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The objective of the workshop was to gain a better understanding of the link between circadian rhythms and
human health and disease. The impacts of circadian
rhythms on metabolic gene regulation, as well as the effect of nutrient uptake and balance on the molecular
components of the clock, were discussed. Topics included
the neural circuitry underlying the central clock; the effect of the environment and diet on the central clock as
well as peripheral, tissue-specific clocks; and the transcriptional, post-transcriptional, and post-translational (e.g.,
epigenomic) mechanisms through which these signals
are transduced. Evidence presented during the meeting
demonstrated that circadian rhythms and metabolism are
intricately linked, and that disruption in these rhythms
have profound consequences—many times leading to
metabolic disease. The mechanisms by which circadian
rhythms are maintained and the cross-talk with metabolic
signaling are just beginning to be elucidated. However,
the interactions between these fields and the knowledge
learned will clearly have a profound impact on our understanding of metabolic disease and lead to novel therapeutic approaches in the future

In the past decade, it has become clear that the signaling
cascades contributing to metabolic regulation respond to
both central and cellular timing signals. Disruptions in the
normal circadian rhythms of an animal result in changes in
sleep, activity, and eating patterns. Change in patterns can
lead to the dysfunction of metabolic pathways, and may
ultimately lead to a number of diseases, including obesity,
metabolic syndrome, type 2 diabetes, cardiovascular disease, and cancer. The environmental cue of light and dark
is well described to entrain the central clock. However, it is
becoming better appreciated that cues such as nutrient
uptake (feeding) and temperature also can impinge on the
central clock. Many of the genes responsible for the
regulation of the ‘‘core’’ clock have been identified, and
their role in peripheral (tissue-specific) clocks is becoming
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apparent. Evidence from studies on these peripheral clocks,
especially as they affect metabolism, is beginning to
elucidate the integral role of these clocks in normal physiology as well as disease. Studies demonstrate that the
mechanisms by which this dysregulation occurs include
signaling at the transcriptional, post-transcriptional, posttranslational, and epigenomic levels. One specific point
of intersection lies at the level of nuclear receptors
(NRs)—hormones, vitamins, and xenobiotic and nutrientdependent transcription factors involved in reproduction,
feeding, and homeostasis. It has now been shown that a
number of these NRs are also key components of the
clock, providing a direct link between the workings of
the clock, gene regulation, and metabolism. Epigenetic
mechanisms—specifically the role of clock genes in the
modification of chromatin to influence gene regulation—
also represent an exciting new overlay to regulation of the
clock. A workshop on Circadian Rhythms and Metabolic
Disease sponsored by the National Institute of Diabetes
and Digestive and Kidney Diseases (NIDDK) in Bethesda,
MD, on April 12 and 13, 2010, brought together scientists
in the fields of circadian rhythms and metabolism in order
to gain a better understanding of the complex interrelationship between clock genes and genes involved in metabolism, and their potential roles in metabolic disease. The
workshop brought together investigators from different
disciplines to (1) enhance the exchange of information
and (2) increase the collaboration between and among
investigators from different disciplines with the goal to
develop a better understanding of the role(s) of circadian
rhythmicity in the regulation and/or modulation of signaling pathways responsible for metabolic regulation.
Mammalian circadian clocks
Dr. Joe Takahashi (University of Texas Southwestern
Medical Center, Dallas, TX) began the workshop with a
plenary session that provided an overview of the central
and cellular clocks in mammals at the genetic and molecular level. As a perspective, he began by emphasizing that
circadian rhythms are evolutionarily conserved, and represent an adaptation of the organism to its environment.
Traditionally, it is well known that ‘‘environment’’ is
reflected by the light/dark cycle, resulting from the rotation
of the earth, but, as we learned during the workshop, it also
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Figure 1.
Interlocked transcriptional feedback loops of the
circadian clock. This model figure shows that a key positive loop
of the clock is controlled by ROR and the Bmal/Clk heterodimer.
This positive loop is opposed by the repressor loop, which involves
Per/Cry. (Image courtesy of Ron Evans.) See the text for details.

includes wake/feeding and sleep/fasting as additional inputs. Integration of the clock is a complex process that
involves regulation of genes on one level, and results in
very real behavioral outputs at the organism level. An
additional layer of complexity is the presence of peripheral
clocks in the cells of almost all tissues throughout the
organism. Genetic analysis has allowed identification of
a number of core clock genes that generate circadian
oscillations (e.g., Clock, Bmal1, Per1, Per2, Cry1, Cry2,
and casein kinase e). A number of other genes integral to
the clock and circadian behavior (e.g., ror and rev-erba) and
the transcriptional and post-transcriptional regulation were
also discussed. Interactions between the proteins encoded
by these genes—such as classical feedback mechanisms
and post-translational modifications resulting in degradation or increased stability—provide another level of regulation (see Fig. 1; Yoo et al. 2004).
The overriding core or master clock resides in the brain
in the suprachiasmatic nucleus (SCN) of the hypothalamus. Coupling of neurons within the SCN transforms the
output from this central clock, and is influenced by outside
stimuli such as light/dark and feeding behavior. But Dr.
Takahashi went on to describe another level of circadian
output that was a common theme throughout the workshop, and that is regulation at the cellular level in every
peripheral tissue studied. (Liu et al. 2007) These clocks are
influenced by signals from the central clock, but are also
regulated in a cell-autonomous level. This regulation can
be demonstrated dramatically by monitoring cells in culture as they continue to respond rhythmically, maintaining
synchrony. So, not only is there a clock in every cell, but
these clocks also have tissue-specific (and species-specific,
in some cases) inputs, outputs, and rhythms. Many of these
outputs are related to and influenced by metabolism, and
a number of the same transcription factors (particularly
NRs) are involved in clock regulation as well as metabolism
(see Fig. 2). Speakers in the following sessions presented
their work on specific aspects of these clocks, and how they
influence, and are influenced by, metabolic outputs.
Central and neural circuitry
The first session of the workshop addressed the central
clock, the neuronal connections in this clock, hypotha-

lamic circuitry, and the link between feeding and circadian rhythms. Dr. Rae Silver (Barnard College and Columbia University, New York, NY) began by describing
a food-entrained oscillator (FEO) that is distinct from the
light-entrained oscillator (LEO) found in the SCN. Both of
these regulate behavior, but one is entrained by food
(eating) and the other is entrained by light (light/dark
cycle). When the FEO and LEO cues are in synchrony,
then the food- and light-entrained behaviors are indistinguishable. However, if the cues are out of synchrony, then
the behaviors are distinguishable and the organism becomes entrained by food anticipatory activity (Antle and
Silver 2009). Indeed, experimental mouse models demonstrate that, when the LEO is weakened (e.g., by SCN
lesion, clock gene mutation, or knockouts), then the FEO
is enhanced. When FEO is disrupted, the SCN component
is enhanced, indicating that there is a distinct cue responsible for signaling feeding behavior. Dr. Silver then
presented data that supported the role of ghrelin as this
cue for food, and ghrelin-producing cells as FEOs. Ghrelin
is the only gastrointestinal hormone that is increased in
anticipation of a meal. It is secreted by oxyntic cells in the
fundus of the stomach, and these same cells also express
the clock proteins PER1 and PER2. Many peripheral
tissues as well as brain regions contain ghrelin receptors.
Ghrelin is secreted right before a meal and is shifted by
the timing of the meal, and, importantly, ghrelin rhythms
are not shifted by light cues. Furthermore, ghrelin receptor knockout mice show diminished food anticipatory
activity (LeSauter et al. 2009).

Figure 2. Clock controlled output. The central and peripheral
clocks together regulate metabolism, inflammation, and energy
homeostasis. (Image courtesy of Billie Marcheva and Joseph
Bass.) See the text for examples.

GENES & DEVELOPMENT

1457

Silva et al.

Dr. Erik Herzog (Washington University, St. Louis,
MO) discussed his work on identifying factors responsible
for synchronizing the output from neuronal cells in the
SCN, the master circadian pacemaker. Using electrical
activity measurements from single neurons, Dr. Herzog
demonstrated the precise daily synchrony when SCN
cells communicate with each other. In fact, there is
evidence that the cells of the SCN can maintain their
rhythm for >1 yr in culture. In contrast, SCN cells that are
prevented from communicating with each other display
individualized periods in culture. These results led Dr.
Herzog to ask: ‘‘How do cells communicate in order to
keep this synchronous rhythm?’’ His results demonstrate
that VIP (vasoactive intestinal polypeptide) was required
for SCN synchrony (Aton et al. 2005). VIP is secreted on
a daily basis and in response to light, and new data
indicate that it entrains SCN neurons to each other in
a predictable phase relationship. Since the receptors for
VIP (VPAC2R) are widely expressed, this same peptide
could also play a role in the rhythmicity of clocks in the
brain and body. By cross-correlating neuronal spikes at
millisecond resolution, Dr. Herzog’s group is also mapping
the connectivity of neurons in the SCN. Their measurements have revealed both fast inhibitory and excitatory
connections in roughly equal numbers, which are relatively
rare, compared with the possible number of connections,
and varying in strength and number over the circadian day.
Finally, these connections may regulate not only the
timing of melatonin release from the pineal gland, but also
glucose production from the liver, providing evidence for
the connection between the master and peripheral clocks
and effects at the metabolic level (SJ Aton, GM Freeman,
S An, C Tsai, RM Krock, and ED Herzog, unpubl.).
Dr. Clifford Saper (Harvard Medical School, Boston,
MA) continued the discussion of neuronal links and
circuitry in and from the SCN. He provided evidence
showing that neuronal projections from the SCN passed
through the subparaventricular zone to the dorsomedial
nucleus of the hypothalamus (DMH). Targeted disruption
of the DMH led to disruptions in sleep pattern, as well as
in the circadian rhythm of locomotor activity and feeding, and the secretion of corticosteroids; however, body
temperature and melatonin secretion were not affected
(Chou et al. 2004). In another set of experiments, he
showed that food restriction not only led to a shift in the
rhythm of locomotor activity and body temperature, but
also reset gene expression in the DMH (Gooley et al.
2006). Lesions of the DMH prevented entrainment in
animals on a restricted feeding paradigm. To identify the
clock that drives food entrainment, Mieda et al. (2006)
and Fuller et al. (2008) looked at clock gene expression in
the brain during restricted feeding and induction of a
robust rhythm of clock gene expression in the compact
part of the DMH, but only under conditions of food
entrainment. To test whether the clock gene expression
in the DMH was capable of driving entrainment of
locomotor activity and body temperature rhythms, Fuller
et al. (2008) then studied mice that were deficient in the
core clock protein BMAL1. Mice lacking BMAL1 had no
baseline circadian rhythms, but restoration of BMAL1 to

1458

GENES & DEVELOPMENT

the SCN resulted in normal locomotor and body temperature rhythms. However, these animals did not entrain to
food. Restoring BMAL1 to the DMH did not affect
baseline circadian rhythms, but did allow entrainment
of body temperature and locomotor activity during restricted feeding. Together, these results indicate that the
DMH is required for food entrainment, and that the DMH
clock is capable of driving food-entrained rhythms. However, other signals—such as from the ghrelin-containing
cells of the stomach, described by Dr. Silver—could still
contribute to food entrainment in the intact animal. The
overall effect of these studies has been to show how
intimately interconnected signaling in brain regions is to
enable responses to environmental cues.
Session on model organisms
In order to study circadian rhythms, particularly by the
controlled disruption/modulation of these rhythms,
a number of nonmammalian model organisms have
proven quite useful in providing mechanistic insights
into the workings of circadian clocks. In this session, we
heard from three investigators who use either the fruit fly
(Drosophilia melanogaster) or the eastern North American monarch butterfly (Danaus plexippus) as model
organisms. Dr. Steven Reppert (Univeristy of Massachusetts Medical School, Worcester, MA) described an elegant model to study the molecular clock of the monarch
butterfly. Using a flight simulator and molecular approaches, his laboratory has been able to dissect the
components of the light-entrained circadian clock and
the time-compensated sun compass of the butterfly. The
clock and sun compass integrate to prompt and direct the
southern migration of the butterflies during the fall
season. The circadian clock located in the butterfly brain
expresses period and timeless, which are under transcriptional control by the CLOCK protein. The butterfly clock
also expresses two cryptochrome proteins: Cry1 (Drosophila-like), which acts as a photoreceptor, and Cry2
(vertebrate-like), which is a clock component and transcriptional repressor; Cry2 is expressed in all nondrosophilid insects so far examined. The expression of Cry1 and
Cry2 in the butterfly likely represents an ancestral clock
mechanism common among lepidopteran species (Zhu
et al. 2008). During evolution, Drosophila lost cry2, and
express only cry1, while other insects and vertebrates lost
cry1 and express cry2 (Yuan et al. 2007). Specific antibodies
against monarch Cry1 and Cry2 label clock circuits in the
brain that may, in turn, regulate migratory behaviors
(Sauman et al. 2005; Zhu et al. 2008). Using the monarch
butterfly model, the Reppert laboratory has determined
that the major timing mechanism for sun compass orientation resides in the butterfly antennae, not the brain
(Merlin et al. 2009). These studies provide a unique model
in which a peripheral clock regulates brain-generated
behavior. To continue studies on circadian clocks in the
monarch butterfly, Dr. Reppert and his colleagues are
developing a genomic toolbox that consists of expressed
sequence tags, the entire genomic sequence of the butterfly, and a zinc finger nuclease strategy to knock out
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specific genes to help elucidate the underlying molecular
mechanisms of clock function.
Using the Drosophila model, Dr. Michael Rosbash
(Brandeis University, Waltham, MA) has undertaken a detailed investigation of the genes that are regulated by
the CLOCK protein (CLK/CYC). The current molecular
model for regulation of rhythms in flies is that the CLK/
CYC protein regulates the expression of the period and
timeless genes, and, in a classical feedback loop, the
PERIOD and TIMELESS proteins then inhibit the expression of the clock gene (Menet et al. 2010). While it generally has been thought that there are few direct target
genes of CLK besides period and timeless, Dr. Rosbash
provided convincing evidence that there are many more
genes regulated by CLK in Drosophila. Using chromatin
immunoprecipitation (ChIP) with antibodies against not
only CLK, but also PER and RNA Polymerase II, he
identified >2200 peaks reflecting CLK binding. Further
analysis using tiling arrays demonstrated that there were
at least 700 direct CLK target genes within the genome,
with not all of the binding motifs reflected by the
canonical E-box, and that, in most cases, PolII was cycling
on these same genes. He then went on to describe a series
of experiments that provided evidence for the heretofore
unappreciated number of direct CLK target genes assessed previously by analysis of cycling mRNAs. Studies
revealed that almost 50% of CLK target genes have alternative start sites. Analysis of neuron-specific genes
resulted in the identification of a number of cycling clock
genes above and beyond those identified in Drosophila
(Nagoshi et al. 2010). He also showed that the number of
cycling mRNAs identified could be increased by performing RNA sequencing (RNA-seq) analysis at six separate
time points (Kadener et al. 2009). In summary, while the
overall mechanism of transcriptional regulation by CLK
genes is correct, more sophisticated analysis, as described
by Dr. Rosbash, has shown that this regulation is much
more complicated than originally thought.
Dr. Amita Sehgal (University of Pennsylvania, Philadelphia, PA) continued discussion of circadian clocks in
Drosophila, particularly with respect to the circadian
control of feeding and metabolic activity. In Drosophila,
in addition to the neuronal clock, the fat body (analogous
to liver and adipose tissue) also has a clock, and disruption of this clock affects feeding. Disruption of the fat
body clock decreases energy stores, increases sensitivity
to starvation, and increases feeding. In contrast, disruption of the neuronal clock increases the storage of
nutrients and decreases the sensitivity to starvation. Interestingly, disruption of the two clocks together has
minimal effects on metabolic activity. Inhibition of the
central clock results in storage of triglycerides in the fat
body. Microarray analysis from wild-type fat body versus
CLOCK-impaired fat body demonstrates that a number of
metabolic genes are regulated by CLOCK in this tissue.
In addition to showing effects of the central and peripheral clocks on metabolic pathways, Dr. Sehgal ended
by showing data that show that disruption of signaling
pathways involved in metabolism (e.g., mTOR) can affect
circadian rhythms in the fly, thus providing further

evidence of the reciprocal and integral relationship in
this model system between circadian rhythms and metabolism (Xu et al. 2008). Clearly, even the most primitive
vertebrates must respond to the environment in which
they live, with dependent pathways that are broadly
conserved throughout evolution.
Transcription and peripheral clocks
The common theme of transcription and peripheral
clocks was discussed next. Topics addressed included
the role of NRs in circadian rhythms, post-transcriptional
modifications as a mechanism of clock regulation, and
the overlay of epigenetic modifications as a regulatory
mechanism. Dr. Ron Evans (Salk Institute, La Jolla, CA)
began by putting the situation in perspective when he
said that both physiology and circadian rhythms share
many of the same features. Both are ‘‘self-regulating,
adaptive, and recurrent processes that must reset themselves every day.’’ He presented the phylosphere of the 48
nuclear hormone receptors, dividing these receptors into
six groups by their known or deduced functions (Bookout
et al. 2006). One group of NRs encompasses those involved in both circadian and basal metabolic functions
(e.g., RORa/b and REV-ERBa/b) (Yang et al. 2006). The
metabolic and physiologic functions of NRs are well
described in gluconeogenesis, adipogenesis, inflammation, reproduction, etc. The theme of Dr. Evans’ talk
was to demonstrate the integral link between NRs and
circadian rhythms, as well as the reciprocal nature of this
interaction. He showed that the cellular energy statesensing AMP kinase acts as a master metabolic switch, as
it is influenced by energy inputs such as exercise, feeding,
and nutrients, and is able to transmit this signal to the
tissue-specific peripheral clocks. At a mechanistic level,
Dr. Evans showed data supporting the role of AMP kinase
in phosphorylating CRY1 at serine residue 71 (Ser71).
Ser71 is conserved in all CRY1 proteins that act as
transcriptional repressors (e.g., vertebrates), but not in
evolutionarily distinct CRY1 that acts as a photoreceptor
(such as in monarch butterflies). He showed that AMP
kinase-regulated phosphorylation of Ser71 results in the
degradation of the CRY1 protein and an alteration of the
circadian clock in hepatocytes and fibroblasts. The role of
AMP kinase in peripheral clocks is demonstrated further
by the fact that this kinase can alter the set time of the
hepatocyte clock, and its activation alters circadian
rhythms in fibroblasts (Lamia et al. 2009). To demonstrate
further the link between clock and metabolism, he hypothesized that CRY knockout mice would show different
sets of glucocorticoid-regulated genes compared with
those with intact CRY1 with potential disruptions in
glucose homeostasis (RM Evans, unpubl.). Since 12 out
of 49 NRs are known to interact with the CRY1 protein,
there are certainly many other NR- and tissue-specific
mechanisms that integrally link the circadian clock and
metabolic pathways.
Dr. Mitch Lazar (University of Pennsylvania, Philadelphia, PA) continued the topic of NRs and the circadian
clock by discussing the epigenetic regulation of gene
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expression in the liver. NRs respond to cues from the
environment that are transduced through ligand binding.
Ligand-bound NR interacts directly with DNA and recruits a series of coactivators or corepressors that exhibit
or recruit enzymatic activity. As an example, the corepressor NCoR/SMRT recruits the histone deacetylase
HDAC3, leading to epigenetic changes and regulation of
gene expression (Alenghat et al. 2008). This regulation
impacts both circadian as well as metabolic genes. In the
liver, one of the NRs that functions in this way is Reverba (Yin et al. 2010). Ongoing studies using cistromic
approaches reveal that the recruitment of Rev-erba
together with HDAC3 at thousands of sites in the mouse
liver genome modulates the expression of genes regulating hepatic lipid metabolism and circadian rhythm. The
Rev-erba interaction with the NCoR–HDAC3 complex is
gated by heme, which functions as a ligand for Rev-erba
(Yin et al. 2007) and may serve as the physiological link
between the circadian and metabolic pathways.
In two related talks, the role of Rev-erba and related
receptors were discussed further. Dr. Lei Yin (University
of Michigan, Ann Arbor, MI) described her work on the
regulation of the Rev-erba protein through degradation
that is stimluated by lithium, which itself is known to
regulate circadian rhythm (Yin et al. 2006) . She identified
two E3 ligases that cause ubiquitination and subsequent
degradation of the Rev-erba protein. Depletion of either
of these ligases impacts the regulation of clock genes by
Rev-erba and resultant circadian function in the mouse
liver (L Yin, unpubl.). Dr. Thomas Burris (Scripps Research
Institute, Jupiter, FL) described a number of agonists of the
Rev-erba receptor that have been developed through
a chemical biology approach. He provided data to show
that these agonists induce adipogenesis, suppress glucose
output from hepatocytes, and inhibit PEPCK gene transcription (Kumar et al. 2010). Both better agonists as well
as antagonists are under development for Rev-erba in
addition to ROR (a/b/g) (Wang et al. 2010). Given the
integral role of NRs in physiology and circadian rhythms,
these synthetic ligands could be very useful for treatment of
both metabolic disorders and defects in circadian rhythms.
Dr. Carla Green (University of Texas Southwestern
Medical Center, Dallas, TX) described her ongoing research on the discovery of nocturnin, a gene that increases expression at night and is the only one of five
identified deadenylases that is rhythmically expressed
(Baggs amd Green 2003). While nocturnin is not part of
the clock mechanism, it is an output of the clock, and has
a high-amplitude rhythm in the liver. While nocturnin
knockout animals have no obvious metabolic defects,
when put on a high-fat diet, these animals are resistant to
weight gain and are protected from hepatic steatosis
(Green et al. 2007). There is less fat storage in their livers,
and while there is a change in the expression of genes
involved in lipid metabolism, there is no change in the
oxidation of lipids. Further investigation indicates that
the mice accumulate large droplets of lipid in the cells
lining their intestines. Future work will investigate the
mRNAs that are regulated by nocturnin, and may lead to
important avenues for therapeutic intervention in fatty
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liver disease and other components of the metabolic
syndrome.
Dr. John Hogenesch (University of Pennsylvania, Philadelphia, PA) gave a comprehensive view of the transcriptional output of the mouse liver clock. Using a combination
of exon-based DNA arrays and RNA-seq, his group sampled
mouse livers every 2 h and analyzed RNA expression. The
exon-based arrays were able to identify hundreds of genes
whose transcription were not overtly cyclic at the wholetranscript level, but had cycling of one or more exons. The
RNA-seq data were taken at a 6-h frequency, and identified
many alternative splicing events as well as noncoding
RNA expression that appears to be clock regulated. He
showed that genome-wide RNA profiling from mouse
livers at 2-h intervals for 2 d resulted in the detection of
circadian as well as ultradian rhythms. Some genes, such as
Bmal1, showed a 24-h frequency, while others cycled at
a 12-h frequency (e.g., hspa1b) and some cycled at an 8-h
frequency (Hughes et al. 2009). Therefore, this analysis
gave a more comprehensive view of circadian gene regulation. Given the large expanse of data to be analyzed from
this type of analysis, Dr. Hogenesch brought on board
mathematician Karl Kornacker (Ohio State University),
who developed an algorithm (‘‘JTK cycle’’) that is many
times faster than previous algorithms, is resistant to outliers, and accurately reports cycling, period, amplitude, and
phase. In collaboration, they identified >600 genes that
were not identified by previous analysis, demonstrating
again the importance of the integration of disciplines in
addressing this type of research. Dr. Hogeneschs’ work
aptly summed this session, pointing to changes in expression of individual genes and networks of genes as the end
point of circadian patterns of response. These, in turn, are
reflected as changes in behavior of the whole organism.
Interactions between central and peripheral clocks
Dr. Satchidananda Panda (Salk Institute, La Jolla, CA)
discussed the contributions of both the central core clock
components as well as input from time of feeding on
hepatic metabolic genes. Feeding time determines the
targets and phases of rhythmic transcripts. He demonstrated that, in Cry-deficient mice, consolidated feeding
could restore rhythmicity in many liver gene transcripts
(;600 out of 3000 genes transcripts) (Vollmers et al. 2009).
Conversely, in fasting mice, only 368 out of 2629 genes
remain rhythmic. Thus, there is a synergistic interaction
between clock and temporally restricted feeding patterns
in many important metabolic genes, including those involved in mitochondrial function. Moving forward, it will
be important to determine the role of nutrient quality,
quantity, and feeding pattern in maintaining full rhythmicity of liver gene expression and normal physiological
states.
Dr. Vijay Yechoor (Baylor College of Medicine, Houston, TX) discussed the role of the clock gene Bmal1 in
hypoinsulinemia. Bmal1 knockout mice (global, but not
liver-specific) have impaired glucose tolerance early in
life that develops into frank diabetes (Lamia et al. 2008).
Glucose-stimulated insulin secretion (GSIS) is defective
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(the first phase of insulin secretion is virtually absent). He
noticed that these mice have an increased b-cell area in
the pancreas, but that the stimulation of insulin secretion
and the expression of the glucose transporter Glut2 were
normal. However, he did find that the islets from these
mice have increased expression of uncoupling protein 2
(UCP2), and that impaired GSIS can be partially rescued
by a UCP2 inhibitor (J Lee, M Kim, R Li, V Liu, X Xia,
K Ma, L Fu, DD Moore, and V Yehoor, unpubl.). Thus, he
concludes that the core clock component Bmal1 is necessary for normal mitochondrial function in the b cells of
the islet, providing another integral link between the
clock and metabolism, specifically in the b cell. Further
research will investigate whether this is due to central or
peripheral clock genes by studying a b-cell-specific Bmal1
knockout. Results of these studies may have important
clinical implications regarding the treatment of diabetes.
Dr. Joseph Bass (Northwestern University, Evanston,
IL) also discussed the synchronization of feeding, metabolism, and sleep, and the overlap of circadian and metabolic transcription networks (Marcheva et al. 2009). This
connection is well demonstrated in clock knockout mice
that show a behavioral and metabolic phenotype with
loss of eating rhythms, increased body weight, and metabolic syndrome reflected by hyperglycemia and hyperlipidemia (Turek et al. 2005). He described the circadian
clock as a ‘‘hub’’ that regulates metabolism, inflammation, and energy homeostasis (Maury et al. 2010). He then
discussed the contribution of the central clock versus the
peripheral clock, and underscored the intensive interest
in delineating tissue-specific clock function in metabolic
homeostasis. He described genetic strategies that his
group and others are now exploiting to dissect the impact
of clock expression in brain or periphery. He also highlighted how further insight into clock function within
local tissue physiology may open opportunities to target
the clock as part of a therapeutic strategy in metabolic
disorders (Marcheva et al. 2010). Thus, building on the
work in transcription, the maintenance of homeostasis is
paramount, and disruptions of normal physiology at any
level leads to metabolic dysfunction.
The second day of the meeting started with a plenary
talk by Dr. Ueli Schibler (University of Geneva, Switzerland) entitled ‘‘Signaling within the Mammalian Circadian
Timing System.’’ Dr. Schibler continued the discussion
of central and peripheral clocks (Dibner et al. 2010).
He provided evidence that body temperature increases
the strength of circadian oscillations through the coldinducible binding protein (CIRP), and that these oscillations
are synchronized through a heat-shock transcription factor
(HSF-1). In fact, a low-amplitude change in body temperature results in a large change in gene expression rhythms.
HSF-1 is a circadian transcription factor, and is posttranscriptionally activated by elevated temperature (Reinke
et al. 2008). He showed that, in the liver, HSF-1 mRNA and
protein accumulate throughout the day, although the
nuclear abundance (and DNA-binding activity) is strongly
circadian. Furthermore, the expression of the clock gene
(Bmal1) in a cultured fibroblast cell line can be synchronized by simulating body temperature oscillations in an

HSF-1-dependent manner. CIRP expression is regulated by
temperature body rhythms in the liver, and simulated body
temperature rhythms in cultured fibroblasts in a manner
that is independent of the core clock. The free-running
circadian clock is strongly dampened in cells from CIRP
knockout mice. Since Cirp mRNA and protein accumulate
to threefold to fivefold higher levels when the body
temperature reaches nadir values, Schibler proposed that
body temperature rhythms enhance the strength of peripheral circadian oscillators in a CIRP-dependent fashion. In
conclusion, a decrease in body temperature results in
increased CIRP, which enhances the amplitudes and magnitudes of circadian oscillators, whereas the periodic increase of body temperature rhythms leads to HSF-1 activity
cycles that in turn participate in the synchronization of
peripheral clocks (C Saini, J Morf, and U Schibler, unpubl.).
Dr. Paolo Sassone-Corsi (University of California at
Irvine, Irvine, CA) discussed the connection between
epigenetics and regulation of metabolism by the circadian
clock. Post-translational modification can involve methylation, acetylation, phosphorylation, ubiquitination, and
even glycosylation, all of which are ‘‘sensors’’ of metabolism (via specific metabolites). He provided two examples
of the intricate interplay between transcription and enzymatic activity of these protein modifiers. The CLOCK
protein is itself a histone acetylase (HAT), capable of
acetylating not only histone H3, but also the clock protein
BMAL1. In addition, the HDAC activity of SIRT1 is
regulated in a circadian manner. Since these enzymatic
activities are dependent on metabolites (such as NAD+ in
the case of SIRT-1), there exists a precise feedback mechanism that intricately links energy production and metabolism with the clock (Grimaldi et al. 2009; Yasukazu et al.
2009). For example, SIRT-1 regulates nampt, which codes
for nicotinamide phosphoribosyltransferase, the rate-limiting enzyme in the NAD+ salvage pathway. Thus, Sirt-1
functions as a rheostat in the control of circadian function,
and ablation of sirt-1 activity results in disturbances in the
circadian cycle (Nakahata et al. 2008, 2009). Another
example is the trimethylation of K4 in histone H3, which
is an activating modification (unlike most methylations
on H3, which are silencing). The methylase responsible is
being characterized regarding its regulation and interaction with many coregulators, including those that are
recruited in a circadian manner (P Sassone Corsi, unpubl.).
The exciting convergence of molecular mechanisms of
circadian rhythmicity and the epigenome opens up many
new avenues for understanding how the genome responds
to environmental cues.
Circadian rhythms and human disease
A number of talks addressed the role of circadian misalignment as it influences human disease. Dr. Charles
Czeisler (Harvard Medical School, Boston, MA) discussed
the metabolic disorders prevalent when circadian and
behavioral patterns (of sleep and eating) are misaligned.
Misalignment of the endogenous circadian phase can
occur with respect to retinal light exposure, meal times,
and the times of wake/activity, work/school, exercise,
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and sleep. Examples that Dr. Czeisler cited are those
misalignments that occur as a result of jet lag (a transient
misalignment), as well as an example of a more chronic
misalignment that occurs during shift work. Citing some
of his earlier work, he showed a linear correlation between bed time and melatonin release (Shanahan et al.
1999). More recent studies of Navy personnel on submarines that have an 18-h day (and a 6-h sleep time) show
nonentrained circadian rhythms of melatonin release
(Gronfier et al. 2007). Interestingly, the onset of melatonin secretion can be used to diagnose a human condition
known as delayed sleep phase syndrome (Duffy and
Czeisler 2009). Dr. Czeisler demonstrated that a bright
light pulse (but not one of dim light) can result in the
entrainment of circadian rhythm. He reviewed for us a
large body of literature demonstrating that shift work
increases the risk for a number of diseases, including
coronary heart disease, gastrointestinal disorders, diabetes, and cancer. His talk provided the foundation and
background for many of the presentations that followed.
Dr. R. Daniel Rudic (Medical College of Georgia,
Augusta, GA) described the role of core clock genes
Bmal1, Clock, Period, and Cry in the vasculature, where
these components also oscillate. He showed that a clock
mutant lead to an exacerbation of injury to an artery
induced by ligation (Westgate et al. 2008). Again, there is
evidence for influence from the central circadian clock, as
well as peripheral clocks expressed in vessel walls (Anea
et al. 2009).
Dr. Steven A. Shea (Harvard Medical School, Boston,
MA) addressed the concept of episodic diseases, those
that frequently occur at certain times of the day, such as
asthma exacerbations, heart attacks, and epileptic seizures. Using a forced desynchrony protocol, he demonstrated that there is a circadian rhythm in the response to
stressors. Dr. Shea’s research is aimed at determining the
mechanisms by which misalignment between circadian
rhythms and behavior (sleeping, eating, and exercise) can
affect physiological measures (cardiopulmonary and metabolic measures) and, ultimately, susceptibility to disease.
For example, with colleagues, he found that circadian
misalignment resulted in decreased leptin levels (i.e.,
signaling negative energy balance that could promote appetite) and decreased glucose tolerance (increased plasma
glucose without a decrease in insulin), as well as a 20%
decrease in sleep efficiency. It appears that circadian misalignment rather than the sleep disruption has the greater
effect on these outcomes (Scheer et al. 2009). Mechanistic
studies also indicate that the changes in leptin are not due
to either a decrease in insulin, glucose, or cortisol, or by
increasing catecholamines. Furthermore, these changes
were induced by acute interventions during the experimental protocol, and were readily reversible. More research is needed to determine the longer-term effects
(years of shift work) and the genetic and/or other factors
that make some people susceptible to adverse effects of
less or altered sleep while others are not.
Finally, there were a number of talks that focused
around the role of sleep in circadian rhythms and metabolism, and, consequently, disease. Dr. Fred Turek (North-
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western University, Evanston, IL) began by telling us that
sleep, circadian rhythms, and fuel metabolism cannot be
separated, such that sleep, diet, and exercise are all
intertwined with the clock (Turek 2008). There are many
examples in genetic mutant mice as well as evidence
from humans where shift workers have increased body
mass index (BMI) and also increased incidence of diseases
such as type 2 diabetes. Chronic sleep loss leads to
obesity, diabetes, and cardiovascular disease, and circadian dysregulation leads to metabolic dysfunction and
disease (Arble et al. 2009). The disruption of core clock
genes is known to have important implications for
human health. So, what are the sleep genes? Analysis
indicates that there is overlap in sleep and circadian
genes, and their identification is under way (Laposky
et al. 2008). As Dr. Turek concluded, ‘‘sleep is good for
clocks, and clocks are good for sleep.’’
Drs. Louis Ptacek and Ying-Hui Fu discussed their
investigation of human circadian and sleep variants.
They found that mutations in a number of genes affect
sleep quantity. However, the mechanisms that control
how much sleep people need are unknown. Study of these
genes/mutations is an opportunity to begin to increase
our understanding. Drs. Ptacek and Fu and their collaborator Dr. Chris Jones identified families with natural
short sleep (FNSS) and families with natural long sleep
(FNLS). They identified a mutation in Dec2 (a gene that
codes for a transcription factor) that causes FNSS and,
when put into mice, also causes less sleep and an as yet
not fully characterized metabolic syndrome. Advanced
sleep phase syndrome (ASPS) is an alteration in biological
sleep and wake preferences in humans. This group identified an autosomal-dominant form of familial ASPS
(FASPS), and identified a number of causative mutations,
including one at a hPer2 at a serine site that is phosphorylated by a metabolic regulatory enzyme, casein kinase 1d.
Another FASPS family carries a casein kinase 1d mutation,
and mutation carriers also have a propensity to migraines
with aura (Toh et al. 2001; Xu et al. 2005). They identified
70 families with FASPS and 20 with FDSPS (familial
delayed sleep phase syndrome). Mouse models of some of
the mutations have already been made, and more are being
developed in order to study the molecular consequences of
these mutations in vivo. Thus, the integration of neural,
cellular, and molecular responses to both central and
peripheral clocks becomes a central concern in maintaining proper physiological responses and health.
Conclusions and perspectives
In summary, this highly interactive and informative
workshop used wide-ranging presentations, from flies to
humans, to demonstrate the importance of circadian
rhythmicity to homeostasis of the entire organism. Building on observations ranging from molecular studies to
integrated whole-body physiology, a better understanding
of the central and peripheral clocks is emerging. Progress
to date has allowed for the development of a level of
maturity that facilitates formulation of informed hypotheses to test the role of multiple zeitgebers and other
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environmental factors as integrators of clock functions.
Translating this emerging system of biological clocks to
human behavior, and linking its dysfunction to metabolic
disease, is both a great challenge and the next logical step.
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