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Abstract

Obesity, and in particular central adiposity, is a key feature of metabolic syndrome, which
includes trends toward increased triglycerides, insulin resistance, high blood pressure,
hypercholesterolemia, and heart disease. It has a prevalence of 25% or more and is a dominant
component of the health care budgets in Western societies. In addition to genetic causes, high-fat
diets and disrupted sleep patterns have major influences on the development of metabolic
syndrome. Recent studies have demonstrated active roles for the nuclear receptor superfamily and
the energy-sensing kinase adenosine monophosphate (AMP)-activated protein kinase (AMPK) in
regulating metabolism and circadian rhythm. In this chapter, we review these findings and attempt
to develop a better understanding of the interplay between metabolism and circadian rhythm and
their coordinated regulation by nuclear receptors and AMPK. This supraregulatory network may
be considered a target for novel therapeutic applications against metabolic syndrome.

Nuclear receptors (NRs) form a large family of ligand-modulated transcription factors (TFs)
that respond to a variety of lipophilic molecules, including lipids, steroids, retinoids,
hormones, and xenobiotics. To date, a total of 48 human NRs and 49 mouse NRs have been
identified, including classic endocrine receptors that mediate the actions of steroid
hormones, fatty acids, thyroid hormones, and fat-soluble vitamins A and D, as well as a
large number of orphan NRs, whose ligands, target genes, and physiological functions are
still largely unknown (Mangelsdorf and Evans 1995; Yang et al. 2007).

All NRs comprise functional modular domains. The highly conserved DNA binding domain
(DBD) consists of a well-characterized zinc finger motif that recognizes a degenerate six to
eight nucleotide sequence on target DNAs. The ligand binding domain (LBD) resides in the
carboxyl terminus. Ligands bind to LBDs and induce conformational changes that affect the
NR-associated protein complexes, resulting in both epigenetic chromatin changes and
transcriptional regulation (Wurtz et al. 1996; Norris et al. 2009). This unique property of
NRs to directly modulate transcriptional activity upon ligand binding provides the body with
essential machinery to monitor and respond to complex metabolic and environmental cues
(such as diet and exercise) and may also explain why NRs are mainly present in metazoans
that interact with the environment (Laudet 1997).

The adenosine monophosphate (AMP)-activated protein kinase (AMPK) is a central
mediator of metabolism. AMPK is a heterotrimeric kinase composed of a catalytic a subunit
and two regulatory subunits, B and y. AMP binds to the y subunit, leading to a
conformational change and the subsequent phosphorylation of the a subunit by upstream
kinases, which activates the enzyme. This effect of AMP is antagonized by ATP, giving
AMPK the capability to monitor and respond to nutrient and energy fluctuations. Upon
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activation, AMPK phosphorylates its targets, either promoting catabolic energy-producing
pathways or inhibiting anabolic energy-consuming pathways (Hardie 2007).

The diurnal light-dark cycle regulates the interaction between living organisms and the
environment. In mammals, such circadian rhythms are controlled by a central clock located
in the suprachiasmatic nucleus (SCN) of the hypothalamus as well as peripheral clocks that
reside in most tissues (Dibner et al. 2010). The central clock in the SCN is directly entrained
by light, which also synchronizes the peripheral clocks by delivering synaptic or paracrine
signals. In addition to light entrainment, circadian clocks are also entrained by metabolic and
environmental cues such as feeding and resting.

To maintain metabolic homeostasis, the body relies on metabolic sensors such as NRs and
AMPK to coordinate cellular energy usage with the fluctuations in metabolites that occur
owing to daily fed/fasting cycles. NRs sense hormones and metabolites such as lipids,
steroids, retinoids, and xenobiotics, whereas conversely, AMPK senses the energy state of
the body through its ability to respond to changes in the AMP:ATP ratio that take place
during rest and exercise. These characteristics make them ideal candidates to transmit
metabolic input signals to other aspects of physiology, including circadian rhythm. On the
other hand, the ability of NRs and AMPK to directly regulate metabolism also makes it
possible for their activities to feed back circadian signals to metabolism.
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In this chapter, we discuss our recent findings on the roles of NRs and AMPK in regulating
metabolism and circadian rhythm. By doing so, we hope to expand the current
understanding of the interactions between the circadian and metabolic networks and thus
bring new insight to the prevention and treatment of metabolic diseases.

THE NUCLEAR RECEPTOR RING OF PHYSIOLOGY

NRs are metazoan innovations to mediate their physiological functions such as reproduction,
development, metabolism, and immune response. The members can be grouped into clusters
that correspond to different physiological functions, best depicted as the NR ring of
physiology (Fig. 1). In a previous study, we examined the tissue-specific expression profiles
of all 49 mouse NRs in 39 different tissues, which served as the basis for a non-supervised
hierarchical analysis to group the NRs into six main clusters (Bookout et al. 2006).
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Cluster | contains the following NRs: FXRf, SF1, and DAX-1. FXR} is not present in
human and its function in mouse remains unclear (Otte et al. 2003). SF1 and DAX-1 are key
TFs controlling sexual differentiation and steroidogenesis (Beuschlein et al. 2002; Parker
and Schimmer 2002). Consistently, their expression is highly restricted in the central
nervous system (CNS), reproductive organs, and adrenals (Fig. 1).

NRs in cluster Il govern the sex-steroid transcriptional cascade. This cluster contains all of
the endocrine steroid hormone receptors that control gender determination and sexual
reproduction, including androgen receptor (AR), estrogen receptor a and B (ERa and B), and
progesterone receptor (PR). The cluster also includes COUP-TFf and two of the retinoic
acid receptors, RARa and RARy. COUP-TF is believed to modulate retinoic acid
signaling, and RARa and RARYy are known for their important roles in development (Cupp
et al. 1999; Parker and Schimmer 2002; Chung et al. 2004). Consistent with their clustering
with the sex hormone receptors, retinoid signaling is known to be important for reproduction

(Fig. 1).

Cluster 111 comprises NRs that are predominantly or mainly expressed in the CNS. Such
NRs include TLX, COUP-TFa, TR4, and the NR4A orphan receptors NGFI-B, NORL1, and
NURRZ1, all known for their roles in differentiation of neural cells and peripheral tissues
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(Park et al. 2003; Perlmann and Wallen-Mackenzie 2004; Ponnio and Conneely 2004; Shi et
al. 2004). This cluster also contains NRs important for circadian rhythm and metabolism,
including REV-ERBa and , RORa and §, ERRp and vy, and the NR4A subfamily (Yang
2010). Other NRs in this cluster, such as TRa, MR, and LXRp, regulate cardiovascular
function (Tontonoz and Mangelsdorf 2003; Le Menuet et al. 2004; Marrif et al. 2005). This
cluster also includes the retinoid X receptors, RXR and RXRy, which serve as
heterodimeric partners for endocrine and lipid sensing receptors (Chawla et al. 2001).
Together, this cluster appears to define a clade of NRs involved in CNS functions, circadian
rhythm, and metabolism (Fig. 1).

NRs in cluster IV control nutrient uptake and dietary toxin clearance. In this cluster, HNF4a
is required for gastro/enterohepatic development and HNF4y is crucial for carbohydrate
metabolism and insulin action (Chen et al. 1994; Hayhurst et al. 2001). FXRa, LRH-1, and
SHP are required for bile acid metabolism, which is critical for the uptake of fat-soluble
nutrients (Lu et al. 2001; Edwards et al. 2002; Downes et al. 2003). This cluster also
contains the xenobiotic receptors PXR and CAR, which regulate the clearance of steroids,
dietary xenobiotic lipids, and harmful bioactive lipids (Dixit et al. 2005). VDR is another
functionally related NR in this group, required for calcium absorption and metabolism (Kato
2000). It is also involved in sensing and clearing toxic bile acids in the colon (Makishima et
al. 2002). RORY, the last NR in this cluster, is required for lymph node development and
thymopoiesis (Winoto and Littman 2002); however, its relationship with other members in
this cluster remains unclear (Fig. 1).
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Cluster V contains NRs that function at the next level of the nutrient regulatory network to
modulate energy metabolism. In this cluster, TRp mediates thyroid hormone responses to
promote thermogenesis as well as fatty acid and cholesterol metabolism (Gullberg et al.
2000). The peroxisome proliferator-activated receptors PPARa and PPARS are activated by
lipid metabolites and positively regulate fatty acid oxidation (Evans et al. 2004). The orphan
receptor ERRa regulates oxidative gene expression, lipid metabolism, and mitochondrial
biogenesis (Schreiber et al. 2004). Three other orphan receptors, COUP-TFy, TR2, and
GCNF, are also included in this cluster; however, their functions and relationships with
other members in this cluster remain unclear. The last receptor in this category, RXRa,
serves as the predominant heterodimeric partner for other receptors in this cluster (Fig. 1)
(Chawla et al. 2001).
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NRs in cluster VI, including PPARYy, LXRa, and GR, control specialized aspects of energy
metabolism. PPARy and LXRa sense the fed state by responding to dietary cholesterol and
fat. Their activation promotes insulin signaling and fat storage in adipose tissues (Evans et

al. 2004; Kalaany et al. 2005). On the other hand, GR is activated by glucocorticoids in the
fasted state and promotes lipolysis and gluconeogenesis (Fig. 1) (Wintermantel et al. 2004).

Owing to its unique expression pattern, PNR is not grouped into any of the above clusters. It
is selectively expressed in the eye and is required for photoreceptor cell development and
function (Fig. 1) (Kobayashi et al. 1999).

The above clustering of NRs based on their expression patterns rather than on the traditional
structural homology can help us to better understand the roles of NRs in physiology. It
demonstrates that NRs work in cooperative networks to modulate different aspects of animal
physiology—reproduction, development, and metabolism.
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NUCLEAR RECEPTORS COUPLE METABOLISM WITH CIRCADIAN
RHYTHM

Physiology is controlled by circadian rhythm. At the molecular level, circadian clocks are
governed by a cell-autonomous transcriptional feedback loop containing two transcriptional
activators, CLOCK and BMAL1, and their target genes Period (PER) and Cryptochrome
(CRY). CLOCK and BMAL1 form heterodimers and activate the transcription of PER and
CRY. Consequently, PER and CRY proteins accumulate and form a repressor complex,
which in turn can interact with CLOCK and BMALL1 and block their own transcription
(Dibner et al. 2010).

NRs are directly involved in the regulation of circadian clocks. In addition to the primary
feedback loop described above, peripheral clocks are also regulated by a secondary feedback
loop consisting of the orphan NRs REV-ERBs and RORs (Liu et al. 2008). The REV-ERB
and ROR proteins recognize similar cis response elements (RORES) on target genes
(Forman et al. 1994). REV-ERBs act as constitutive transcriptional repressors, whereas
RORs are constitutive activators. In this feedback loop, the CLOCK/BMALL1 heterodimer
governs the expression of REV-ERBSs, which in turn compete with RORs at RORESs within
the BMALL1 promoter and thereby inhibit the expression of BMAL1. Although this secondary
feedback loop is not required for circadian rhythm generation, it is thought to enhance and
allow fine tuning of the circadian oscillation (Yang et al. 2007). In fact, the PPAR
coactivator PGCla regulates circadian rhythm through the interactions with RORs and
REV-ERBs, which integrate metabolic signals into the clock (Liu et al. 2007).
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In addition to REV-ERBs and RORs, other NRs may also regulate circadian rhythm by
sensing rhythmic metabolic signals. Circulating glucocorticoids display a strong diurnal
rhythm that is controlled by both the central clock in SCN and the peripheral clock in the
adrenal gland (Ishida et al. 2005; Oster et al. 2006). In response to glucocorticoids, GR binds
to GREs in PERL and PER2 genes to regulate their rhythmic expression (So et al. 2009).
The levels of circulating thyroid hormones are also rhythmic (Allan and Czeisler 1994). In
rodents, surgical removal of the thyroid gland alters the diurnal expression of PER2 and
disrupts their circadian rhythm (Amir and Robinson 2006). Another rhythmic NR ligand is
oleoylethanolamide (OEA), an endogenous ligand for PPARa whose level is diurnally
regulated by food intake (Fu et al. 2007). PPARa is known to regulate the transcription of
both BMAL1 and REV-ERBa, possibly by interacting with the peroxisome proliferator
response elements (PPRES) at their promoters (Canaple et al. 2006). PPARYy directly
regulates BMAL1 expression by interacting with ciselements at its promoter. Knockout of
vascular Pparvy significantly reduces the circadian rhythms in blood pressure and heart rate
and is accompanied by impaired rhythmicity of clock genes (Wang et al. 2008). The retinoic
acid receptors RAR and RXR directly interact with CLOCK in a ligand-dependent manner
to block its transactivation activity (McNamara et al. 2001). In fact, the administration of
retinoids in mice causes a phase shift in rhythm and reduced amplitudes of circadian gene
expression (Sherman et al. 2011). Other NRs such as HNF4, TRa, NURR1, and RORs have
also been shown to physically interact with PER2, although their direct involvement in the
regulation of circadian rhythm has not been established (Schmutz et al. 2010).
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Not only do NRs regulate circadian clocks, but they also serve in transmitting circadian
signals from the clock to metabolic outputs. In a comprehensive survey of the diurnal
expression profiles of all 49 mouse NRs in major metabolic tissues, we have shown that of
the 45 NRs expressed in these tissues, 25 exhibit rhythmic expression patterns (Yang et al.
2006). Some of these rhythmic NRs are directly regulated by the core clock genes. PPARa
expression is regulated by CLOCK and BMALL1 proteins via intronic cis elements (Oishi et
al. 2005; Canaple et al. 2006) and that of PPARYy is regulated by two clock-controlled TFs,
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DBP and E4BP4, at a novel promoter in its first exon (Takahashi et al. 2010). CAR
expression is also regulated by the circadian TFs DBP, HLF, and TEF. Ablation of these
three genes results in the loss of rhythmic expression of CAR and its target genes, which are
associated with defects in xenobiotic detoxification (Gachon et al. 2006).

As discussed above, circadian rhythm and metabolism are connected by NR signaling
pathways. The circadian clock directly governs the rhythmic expression of NRs to control
metabolism. NRs in turn respond to metabolic signals and regulate circadian rhythm, either
by regulating the transcription of clock genes or interacting with clock proteins to regulate
their downstream targets.

AMPK COUPLES METABOLISM WITH CIRCADIAN RHYTHM

In addition to NRs, the nutrient sensor AMPK is another regulator that couples metabolism
with circadian rhythm. AMPK is activated when energy supplies are low, such as during
fasting or exercising. When activated, AMPK promotes catabolic pathways to burn glucose
or fatty acids to produce ATP or inhibits anabolic pathways to limit ATP consumption. It
functions by either directly phosphorylating metabolic enzymes or regulating gene
transcription. The targets of AMPK cover many aspects of metabolism including glucose
uptake, glycolysis, gluconeogenesis, glycogen synthesis, fatty acid oxidation and synthesis,
steroid synthesis, protein synthesis, and mitochondrial biogenesis (Hardie 2007).
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AMPK activity is regulated by circadian rhythm. Phosphorylation of the AMPK substrate
acetyl-CoA carboxylase (ACC) by AMPK follows a diurnal rhythm (Davies et al. 1992).
Our studies in mouse liver have revealed the circadian expression of the AMPK B2 subunit,
rhythmic phosphorylation of the AMPK substrates Raptor and ACC, and oscillating nuclear
localization of the AMPK a1 subunit (Lamia et al. 2009). On the other hand, AMPK also
directly regulates circadian rhythm through the degradation of PER2 or CRY1 (Um et al.
2007; Lamia et al. 2009). PER2 degradation is induced by its phosphorylation by casein
kinase £ (CKe) (Eide et al. 2005). When activated by metformin, AMPK phosphorylates
CKe, thus inducing PER2 degradation, which alters the circadian period length (Um et al.
2007). We have also shown that activation of AMPK results in direct phosphorylation of
CRY1 and induces its degradation, resulting in an increase in circadian period and reduced
amplitude of BMALL expression (Lamia et al. 2009).
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Therefore, the circadian clock regulates AMPK activity to fulfill the body’s different energy
requirements during the diurnal physiological cycles. In addition, various metabolic energy
states also regulate AMPK activity and influence the circadian rhythm by controlling the
degradation of PER2 and CRY 1.

CROSS TALK BETWEEN NUCLEAR RECEPTORS AND AMPK IN
METABOLISM

NRs and AMPK form a highly interactive network to regulate metabolism. In liver, the
orphan NR HNF4a regulates gluconeogenesis. AMPK can directly phosphorylate HNF4a to
reduce its transcriptional activation activity and promote its protein degradation (Hong et al.
2003). AMPK activation also induces the expression of SHP, another hepatic orphan NR,
resulting in inhibition of gluconeogenesis (Kim et al. 2008; Lee et al. 2010). The xenobiotic
receptor CAR plays an essential role in xenobiotic detoxification, which requires a large
amount of energy. In primary rodent hepatocytes, activation of AMPK blocks the nuclear
translocation of CAR and inhibits its transactivation of drug-metabolizing genes, thereby
reducing energy consumption (Kanno et al. 2010). AMPK also interacts with the
glucocorticoid signaling pathway via the phosphorylation of GR to regulate its
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transcriptional activity and promote energy production (Nader et al. 2010). In muscle,
AMPK is actively involved in regulating energy metabolism, in cooperation with NRs
PPARS and ERRy (Narkar et al. 2008, 2011). AMPK activation in muscle induces running
endurance, oxidative fiber composition, mitochondrial biogenesis, and oxidative
metabolism, which is associated with its direct interaction with PPARS (Narkar et al. 2008).
We have also found that AMPK is constitutively activated in mice that overexpress muscle-
specific ERRYy, suggesting potential interactions between AMPK and ERRy (Narkar et al.
2011).

CONCLUSION

In the past few years, significant progress has been made in understanding the roles of the
nuclear receptor superfamily and AMPK in regulating metabolism and circadian rhythm.
NRs function in a supraregulatory network to cooperatively regulate many aspects of
physiology, including metabolism and circadian rhythm. This regulatory network is further
enriched by interaction with AMPK. However, our current knowledge is just the tip of the
iceberg, because many parts of this supraregulatory network still remain unclear and much
future effort will be required to find the final pieces of this physiological puzzle.
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Figurel.
The NR ring of physiology. Based on their tissue-specific expression patterns, the NR

family is divided into six clusters: cluster I, steroidogenesis; cluster 11, reproduction and
development; cluster 11, central nervous system (CNS), circadian, and basal metabolic
functions; cluster IV, bile acids and xenobiotic metabolism; and clusters V and VI, lipid
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