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Abstract

An essential component of energy homeostasis lies in an organism’s ability to coordinate daily patterns in activity, feeding, en-
ergy utilization and energy storage across the daily 24-h cycle. Most tissues of the body contain the molecular clock machinery
required for circadian oscillation and rhythmic gene expression. Under normal circumstances, behavioural and physiological
rhythms are orchestrated and synchronized by the suprachiasmatic nucleus (SCN) of the hypothalamus, considered to be the
master circadian clock. However, metabolic processes are easily decoupled from the primarily light-driven SCN when food
intake is desynchronized from normal diurnal patterns of activity. This dissociation from SCN based timing demonstrates that
the circadian system is responsive to changes in energy supply and metabolic status. There has long been evidence for the
existence of an anatomically distinct and autonomous food-entrainable oscillator (FEO) that can govern behavioural rhythms,
when feeding becomes the dominant entraining stimulus. But now rapidly growing evidence suggests that core circadian clock
genes are involved in reciprocal transcriptional feedback with genetic regulators of metabolism, and are directly responsive to
cellular energy supply. This close interaction is likely to be critical for normal circadian regulation of metabolism, and may
also underlie the disruption of proper metabolic rhythms observed in metabolic disorders, such as obesity and type-II diabetes.

[Bechtold D. A. 2008 Energy-responsive time keeping. J. Genet. 87, 447–458]

Introduction

A primary role of the circadian clock is to entrain the or-
ganism to environmental cues, so that an animal is able to
anticipate fluctuations in the environment that dictate such
things as food availability, predator risk, and the likelihood
of reproductive success. The circadian system is also critical
to the synchronization and relative phasing of diverse inter-
nal physiological processes and molecular pathways (Rep-
pert and Weaver 2002). Such internal coordination is essen-
tial to optimize responses to environmental fluctuation and
strengthen homeostatic control mechanisms. In mammals,
the circadian system is headed by a master biological clock
located within the suprachiasmatic nucleus (SCN). Daily and
seasonal light cycles are probably the most consistent and
conspicuous of environmental time cues. Photic informa-
tion is relayed to the SCN via the retino-hypothalamic tract
(RHT), and serves as the primary entraining stimulus (Zeit-
geber) for the SCN. Nevertheless, as a true clock, the SCN
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can initiate and sustain near 24-h rhythms, even in the
absence of external entraining agents such as light.

The most dramatic demonstration of the dominant role
played by the SCN in generating rhythmic behaviours has
involved transplantation of donor SCN tissue into animals in
which the SCN had been previously ablated (Sawaki et al.
1984; Ralph et al. 1990; Silver et al. 1996; Meyer-Bernstein
et al. 1999; Guo et al. 2006). Impressively, transplanted
tissue is able to restore locomotor rhythmicity, and confer
the circadian profile (free-running period) of the donor an-
imal to the recipient. Interestingly, unlike locomotor activ-
ity, rhythms of melatonin and glucocorticoid secretion are
not recovered by such transplantation (Ralph et al. 1990; Sil-
ver et al. 1996; Meyer-Bernstein et al. 1999; Sujino et al.
2003; Guo et al. 2006). SCN transplantation also reestab-
lishes rhythmic expression of clock genes in some peripheral
tissues (liver, kidney), but not others (heart, spleen) (Guo et
al. 2006). Together, these findings demonstrate that both hu-
moral factors and direct neuronal contact are required for the
full dissemination of SCN-based timing information. It also
implies that the influence of the SCN is not uniform across
the body.
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Despite its primacy, the expression of the molecular clock
gene machinery is not limited to the SCN, and many other
brain regions and peripheral tissues are capable of selfsus-
tained circadian oscillation (Reick et al. 2001; Abe et al.
2002; Cermakian and Sassone-Corsi 2002; Panda et al. 2002;
Storch et al. 2002; Schibler 2003; Granados-Fuentes et al.
2004; Yoo et al. 2004; Lamont et al. 2005). Under normal
circumstances it is likely that these extra-SCN clocks are sub-
ordinate to and synchronized by the SCN. Gene microarray
studies involving a variety of tissues show that 5-10% of tran-
scribed genes exhibit rhythmic oscillations in mRNA expres-
sion (Panda et al. 2002; Oishi et al. 2003, 2005a; McCarthy
et al. 2007; Miller et al. 2007). Interestingly, there is rela-
tively little overlap observed in the genes that cycle between
different tissues, demonstrating that the circadian system can
influence diverse physiological processes in a tissue-specific
manner. This also implies that the circadian machinery in-
teracts directly with tissue-specific transcriptional regulators.
Local timing systems are clearly important for individual tis-

sue/organ function. For example, deletion of the clock gene,
BMAL1 specifically within the liver causes fasting hypogly-
caemia, exaggerated glucose clearance, and loss of rhythmic
expression of hepatic glucose regulatory genes (Lamia et al.
2008). Therefore, we must concede that, ultimately, circa-
dian rhythms in behaviour and physiology are likely to be
directed by a network of oscillators, distributed across the
body. This may be especially true when light is no longer the
dominant Zeitgeber, such as during restricted food availabil-
ity (figure 1 and below).

The role of the circadian system in regulating metabolism
has received increasing attention over recent years (Wijnen
and Young 2006; Kohsaka and Bass 2007; Ramsey et al.
2007; Laposky et al. 2008), driven in part by indications
that disruption of daily metabolic rhythms is an exacerbat-
ing factor in metabolic syndrome (obesity, diabetes and car-
diovascular disease) (Karlsson et al. 2001; Gangwisch et
al. 2005; Chaput et al. 2006; Gallou-Kabani et al. 2007).
Many metabolic processes, such as feeding behaviour, and

Figure 1. Entrainment of circadian clocks by light and feeding. Light entrainment: photic timing infor-
mation is relayed to the SCN via the retino-hypothalamic tract (RHT), where it serves as the principal
Zeitgeber for the SCN clock. Under normal circumstances, the SCN synchronizes other oscillators
throughout the body, via direct neuronal contacts and the rhythmic release of humeral factors, to dictate
daily behavioural and physiological rhythms. Food entrainment: when placed on a restricted feed-
ing schedule (RFS), peripheral clocks rapidly entrain to meal times, and decouple from SCN-driven
rhythms. It is likely that peripheral rhythms and diffusible energy signals potentiate food-driven oscilla-
tions within a food-entrainable oscillator (FEO), possibly by dampening the repression of such rhythms
by the SCN. It remains unclear whether the FEO exists as a single anatomically discrete site, driving
all food-anticipatory rhythms, or may be a network of oscillators distributed across many brain regions,
with specific sites driving individual components of food-anticipatory behaviour.
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glucose and lipid metabolism, exhibit coordinated circadian
oscillation (Rutter et al. 2002; Kaasik and Lee 2004; Tu and
McKnight 2006), and many genes involved in metabolic con-
trol are rhythmically expressed (Akhtar et al. 2002; Duffield
et al. 2002; Panda et al. 2002; Storch et al. 2002; Walker
and Hogenesch 2005; Kornmann et al. 2007). The impor-
tance of a functional circadian system in the regulation of
metabolism is evident from studies of animals with disrupted
clock gene expression or function (Turek et al. 2005; Oishi et
al. 2006; Bechtold et al. 2008; Kudo et al. 2008). For exam-
ple, clock mutant mice exhibit reduced metabolism and obe-
sity, reminiscent of metabolic syndrome (Turek et al. 2005).
Moreover, restricted feeding cycles are perhaps the dominant
Zeitgeber for circadian clocks outside of the SCN (Schibler
2003), suggesting not only that the circadian system is im-
portant in regulating metabolism, but also that the timing sys-
tems themselves are responsive to energy status.

The present review highlights the connections that ex-
ist between circadian timing systems and regulators of
metabolism, and how the clock is responsive to the energy
status of an organism at both an anatomical and molecular
level. This includes the ability of timed feeding to entrain
the circadian system, the molecular connections through
which clock components interact with genetic regulators of
metabolic processes at a molecular level, and the surprising
degree to which the clock itself may be influenced by local
(cellular) energy supplies.

Food-entrainable rhythms
An anatomically distinct food-entrainable oscillator

In normal animals, light-driven diurnal behaviour can be eas-
ily overcome by alterations in energy supply, such as dur-
ing restricted feeding schedules (RFS) (Mistlberger 1994;
Stephan 2002). During RFS, food is only available to ani-
mals during set periods that typically occur outside of their
normal feeding period (such as during the day for nocturnal
rodents). Under RFS numerous physiological and metabolic
functions become entrained to the availability of food, e.g.,
locomotor activity, body temperature, insulin and corticos-
terone release. Strong support for the existence of a food-
entrainable timing system is the circadian pattern of food
anticipatory activity (FAA) rhythms that emerge in intact
and SCN-ablated animals maintained on RFS (Krieger 1972;
Stephan and Zucker 1972; Boulos and Terman 1980; Mistl-
berger 1994; Stephan 2002). Further, feeding-related antic-
ipation is not dictated simply by a threshold of energy de-
pletion, as such behaviours are not observed in fasted an-
imals with no prior RFS conditioning, nor during the first
few days of RFS. This implies the existence of other food-
entrainable oscillators (FEO), located outside of the SCN,
capable of coordinating behaviour and physiology with daily
feeding schedules (Mistlberger 1994; Stephan 2002). Once
established by RFS, the FEO appear to be robust, as antic-

ipatory activity can continue for several cycles after RFS is
stopped and animals are subsequently fasted or returned to ad
libitum feeding (Davidson et al. 2001b). FAA also displays
limits of entrainment in the circadian range (Mistlberger and
Marchant 1995) and phase-shifts in feeding time during RFS
leads to transients in the behavioural rhythms as the animal
re-entrains (Davidson and Stephan 1998), both characteris-
tics of a true circadian oscillator.

Attempting to identify which parts of the clock under-
lie circadian rhythms in food anticipatory behaviour, a num-
ber of groups have tested clock gene mutant and knockout
animals (CLOCK, and its homologue NPAS2, CRY1/CRY2,
BMAL1, PER1) for their ability to entrain to scheduled feed-
ing regimes and display FAA (Dudley et al. 2003; Pitts et
al. 2003; Iijima et al. 2005; Feillet et al. 2006; Landry and
Mistlberger 2007). Somewhat surprisingly, most retain rela-
tively normal anticipation of feeding time. One exception has
been reported by Feillet et al. (2006), in which FAA rhythms
in wheel running and body temperature were severely attenu-
ated in PER2brdm1 mutant mice. Interestingly, food-entrained
clock gene rhythms were still observed in the liver and kid-
ney of PER2brdm1 mice (Feillet et al. 2006). This suggests
that while PER2 may be critical for the establishment of the
FEO (and the expression of FAA), peripheral oscillators re-
main responsive to energy status. This finding also seems to
discount the liver and kidney as potential sites of the FEO.
High rates of mortality in response to RFS have been re-
ported for some clock mutant/knockout strains (Dudley et al.
2003; Fuller et al. 2008). Even when surviving animals go
on to display FAA, it should acknowledged that a reduced
ability of these animals to rapidly entrain to feeding cycles
may underlie this mortality, and may therefore be indicative
of a compromised food-entrainable circadian system.

Identifying the anatomical location of the FEO has also
proved challenging. Attractive candidate sites of an FEO are
of course the neural centres of the hypothalamus that are cen-
tral to the regulation of energy homeostasis and arousal, in-
cluding the arcuate nucleus (ARC), paraventricular nucleus
(PVN), dorsomedial nucleus (DMN) and lateral hypothala-
mic area (LH) (Cone et al. 2001; Rodgers et al. 2002; Saper
et al. 2005a,b). All of these neuronal populations receive
significant input from the SCN (Saper et al. 2005b), and it
is likely that much of the anatomical interaction between cir-
cadian and metabolic regulatory pathways involves such in-
trahypothalamic connections. A number of studies attempt-
ing to employ discrete lesioning of candidate brain regions
have failed to fully disrupt the appearance of FAA (Mistl-
berger and Rechtschaffen 1984; Mistlberger and Rusak 1988;
Mistlberger and Mumby 1992; Davidson et al. 2001a,b;
Stephan 2002; Landry et al. 2006, 2007). One exception
involved lesions of the parabrachial nucleus in rats (David-
son et al. 2000); however, as the authors of this study point
out, the attenuation of FAA in these animals may be best
interpreted as a loss of gut–brain signalling, rather than the
destruction of a true FEO.
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A site that is often implicated in the regulation of
metabolic rhythms, food-entrainment, and FAA is the DMN.
DMN activity in nocturnal rodents, as measured by c-fos ex-
pression, is highest during the dark (active) phase, but shifts
to anticipate meal time when the animals are placed under
RFS (Angeles-Castellanos et al. 2004). Restricted feeding
also induces robust circadian expression in PER2 in a subset
of DMN neurons, which persist during two days of fasting
subsequent to RFS entrainment (Mieda et al. 2006). Unfor-
tunately, the ability of FAA to persist in animals with whole
and partial lesions of the DMN is somewhat unclear due to
conflicting reports (Gooley et al. 2006; Landry et al. 2006,
2007; Fuller et al. 2008). Nonetheless, the ability of at least
one group to observe FAA activity in DMN-lesioned animals
(Landry et al. 2006, 2007) implies that although the DMN
may house a genuine FEO, it cannot be the only area capable
of directing food-entrainable circadian behaviour.

It is also possible that the FEO may be located within a
metabolically important peripheral tissue. Peripheral energy
signals and rhythmic outputs are probably an important fac-
tor in entraining an animal to food intake, as well as in the
initiation and fortification of FEO rhythms. However, disso-
ciations of behavioural FAA rhythms and those of peripheral
clock gene expression are not uncommon (for e.g., David-
son et al. 2003; Feillet et al. 2006), suggesting that the FEO
resides within the nervous system.

Routes of food entrainment

Rhythmic feeding appears to the primary entraining stimu-
lus controlling the phase of peripheral circadian oscillators,
presumably to ensure optimal synchrony between metabolic
processes and the daily rhythm of food intake (figure 1)
(Damiola et al. 2000; Stokkan et al. 2001; Wakamatsu et al.
2001; Schibler et al. 2003). For example, clock gene rhythms
in the liver can entrain to RFS within two days, prior to the
expression of FAA, and even though SCN activity remains
locked to light–dark cues throughout the duration of RFS
(Stokkan et al. 2001). The mechanism(s) by which feed-
ing cycles so rapidly entrain peripheral oscillators, and allow
them to dissociate from the SCN remain unclear.

Direct neural communication, originating from the SCN,
via the autonomic nervous system is important in the entrain-
ment of peripheral oscillators to light cycles (Bartness et al.
2001; Ishida et al. 2005; Bando et al. 2007; Vujovic et al.
2008). In addition, sympathetic and parasympathetic nerve
fibres provide a direct link between the hypothalamus and
metabolically important peripheral tissues (Berthoud 2002;
Ruiter et al. 2006). For example, it has been demonstrated
that the liver, the pancreas, and the visceral adipose tis-
sue all share a common and specific neuronal connection
with the PVN, DMN, and SCN (Bartness et al. 2001). It
therefore seems likely that autonomic pathways are involved
in the entrainment and synchronization of peripheral tis-

sues by energy-related stimuli. However, vagal nerve sig-
nalling is not required for the expression of FAA in food-
restricted rats (Comperatore and Stephan 1990), indicating
that the autonomic nervous system cannot be the sole route
for the dissemination of food-anticipatory timing informa-
tion. Nonetheless, an imbalance in autonomic input to pe-
ripheral organs has been proposed to underlie the dampening
of circadian rhythms observed in obesity and type-II diabetes
(Kalsbeek et al. 2007; Cailotto et al. 2008).

In addition to direct neural contacts, energy-related re-
lease of hormones or other factors may serve to synchronize
numerous peripheral (and brain) oscillators to meal times.
For example, glucocorticoid receptors (GR) and retinoic acid
receptors are capable of resetting peripheral clocks (Balsalo-
bre et al. 2000; McNamara et al. 2001), and circulating glu-
cocorticoids rapidly entrain to meal times during restricted
feeding (Mistlberger 1994; Stephan 2002). However, disrup-
tion of GR signalling enhances, rather than disrupts, the syn-
chronization of peripheral clock gene rhythms with altered
feeding cycles (Le Minh et al. 2001), indicating that glu-
cocorticoids may normally act to keep peripheral oscillators
synchronized with the SCN. There are of course a number
of additional factors, including nutrient signals themselves
(glucose, fatty acids etc.), that may be capable of modulating
the circadian system and thus contributing to the overall ex-
pression of FAA. As discussed in the following section, it is
becoming clear that a number core clock genes are directly
responsive to cellular energy status, and subject to reciprocal
regulation by metabolic and energy-responsive genes.

Molecular interface between clock and metabolic
genes

The molecular clock

The molecular machinery that provides circadian time-
keeping consists of a complex circuitry of transcrip-
tional/translational regulatory feedback loops (figure 2). The
current model involves a primary loop with CLOCK and
BMAL1 as transcriptional activators, and two period proteins
(PER1 and PER2) and two cryptochrome proteins (CRY1
and CRY2) as transcriptional repressors (Shearman et al.
2000; Ripperger and Schibler 2001; Reppert and Weaver
2002; Lowrey and Takahashi 2004). Within this loop,
CLOCK and BMAL1 heterodimers bind to E-box enhancer
elements within the PER and CRY genes to activate their
transcription. As levels of cytosolic PER and CRY proteins
rise, they associate, translocate to the nucleus, and repress
their own gene transcription through direct interaction with
CLOCK/BMAL1. In the mammalian clock, this primary
feedback loop is also acted upon by additional interlocking
loops, most notably the loop involving the orphan nuclear
receptors, REV-ERB and ROR. REV-ERB represses, while
ROR activates BMAL1 transcription through shared ROR-
binding elements (ROREs) within the BMAL1 promoter
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Figure 2. Molecular interactions of the clock and metabolic regulators. The molecular clock: the
transcriptional regulatory feedback loops of the clock incorporate CLOCK, BMAL1 and ROR as tran-
scriptional activators, PER, CRY, and REV-ERB as transcriptional repressors, and casein kinase 1 as
a posttranslational regulator (grey circles). This circadian clockwork dictates the expression of nu-
merous metabolic regulatory genes (output pathways represented by fat white arrows) to coordinate
metabolism. SIRT1: recent evidence suggests that CLOCK-mediated acetylation (blue arrows) and
SIRT1 deacetylation (red arrows) cycles are a central mechanism by which the clock orchestrates the
rhythmic expression of clock-responsive genes. In addition to histone acetylation dynamics, SIRT1
and CLOCK also modulate core clock feedback loops through the acetylation of PER and BMAL1.
An energy-responsive clock: clock genes including BMAL1 and REV-ERBα receive direct regulatory
feedback from transcription factors involved in metabolism including PPARα and PGC-1α (yellow
arrows). In addition, cellular energy supply (as reflected in ATP/ADP and NAD+/NADH ratio) can
directly influence clock activity. For example, SIRT1 requires NAD+ as a co-substrate during deacety-
lation, thereby tying its activity to cellular energy metabolism. Further, AMPK activity is able to modify
the clock directly through actions on CK1ε, SIRT1, and NAMPT (an enzyme involved in the NAD+ cy-
cle). Energy-related regulation of clock genes may therefore be a major factor in the entrainment of
peripheral clocks to feeding cycles.

(Preitner et al. 2002; Emery and Reppert 2004). Both REV-
ERB and ROR are constitutively transcribed, and are also in-
volved in reciprocal regulation (Adelmant et al. 1996; Raspe
et al. 2002b).

Together these feedback cycles provide near 24 h timing
to the cell/tissue/organism, and drive the rhythmic expres-
sion of a number of clock-controlled genes, many of which
are involved in regulating metabolic processes. For exam-
ple, the albumin D-site binding protein (DBP), the expres-
sion of which is directly regulated by CLOCK/BMAL1, is
involved in the rhythmic transcription of several metabolic
enzymes (Ripperger and Schibler 2001; Reppert and Weaver
2002; Lowrey and Takahashi 2004). Moreover, the direct in-
volvement of clock genes in aspects of metabolism is clear.
Expression of REV-ERBα and BMAL1 is required for adi-
pogenesis and adipocyte differentiation (Chawla and Lazar
1993; Fontaine et al. 2003; Wang and Lazar 2008), and al-

tered lipid metabolism is observed in REV-ERBα knockout
mice (Raspe et al. 2001, 2002a). Importantly, the clock gene
machinery is also responsive to metabolic status and energy
supply. For example, fluctuations in glucose levels can mod-
ulate and entrain circadian oscillations in cells grown in cul-
ture (Hirota et al. 2002), suggesting that changes in energy
supply can directly modify clock gene expression or activity.

Metabolic feedback onto clock genes

Our understanding of the molecular connections that link the
circadian system to metabolism has been greatly advanced by
a series of observations detailing the interactions of CLOCK
and BMAL1 with nuclear hormone receptors (NHRs) and
other transcriptional regulators. The breadth and impact of
these interactions have been highlighted in a number of re-
cent reviews (for example, see Yang et al. 2007; Duez and
Staels 2008; Teboul et al. 2008). The present discussion
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will focus on three factors that are central not only to the
clock’s output onto metabolism, but may also modulate the
clock itself in response to metabolic cues. These include
the peroxisome proliferator-activated receptor (PPAR) fam-
ily, PPARγ-coactivator-1α (PGC-1α), and the sirtuin protein,
SIRT1 (McNamara et al. 2001; Inoue et al. 2005; Oishi et
al. 2005b; Canaple et al. 2006; Liu et al. 2007). All three
transcriptional regulators have been implicated in adaptive
responses to feeding cues (Kersten et al. 1999; Yoon et al.
2001; Liu et al. 2007), and are well positioned to modulate
circadian function during altered energy status and contribute
to food-entrainment.

PGC-1α

PGC-1α is a stress-inducible and nutrient-inducible factor
that regulates adaptive energy metabolism in numerous tis-
sues, and plays a central role in the maintenance of glu-
cose, lipid and energy homeostasis (Leone et al. 2005; Lin
et al. 2005a). PGC-1α acts as a coactivator of transcription
through its recruitment of proteins involved in chromatin re-
modelling (such as the histone acetyltransferases, CBP and
p300) to the gene promoter. It is known to interact with a
number of transcription factors involved in metabolic path-
ways, including FOXO1, thyroid hormone receptor β (TRβ),
GR, and the PPARs (Liang and Ward 2006). As mentioned,
PGC-1α is responsive to energy status, and its expression
is rapidly induced in response to fasting in rats (Yoon et al.
2001).

Rhythmic expression of PGC-1α has been demonstrated
in mouse liver and muscle, with protein levels peaking in
the early dark phase, coinciding with BMAL1 induction and
mRNA accumulation (Liu et al. 2007). Importantly, PGC-1α
can stimulate BMAL1 and REV-ERBα transcription through
coactivation of RORα (Liu et al. 2007). PGC-1α knock-
out mice display both metabolic and circadian abnormali-
ties. Specifically, these mice exhibit disrupted weight con-
trol, muscle dysfunction, and hepatic steatosis, as well as
altered diurnal rhythms of activity, body temperature, and
metabolic rate (Leone et al. 2005; Liu et al. 2007). Inter-
estingly, PGC-1α knockout mice appear to have a reduced
ability to phase-reset liver clock gene expression in response
to a shift from night-restricted to day-restricted feeding (Liu
et al. 2007). Although a more detailed study is required,
this may indicate that feedback between PGC-1α and core
clock genes is required for optimal entrainment of peripheral
clocks to energy-related cues. Equally, imposing of chronic
and inappropriate metabolic inputs onto the clock through
metabolic regulators such as PGC-1α might contribute to
dampening of metabolic rhythms observed in obesity.

PPAR

One of the targets of both PGC-1α and CLOCK/BMAL1
is the PPAR family of transcription factors. PPARα is
involved in the regulation of numerous genes involved in
lipid metabolism, including fatty acid transport and uptake,

catabolism and storage (Desvergne and Wahli 1999), and
PPARα activity has been shown to have a role in adaptive
responsive to feeding cues (Kersten et al. 1999). PPARα
is rhythmically expressed (in a CLOCK/BMAL1-dependent
manner) in peripheral tissues, including liver, heart and kid-
ney, and to a lesser extent within the SCN (Lemberger et al.
1996; Panda et al. 2002). Like PGC-1α, PPARα is capable
of modifying CLOCK and BMAL1 activity and expression
(McNamara et al. 2001; Inoue et al. 2005; Oishi et al. 2005b;
Canaple et al. 2006). PPARα has been shown to bind directly
to the BMAL1 promoter by chromatin immunoprecipitation,
and fibrate agonists of PPARα can induce BMAL1 expres-
sion in the liver. Further, the retinoid X receptor-α (RXRα),
a dimerization partner of PPARα, inhibits CLOCK/BMAL1-
induced transcriptional activation at E-box promoter sites
(McNamara et al. 2001). PPAR-response elements are also
found within the REV-ERBα promoter, and REV-ERBα ex-
pression has been shown to be responsive to PPARα and
PPARγ both in vitro and in vivo (Chawla and Lazar 1993;
Gervois et al. 1999; Fontaine et al. 2003; Laitinen et al.
2005).

SIRT1

Chromatin remodelling is now recognized as being a cen-
tral component in facilitating clock-regulated gene expres-
sion (Nakahata et al. 2007) and CLOCK has been shown
to function as a histone acetyltransferase (HAT) (Doi et al.
2006). HAT activity (acetylation) attaches an acetyl group
to the histone, which serves to loosen chromatin structure
and facilitate gene transcription. CLOCK-mediated histone
acetylation presumably follows CLOCK/BMAL1 binding of
E-box sites (Doi et al. 2006; Etchegaray et al. 2003). In
line with this, transcriptional rhythms in clock gene expres-
sion in mouse liver are accompanied by rhythms in H3 his-
tone acetylation, including the promoter regions of the PER1,
PER2 and CRY1 genes (Etchegaray et al. 2003). In or-
der to achieve rhythmic cycles of acetylation, the activity
of a histone deacetylase (HDAC) is required to oppose any
HAT activity. Two groups have recently identified SIRT1, a
protein extensively linked to energy metabolism and ageing
(Michan and Sinclair 2007), as an HDAC that counteracts
CLOCK-mediated acetylation (Asher et al. 2008; Nakahata
et al. 2008).

Targets of CLOCK and SIRT1 acetylation/deacetylation
cycles include not only histones (Doi et al. 2006), but also
clock components (e.g. BMAL1, PER2) and metabolic reg-
ulators (e.g. PGC-1α) (Hirayama et al. 2007; Asher et al.
2008; Nakahata et al. 2008; Rodgers et al. 2008). While
SIRT1 expression is reported to be is required for high-
amplitude transcriptional rhythms of several core clock com-
ponents in vitro, including BMAL1 and PER2, it does not ap-
pear to be essential for the maintenance of clock gene tran-
scriptional oscillations per se (Asher et al. 2008; Nakahata
et al. 2008). This suggests that rhythmic histone acetylation
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serves primarily to confer circadian transcriptional regula-
tion to clock-controlled genes (Etchegaray et al. 2003; Cur-
tis et al. 2004; Naruse et al. 2004; Ripperger and Schibler
2006), whereas nonhistone acetylation of clock genes, in-
cluding BMAL1 and PER2 might be important in modifying
the strength and phase of clock gene rhythms. For exam-
ple, both PER2 (Asher et al. 2008) and BMAL1 (Nakahata
et al. 2008) are stabilised through acetylation, thus modi-
fying the dynamics of the transcriptional feedback loops of
the clock. Several transcription factors and co-activators in-
volved in metabolism, including members of the FOXO pro-
tein family, the nuclear receptor LXR, and PGC-1α, are also
subject to regulation by SIRT1 HDAC activity (Brunet et al.
2004; Motta et al. 2004; Rodgers et al. 2005; Bordone et al.
2006; Dali-Youcef et al. 2007; Li et al. 2007).

Taken together, these findings suggest that the interaction
of CLOCK and BMAL1 with PPARα, PGC1α, and SIRT1
constitute a reciprocal transcription loop linking metabolism
with clock gene oscillation. The ability of energy-responsive
genes to modify clock gene expression and activity, in
essence renders the clock itself responsive to metabolic
cues. Further, the adaptability of different body clocks to
metabolic input may be dictated to a great extent by the
tissue-specific expression of energy-responsive genes such as
PPARα, PGC1α, and SIRT1.

Adaptability of the clock to cellular energy status

The transcriptional activity of CLOCK/BMAL1 has been
shown to be strongly influenced by the intracellular ratio
of reduced to oxidized nicotinamide adenine dinucleotide
(NAD) cofactors, a ratio which is closely tied to cellular en-
ergy metabolism (Rutter et al. 2001, 2002). Equally, SIRT1
activity is dependent on NAD ratio, since it requires NAD+

as a cosubstrate during deacetylation reactions (Sauve et al.
2006). The direct dependence of clock activity on cellular
energy supply provides a mechanism by which alterations
in metabolic cues (such as RFS, hyperphagia, or desynchro-
nised feeding / activity patterns) can modulate timing sys-
tems at a cell / tissue / organism level. These findings also
suggest that SIRT1 may be a key physiological control switch
through which changes in cellular energy (NAD+/NADH ra-
tios) impact on clock gene expression and function.

An intriguing question is the degree to which fluctua-
tions in SIRT1 activity and NAD+ supply are confined to in-
dividual cells/tissues, or whether they may also be subject
to system-wide modification. Nicotinamide phosphoribosyl-
transferase (NAMPT, also referred to as visfatin), a key en-
zyme involved in the NAD+/NADH cycle, is released from
visceral adipocytes, and detectable at relatively high levels in
the circulation (Revollo et al. 2007). NAMPT is responsive
to cellular energy supply, being strongly induced in the livers
of rats following a 48 h fast (Yang et al. 2007) and increased
circulating NAMPT has been linked to obesity and insulin re-
sistance in type-II diabetes (Chen et al. 2006; Retnakaran et

al. 2008). NAMPT is also responsive to AMP-activated pro-
tein kinase (AMPK) activity, and capable of regulating the
activity and expression of sirtuin proteins, including SIRT1
(presumably through its actions on NAD+) (Revollo et al.
2004; Wang et al. 2006; Yang et al. 2007; Fulco et al. 2008).
In a comprehensive gene array study, Dupré and colleagues
have recently demonstrated that NAMPT is under strong cir-
cadian and seasonal control within the pars tuberalis of sheep
(Dupré et al. 2008). This group revealed NAMPT to be one
of only a handful of genes within this structure to be di-
rectly responsive to melatonin. These findings suggest that
the NAD+ cycle may be central to linking circadian machin-
ery (via SIRT1 and CLOCK), to both cellular energy supplies
(e.g. glucose availability and electron transport chain activ-
ity) and systemic timing signals (melatonin), to orchestrate
and adapt metabolic gene expression on a circadian and cir-
cannual level.

Another attractive candidate for linking cellular energy
supply to clock function is AMPK. AMPK is activated in re-
sponse to increases in the cellular AMP:ATP ratio, and acts
to switch the cellular metabolic programme from ATP con-
sumption to ATP production. AMPK activation is observed
in fasted and calorie-restricted animals, and it has been iden-
tified as an essential pathway involved in regulating energy
balance within the hypothalamus (Kahn et al. 2005; Car-
ling 2007). Interestingly, the SIRT1 agonist resveratrol in-
duces the phosphorylation and activation of AMPK (Baur et
al. 2006; Dasgupta and Milbrandt 2007), and activation of
AMPK induces NAMPT transcription during glucose restric-
tion (Fulco et al. 2008). AMPK has recently been shown to
heighten the activity of casein kinase 1ε (CK1ε) (Um et al.
2007), an enzyme central to determining the period of clock
transcriptional feedback loops (Gallego and Virshup 2007;
Loudon et al. 2007; Meng et al. 2008).

Concluding remarks

The ability of restricted food availability to rapidly entrain
behavioural and metabolic rhythms indicates the degree to
which the circadian system is responsive to energy cues. Al-
though the mechanisms of entrainment remain uncertain, it
seems clear that modification of clock gene rhythms at a
molecular level by energy-responsive metabolic genes will
play a central role. Additionally, the uncoupling of periph-
eral circadian oscillators like those in the liver from SCN
during altered energy status raises the distinct possibility
that abnormal energy supply (including unrestricted hyper-
calorific food intake and feeding schedules that are out of
synchrony with normal patterns of behaviour) may be ef-
fective at dampening hypothalamic control of metabolism.
Recent evidence suggests that dampening of our daily phys-
iological rhythms is a contributing factor in metabolic syn-
drome (diabetes, cardiovascular disease) (Boden et al. 1999;
Calvani et al. 2004; Yildiz et al. 2004; Ando et al. 2005), and
clinical reports demonstrate that sleep restriction, shift work,
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and night-eating conditions are all strong risk factors for obe-
sity and other aspects of metabolic syndrome (Blundell and
Gillett 2001; Buijs and Kreier 2006; Wolk and Somers 2007;
Young and Bray 2007; Zvonic et al. 2007). Therefore, under-
standing how circadian systems are entrained, or conversely
desynchronized, by alterations in food supply, may provide
novel therapeutic avenues for the treatment of metabolic dis-
orders.

A key issue that remains to be resolved, is how much (or
perhaps more accurately how little) of the clock machinery
is required to facilitate food-entrainment. It is possible that
rhythmic expression of core metabolic genes due to cycles
in food intake needs only a fraction of the molecular clock
structure to provide a circadian basis to the timing. From
an evolutionary point of view, the lack of specificity at both
an anatomical and a molecular level in the food-entrainable
circadian system may be required to allow flexibility in an
organism’s response to food cues, and to minimize the vul-
nerability of the food-entrainment system to disruption.
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