysis of the different molecular actions of these two arms of the clock (i.e., CLOCK and
BMAL1 are direct DNA binding transcription factors whereas PER/CRY function indirectly
to repress transcription). Second, to understand whether physiological disorders in circadian
mutants arise because of altered “timing” or instead because of altered feeding and behavior,
it will be necessary to study these animals under identical nutrient states (i.e., fasting) at
different circadian times to neutralize the nutrient modulation/masking of feeding. A final
point deserves discussion: In all instances studied to date, a key aspect involves dynamic
challenging; that is, in the steady unperturbed state certain phenotypes might not occur (or
might be less measurable). Indeed clinical phenotyping of endocrine disorders in humans
follows similar principles in that dynamic testing is a mainstay of decision algorithms and
therapeutics.

Appreciation of reciprocal interaction between circadian and metabolic systems in
vertebrates has been especially advanced through experimental genetic studies in animals
harboring either multitissue or tissue-specific alterations in circadian gene function.
Although a complete overview of the physiological effects of circadian gene disruption is
beyond the scope of this review, several examples underscore the integral link between
clock systems and energy homeostasis. In Clock®1® mutant mice, a gradual, albeit subtle,
increase in body weight is observed when comparing littermate animals of mutant and wild-
type genotypes (Turek et al. 2005). This observation prompted dynamic testing using high-
fat calorically dense food to compare the relative weight gain and metabolic response to diet
in Clock®19 and wild-type animals. Here, the difference between genotypes was
exaggerated, with Clock19 mutants displaying hyperphagia, visceral adiposity, and a shift
in feeding behavior with more food consumed during the normal rest (sleep) period.
Interestingly, despite the relative obesity of high-fat-fed Clock21°® mutants, these animals
never developed hyperinsulinemia—suggesting a primary role of CLOCK at the level of
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endocrine pancreas glucose-stimulated insulin secretion. Indeed, selective ablation of Bmall
within endocrine pancreas leads to profound hyperglycemia because of impaired insulin
exocytosis (Turek et al. 2005). The relatively mild phenotype of the multitissue ClockA19
mutant can be explained by the observation that ablation of circadian gene activators
(CLOCK and BMALZ1) within liver results in hypoglycemia and increased insulin sensitivity
(Lamia et al. 2008); thus, in multitissue mutants, the composite effects of clock function in
different tissues (i.e., pancreas vs. liver) give rise to the net “glucose” phenotype.
Conversely, multitissue ablation of the clock repressor CRY results in hyperglycemia, owing
in part to derepression of the gluconeogenic actions of glucagon (Zhang et al. 2010).
Ultimately, systematic ablation of clock function within each distinct metabolic depot (e.g.,
liver, skeletal muscle, adipose, and brain) will be necessary to more fully understand the
genetic basis for circadian control of glucose homeostasis in both postprandial and fasting
conditions. Although clock function in glucose homeostasis has been subject to intensive
investigation, additional emergent work has also indicated a primary role for clock
transcription factors in other aspects of metabolic control, including lipid absorption (Pan
and Hussain 2009), adipogenesis (Kawai et al. 2011), adrenal glucocorticoid production
(Oster et al. 2006), vascular response to injury (Anea et al. 2009), fibrinolytic homeostasis
(Somanath et al. 2011), and renal sodium handling (Gumz et al. 2009). Thus a major
outcome of circadian disruption in animals relates to the accelerated development of
abnormalities in fuel handling, metabolic homeostasis, and cardiovascular disease.

NUTRIENT SENSORS LINKING METABOLISM TO THE CIRCADIAN CLOCK

Although we have discussed above how the circadian clock regulates downstream metabolic
processes including gluconeogenesis and glucose-stimulated insulin secretion, for the
remainder of the review we focus on how changes in nutrients and metabolism reciprocally
affect the clock. Organisms have evolved to be able to anticipate and respond to daily
changes not only in the light—dark cycle, but also in the availability of food. We are only
now beginning to get a sense of the number of nutrient sensors, including the redox state,
NAD*-dependent deacetylases, protein kinases, and nuclear hormone receptors, that convey
information regarding the metabolic state of the cell to the core circadian clock to coordinate
downstream clock-controlled events with the nutrient status of the organism.

NAD*-Dependent Sensors

One of the first indications that the clock could be influenced by the metabolic state of the
cell came from early in vitro studies that showed that the cellular redox status, represented
by the ratio of the nicotinamide adenine dinucleotide cofactors NAD*(H) and NADP™* (H),
modulates the transcriptional activity of CLOCK/BMAL1 and NPAS2/BMALL (Rutter et al.
2001). The reduced forms (NADH and NADPH) increase binding, while the oxidized forms
(NAD™* and NADP™) decrease binding of the clock heterodimers to their E-box targets.
More recent studies have further shown that levels of the metabolite NAD™ display daily
rhythmicity in liver, probably owing in part to direct circadian transcriptional regulation of
the gene encoding the rate-limiting enzyme in NAD* biosynthesis, NAMPT (nicotinamide
ribosyl-transferase; Nakahata et al. 2009; Ramsey et al. 2009). Although levels of Nampt
RNA and NAD™ are reduced in livers from Clock and Bmal 1 mutant mice, their levels are
increased in livers of mice deficient for both Cry1 and Cry2, suggesting that Nampt and
NAD* production is indeed downstream of CLOCK/BMALL. It is important to keep in
mind, however, that other factors may also contribute to daily changes in NAD™ levels,
including processes such as fluctuations in glycolysis or activation of the NAD*-consuming
DNA repair enzyme PARP-1. Furthermore, it will be important to determine the relative
importance of cycling NAD* within the different subcellular compartments, such as
mitochondria versus nucleus, on downstream metabolic outputs.
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Although NAD™ is involved in cellular redox reactions within the mitochondria, it also
serves as a substrate for the nutrient-responsive sirtuin (SIRT)1 deacetylase, which removes
acetyl groups from proteins in an NAD*-dependent manner, producing a deacetylated
protein, nicotinamide, and O-acetyl-ADP-ribose as by-products. Thus, the activity of SIRT1
is directly coupled to the redox status of the cell. Intriguingly, SIRT1 has recently been
implicated as a major regulator of the core clock machinery, as SIRT1 binds to and inhibits
the activity of CLOCK/BMAL1 (Asher et al. 2008; Nakahata et al. 2008) in addition to its
role as a regulator of a host of downstream metabolic processes, including gluconeogenesis,
fat metabolism, insulin secretion, and apoptosis (reviewed in Haigis and Guarente 2006;
Dali-Youcef et al. 2007). Therefore, both clock and nutrient-dependent regulation of SIRT1
probably leads to modulation of such downstream metabolic targets as PPARa, PGC-1a,
FOXOs, and CRTC2/TORC2 (Brunet et al. 2004; Rodgers et al. 2005; Liu et al. 2008;
Purushotham et al. 2009). PGC-1a has also been shown to be tightly linked to circadian
clock function, as it is rhythmically expressed in liver and skeletal muscle, and mice lacking
PGC-1a display abnormal rhythms of locomotor activity, metabolic rate, and body
temperature because of altered clock gene expression (Liu et al. 2007). Further, PGC-1a
acts as a co-activator for the ROR nuclear hormone receptors, which in turn stimulate Bmal 1
(Liu et al. 2007). Thus, CLOCK/BMAL1 regulates the activity of NAMPT and SIRT1,
which in turn negatively regulate the activity of CLOCK/BMAL1, thereby generating a
negative feedback loop intertwining the core clock and metabolic networks.

Of note, a second NAD*-dependent protein that acts as both a nutrient sensor and a
modulator of the clock is the poly(ADP-ribose) polymerase PARP-1, an NAD*-dependent
ADP ribosyltransferase. PARP-1 activity has been shown to be circadian in liver and
regulated by feeding. Furthermore, during the light/rest phase, PARP-1 binds to and
poly(ADP-ribosyl)ates CLOCK, regulating its ability to bind to DNA, particularly during
the light/rest phase (Asher et al. 2010). However, it should be noted that cyclic NAD* levels
may not directly regulate PARP-1 activity, as PARP-1 has been shown to be able to retain
its rhythmic activity even in the absence of a functional clock in hepatocytes. However, both
SIRT1 and PARP-1 represent prime examples of how changes in the nutrient milieu can
translate to modulation of the core clock to keep the feeding and circadian cycles in sync
with one another. It will be interesting to determine the relative role of ribosylation versus
acetylation in the pathophysiology of circadian mutant mice.

Another cellular energy sensor that has recently been linked to the clock is AMP-activated
protein kinase (AMPK), which senses the AMP/ATP ratio and is activated following
increases in AMP to maintain cellular energy stores by elevating ATP levels through
increasing oxidative metabolism and other catabolic pathways. AMPK has been shown to
directly phosphorylate and activate CKle, resulting in increased PER2 degradation and a
phase advance of clock gene expression patterns (Um et al. 2007). AMPK also directly
phosphorylates and destabilizes the core clock repressor CRY1 (Lamia et al. 2009).
Interestingly, AMPK has also been shown to modulate NAMPT and SIRT1 activity
following glucose restriction (Fulco et al. 2008; Canto et al. 2009); thus it is tempting to
speculate that AMPK might also modulate circadian systems indirectly via activation of
NAMPT and SIRTL.

Nutrient-Sensitive Transcription Factors

Nuclear hormone receptors (NHRS) are another family of nutrient-sensitive proteins that lie
at the intersection of metabolic and circadian pathways. As mentioned above, more than half
of the NHRs, which are transcription factors that are activated on binding of lipids and fat-
soluble hormones, display rhythmic patterns of expression in multiple metabolic tissues
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(Yang et al. 2006). Several NHRs regulate not only downstream metabolic events but are
also key components of the core molecular clock feedback loop. REV-ERBaq, a critical
regulator of gluconeogenesis, adipocyte differentiation, and lipid metabolism, represses
Bmal 1 transcription (Preitner et al. 2002), while RORa and PPARa, regulators of
lipogenesis and glucose metabolism, positively regulate Bmall transcription (Sato et al.
2004; Akashi and Takumi 2005; Canaple et al. 2006). In addition to their regulation of
Bmall transcription, they have also been recently found to directly interact with PER2 to
modulate its activity (Schmutz et al. 2010). Indeed, mice lacking REV-ERBa or RORa
display disrupted circadian rhythms of locomotor activity and clock gene expression
(Preitner et al. 2002; Sato et al. 2004). Therefore, fatty acids, sterols, and other hormones
may be able to communicate information regarding nutrient status to the clock via their
activation of the NHRs.

The discovery that nutrient-responsive families of proteins such as the sirtuins and the NHRs
lie at the intersection of metabolic and circadian systems sheds light on the necessity of the
organism to be able to coordinate regulation of fuel utilization with not only the rising and
setting of the sun, but also with the acute daily changes in nutrient availability. Although the
clock dictates baseline daily oscillations of sirtuin activity and NHR expression to be in sync
with the light—dark cycle, acute changes in response to food consumption throughout the day
further fine-tunes their ability to regulate downstream circadian and metabolic processes.
For example, in addition to the clock-driven daily rhythms of expression, Nampt is further
up-regulated in response to decreased glucose levels in skeletal muscle in an AMPK-
dependent manner (Fulco et al. 2008), whereas SIRT1 activity is also augmented following
fasting or caloric restriction in numerous metabolic tissues (reviewed in Imai 2009; Canto
and Auwerx 2009). Thus, clock-driven regulation of nutrient-sensitive metabolic
transcription factors, which in turn feed back to fine-tune the clock, is key to understanding
the complex interplay between clocks and metabolism.

RESPONSE OF CIRCADIAN CLOCK TO CHANGES IN NUTRIENT
AVAILABILITY

As discussed above, daily changes in nutrient availability translate critical information about
the nutritional status of the cell to the circadian clock, allowing the clock to maintain
“organismal homeostasis” and keeping physiological processes in sync with food
availability. Normally, the cycles of fasting and feeding are in phase with the cycles of sleep
and activity. However, a key question emerges as to the consequences on circadian rhythms
when the nutrient milieu of an organism is significantly altered, such as in conditions of
nutrient deprivation, nutritional excess, or when food is presented at the “wrong” time of the
day.

Conditions of Reduced Energy Availability—Restricted Feeding and Caloric Restriction

Restricted feeding (RF) and caloric restriction (CR) exemplify different types of nutrient
deprivation that entrain the biological clock. Whereas RF limits the timing and duration of
food availability, CR restricts the total number of calories consumed (without malnutrition).
Restricting food to a particular time of day during RF results in profound behavioral and
physiological changes (reviewed in Escobar et al. 2009). Briefly, mice display food
anticipatory activity (FAA), characterized by increased locomotor activity, body
temperature, and corticosterone secretion 2—4 h before the presentation of food (Nelson et al.
1975; Duffy et al. 1990; Cambras et al. 1993; Challet et al. 1997). Although the clock
probably plays a critical role in FAA, as mice deficient in Per2 do not display the
anticipatory increase in activity (Feillet et al. 2006), FAA does persist in mice lacking
Bmall (Pendergast et al. 2009; Storch and Weitz 2009). On a molecular level, RF entrains
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molecular clock oscillations in peripheral tissues, such as liver and kidney, without affecting
the clock rhythms in the central pace-maker in the SCN (Damiola et al. 2000; Stokkan et al.
2001). Of note, RF shifts many of these physiological and molecular processes even in
SCN-lesioned animals (Clarke and Coleman 1986; Marchant and Mistlberger 1997;
Yoshihara et al. 1997), suggesting the existence of a food-entrainable oscillator (FEO)
independent of the SCN. However, the anatomic location of the FEQ is a topic of great
debate, as several studies have suggested that the dorsomedial hypothalamus (DMH), a
region of the brain involved in food intake and satiety, is critical to induce food-entrainable
circadian rhythms (Gooley et al. 2006; Fuller et al. 2008), whereas others have questioned
its role as the FEO (Landry et al. 2006). Another important question is what is the nature of
the extracellular signals that are able to reset the peripheral clocks—is the cue from changes
in redox state, food metabolites (glucose, cholesterol, fatty acids), hormones (ghrelin, leptin,
cholecystokinin, insulin), or body temperature?

CR, similar to RF, likewise induces FAA and entrains peripheral clocks. However, unlike
RF, CR also entrains the SCN clock (Cambras et al. 1993; Challet et al. 1998; Challet et al.
2003; Mendoza et al. 2005; Resuehr and Olcese 2005; Mendoza et al. 2007), suggesting that
hypocaloric feeding itself is responsible for modulating the master pacemaker. When
interpreting the effects of CR versus RF on the circadian clock, it is important to note that
some of the effects of CR may actually be due to the altered timing of feeding rather than
the reduced total caloric intake, as many CR protocols provide a set amount of food at a
given time during the light period (i.e., the normal rest period for mice), similar to the timing
of food provided during RF. To identify the effects of reduced caloric intake on the clock
and metabolism independent of its effects on the shift in feeding time, it will be important to
evaluate and perform CR studies whereby food is administered exclusively during the dark
compared with the light period (Duffy et al. 1990; Challet et al. 1998).

CR is one of the most consistently proven methods to increase life span and delay age-
associated pathologies, such as diabetes and cancer. Although multiple theories prevail as to
the mechanism by which CR increases life span (reviewed in Masoro 2005; Sinclair 2005),
the NAD*-dependent SIRT1 deacetylase has been shown to be required for the life span—
extending effect of CR in multiple species (Lin et al. 2000; Lin et al. 2002; Rogina and
Helfand 2004; Wood et al. 2004), in addition to its ability increase life span independent of
CR (Kaeberlein et al. 1999; Tissenbaum and Guarente 2001; Rogina and Helfand 2004).
Given the known effect of SIRT1 on the molecular clock (Asher et al. 2008; Nakahata et al.
2008), it is intriguing to speculate that SIRT1 is required for the effect of CR on the clock,
and that the increased robustness of circadian rhythms following CR (Duffy et al. 1990)
contributes to increased longevity of the organism. Interestingly, the sirtuin pathway has
already been shown to be required for the increased activity observed in response to CR
(Chen et al. 2005). Critical questions emerge: Can CR entrain the molecular clock in mice
lacking SIRT1, and can CR still increase life span in mice lacking the circadian clock?
Tissue-specific and whole body knockout models will be necessary to determine the relative
role of brain versus peripheral tissues in the response of the clock to CR. A link between
CR, circadian rhythms, and life span has also been shown in transgenic aMUPA mice, which
overexpress a urokinase-type plasminogen activator (UPA), a serine protease involved in
tissue remodeling and brain development (Froy et al. 2006). These mice are spontaneously
calorically restricted, consuming only 70%-80% of the number of calories that controls eat,
and share several characteristics with CR-fed mice, namely increased life span, reduced
body weight, reduced IGF-1, and reduced tumor incidence. Interestingly, they also show
increased robustness in the amplitude of several clock genes, including Perl, Per2, Cryl,
and Clock, in liver, along with higher amplitude rhythms of food intake and body
temperature, both clock-controlled events. Thus, taken together, it is likely that feeding
regimens, circadian rhythms, and life span are intimately linked processes.
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Conditions of Nutritional Excess and Genetic Models of Obesity

Perhaps an even more relevant question in today’s society of increasing waistbands is to
understand the consequences of an overabundance of nutrients on circadian rhythms.
Although it has been known for more than 20 years that fatty acids influence the period
length of spore formation rhythms in Neurospora (Lakin-Thomas and Brody 1985), the
molecular mechanisms underlying the link between nutrients and the clock have remained
unclear. More recently, a growing body of evidence has revealed that alterations in
metabolism—either environmentally or genetically induced—disrupt circadian rhythms and
the sleep—wake cycle. For instance, feeding mice a high-fat diet has been shown to lead to
rapid changes in the period of the locomotor activity, diurnal feeding patterns, and rhythmic
expression of clock and nuclear hormone receptor genes within both brain and peripheral
metabolic tissues, suggesting that a hypercaloric diet influences the function of the
mammalian circadian clock (Kohsaka et al. 2007). High-fat feeding also leads to increased
sleep time, but decreased sleep consolidation (Jenkins et al. 2006), and altered clock
synchronization to light (Mendoza et al. 2008). Genetic models of obesity, such as the
leptin-deficient ob/ob mice, similarly have decreased locomotor activity rhythms, increased
NREM sleep time, and decreased sleep consolidation (Laposky et al. 2006).

Together, these data show the existence of a vicious cycle, whereby disruption of the
circadian clock (either genetic or induced by high-fat diet) leads to increased risk of
metabolic disorders such as diabetes and altered sleep; conversely, changes in metabolism or
diet lead to changes in circadian control of metabolic processes and sleep.

CONCLUSIONS

The last decade has shed much light on the interconnectedness of circadian and metabolic
networks, especially with the discovery that several nutrient-responsive NHRs, including
REV-ERBa and RORa, are both regulated by and directly regulate the clock itself. The
availability of knockout and transgenic mouse models further sheds light on the close
relationship between the clock and metabolism, as mice with circadian defects (i.e., clock
gene knockouts or altered feeding time) have revealed that a plethora of metabolic disorders
arise as a consequence of clock disruption. Reciprocally, several mouse models of metabolic
disruption (i.e., Pgc-1a knockouts or high-fat diet) have revealed disrupted circadian clock
function. Given the vast number of oscillating RNAs in peripheral tissues, it will be critical
for investigators to carefully consider the time of day when analyzing knockout mice, as
phenotypes may differ depending on time of day. In view of the ever expanding number of
nutrient sensors found to be linked to the clock, it will likewise be informative to examine
effects on circadian rhythms themselves, although dynamic testing, such as challenges with
a high-fat diet or caloric restriction, may be required to elicit such phenotypes. In summary,
in addition to regulation of downstream metabolic events, the circadian clock itself remains
in sync with the nutrient milieu because of the combinatorial effect of numerous metabolic/
nutrient sensors. Thus, the circadian system participates in energy homeostasis through both
entrainment to the environmental light cycle and by responding to the organismal feeding,
sleep, and activity cycles.
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Figure 1.

Interplay between clock, environment, and nutrient availability. The main pacemaker clock
within the suprachiasmatic nucleus (SCN) receives photic input from the environment and
synchronizes downstream extra-SCN and peripheral metabolic oscillators to optimize energy
storage and utilization pathways (listed as physiological outputs). The daily cycles of fasting
and feeding entrain the peripheral clocks, perhaps through changes in glucose, fatty acids,
NAD/NADH and AMP/ATP ratios, or hormones (peptidergic or steroidal). Changes in food
availability, such as in conditions of high-fat feeding, caloric restriction, and restricted
feeding, also affect the clock. Although restricted feediing entrains just peripheral clocks, a
hypocaloric diet (caloric restriction) has been shown to entrain both peripheral and SCN
clocks. Thus, the circadian network optimizes the timing of downstream metabolic processes
to coordinate with daily light-dark cycles and the nutrient millieu.
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