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The circadian clock is a highly conserved timing system, resonating physiological processes
to 24-hour environmental cycles. Circadian misalignment is emerging as a risk factor of
metabolic disease. The molecular clock resides in all metabolic tissues, the dysfunction of
which is associated with perturbed energy metabolism. In this article, we will review current
knowledge about molecular mechanisms of the circadian clock and the role of clocks in the
physiology and pathophysiology of metabolic tissues.

introduction

The circadian (from Latin: circa,

about; diem, day) clock is a highly con-

served timing system, resonating physio-

logical processes to 24-hour environmental

cycles [1]. Daily rhythms of natural light,

environment temperature, and food avail-

ability set the pace of circadian clocks,

which run in almost all mammalian cells

[2] (Figure 1). Chronic misalignment be-

tween internal clocks and environmental

rhythms, including extended work hours,

shift work, and frequent time-zone travel,

increasingly exaggerate the global pan-

demic of obesity and metabolic disease [3].

*To whom all correspondence should be addressed: Min-Dian Li, Department of Cellular
and Molecular Physiology, Yale School of Medicine, 333 Cedar St. SHM B-147. New
Haven, CT 06520; Tele: 203-737-1275; Email: mindian.li@yale.edu.

†Abbreviations: AMPK, AMP-activated protein kinase; BMAL1, brain and muscle Arnt-like
protein 1; CLOCK, circadian locomotor output cycles kaput; CRY, cryptochrome; MAPK,
mitogen-activated protein kinase; MyoD, myogenic differentiation; PARP1, poly-ADP-ribo-
syl-transferase 1; PEPCK, phosphoenolpyruvate carboxykinase; PER, period; PGC-1,
PPARgamma coactivator; PPAR, peroxisome-proliferator activated receptor; REV-ERB,
reverse ErbA; ROR, RAR-related orphan receptor; SCN, suprachiasmatic nucleus;
SIRT1, Sirtuin1.

Keywords: circadian clocks, metabolism, metabolic disease



We will review current knowledge on the

molecular mechanism of circadian clocks,

its role in tissue metabolism, and develop-

ment of metabolic disease.

the MoleculAr Architecture
oF circAdiAn clocks

The circadian timing system is organized

hierarchically in mammals (Figure 1). The

suprachiasmatic nucleus (SCN) of the hypo-

thalamus functions as the master pacemaker,

synchronizing circadian rhythms of physio-

logical processes in other tissues [4]. How-

ever, the molecular architecture of circadian

clocks, comprised of clock genes and their

regulators, is generally similar among differ-

ent cells [5]. Generally, the circadian clock

has two important features. One is

persistence. In constant condi-

tions, the circadian clock keeps

ticking. This oscillatory system

takes the advantage over a purely

driven system, probably by

preparing the physiological

processes before external changes

occur (e.g., sunrise, rise and drop

of temperature, and food avail-

ability) [6]. The other is entrain-

ment. Organisms never live in a

constant environment. Environ-

mental cycles modulate the circa-

dian clock to adapt to a new

schedule by varying the phase

(the time to show peak). The

phase-resetting mechanisms act

via changing the endogenous pe-

riod length or the amplitude in re-

sponse to a time cue. These

features are embedded in the mo-

lecular mechanism of the clock-

work. Circadian timekeeping

occurs at the cellular level by

virtue of transcriptional-transla-

tional auto-regulatory feedback

loops composed of transcription

activators BMAL1 and CLOCK

and their target genes Period

(PER1, PER2, and PER3) and

Cryptochrome (CRY1 and CRY2)

[1,7]. PERs and CRYs accumu-

late rhythmically and form an inhibition com-

plex against BMAL1-CLOCK to shut down

transcription. The pace of this auto-feedback

loop is controlled by various regulatory

mechanisms, including post-translational

modifications of clock proteins by phospho-

rylation, acetylation, poly-ADP-ribosylation,

and ubiquitination [8-10]. The second loop

consists of nuclear receptors REV-ERB (

and ) and ROR (, , and ) [11]. REV-

ERBs are transcriptional repressors of

BMAL1 gene by competitively binding to

BMAL1 promoter against activator RORs

[12-15]. The combination of BMAL1-

CLOCK-binding elements and REV-

ERB/ROR-binding elements along the

regulatory region of genes sets the circadian

rhythm of gene expression [16]. The physi-
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Figure 1. Architecture of the circadian timing sys-

tem. Environmental cues, such as light, temperature,

and food, reset the body clock through multiple path-

ways. The suprachiasmatic nucleus (SCN) of the brain

is synchronized by light/dark cycles and orchestrates

the daily oscillation of internal clocks in different tis-

sues, such as liver, skeletal muscle, adipose tissue,

and pancreas, through hormones and neurotransmit-

ters. Environmental temperature cycles reset the body

clock through cellular heat shock signaling and hu-

moral/neural pathways. Food availability is also a po-

tent time giver and entrains peripheral clocks through

nutrient-sensing and hormonal pathways. The synchro-

nization of different tissue clocks produce coordinated

circadian rhythms of metabolic processes, including

glucose metabolism, lipid metabolism, mitochondrial

oxidation, and insulin secretion.



cal interaction between PER2 and nuclear re-

ceptors contributes to fine-tuning the

rhythms. In parallel to the role as a negative

regulator of BMAL1/CLOCK-mediated tran-

scription, PER2 acts as a positive regulator of

BMAL1 transcription, possibly through bind-

ing to REV-ERB and other nuclear recep-

tors [17,18]. The loop-on-loop architecture of

the clock ensures the persistence of the

rhythm. Moreover, these molecular oscilla-

tors provide the biochemical basis to reset the

internal rhythm in response to environmental

cycles. 

resetting MechAnisMs oF 
circAdiAn clocks

Environment cues, such as light, tem-

perature, and food, play an essential role in

resetting the pace of circadian clocks

through multiple pathways (Figure 1). Daily

cycles of natural light and temperature serve

as two reliable timing signals for mammals.

Transmitted through neural connections

from the eye, light entrains the central pace-

maker-SCN, through rapid induction of

clock genes PER1 and PER2 [19]. In re-

sponse to light, neurotransmitters glutamate

and pituitary adenylate cyclase-activating

peptide are released to the SCN neurons and

activates cyclic AMP (cAMP) production,

calcium signaling, and MAPK cascade,

leading to activation of acute-response tran-

scription factor, such as cAMP-response el-

ement binding protein (CREB). CREBs

drive the immediate induction of PER genes.

Actually, rapid induction of PER genes is

the principal mechanism to entrain circadian

clocks. Studies by Schibler and colleagues

demonstrate that multiple pathways of cell

signaling, including cAMP, glucocorticoid

hormone, protein kinase C, and calcium

pathways, synchronize cultured cells

through an initial surge of PER expression

[20,21]. The signaling between cellular me-

tabolism and the circadian clock is exten-

sive. A recent genome-wide RNAi screen in

human cells show that perturbation of com-

ponents from a variety of cellular processes,

such as insulin signaling, hedgehog signal-

ing, cell cycles, and folate metabolism, can

affect clock oscillation [22]. Temperature

oscillation resets all the body clocks except

the SCN due to the cellular network feature

of the central pacemaker [23,24]. Recent

studies pinpoint circadian protein heat shock

transcription factor 1 (HSF1) as a major mo-

lecular mediator of the temperature entrain-

ment of peripheral clocks [10,25]. At the

organismal level, humoral and neural path-

ways between the hypothalamic thermal

center and the body may participate in the

temperature entrainment.

Food availability can also reset pe-

ripheral clocks. Limiting the food to the

light phase of nocturnal animals can shift

circadian clocks in liver and other periph-

eral organs to the opposing phase [26,27].

Similar to temperature oscillation, re-

stricted feeding schedule has no effect on

the SCN clock [26]. The SCN clock and the

feeding rhythm both transmit resetting sig-

nals to peripheral organs. Glucocorticoid

receptor in the liver mediates the SCN-de-

pendent signaling and counteracts the

phase deviation from the central pacemaker

[28]. Liver-specific glucocorcoid receptor

knockout mice exhibit faster adaptation in

the liver clock to the new feeding rhythm;

whereas, the kidney clock exhibits the in-

distinguishable adaptation rate as the wild-

type. Poly-ADP-ribosyl transferase 1

(PARP1) mediates the feeding-dependent

signaling and facilitates the phase shift

through poly-ADP-ribosylation of CLOCK

and rapid induction of PER2 gene [29].

Food availability might affect circadian

clocks through nutrient sensing pathways

since it immediately affects nutrient flux

into cells [2]. Feeding/fasting modulates

cellular NAD+ and AMP levels, which

might serve as nutrient sensors [30,31].

Both PARP1 and protein lysine-specific

deacetylase SIRT1 utilize NAD+ as the

donor substrate. SIRT1 modulates the pro-

tein stability of PER2 and the repressor re-

cruitment of BMAL1 through direct

deacetylation on these proteins [32-34].

AMP-activated protein kinase (AMPK)

phosphorylates and destabilizes CRY1 to

regulate circadian clocks, providing an-

other pathway of metabolic regulation [35].
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the MetAbolic Function oF
circAdiAn clocks in 
peripherAl tissues

In mammals, circadian clocks modulate

physiological processes by orchestrating

daily rhythms of transcriptomes and

metabolomes in tissue metabolism [36-38]

(Figure 1). The fact that mice with germ-line

disruptions of circadian clocks exhibit per-

turbed glucose homeostasis [39,40] spurred

studies on the potential role of this biologi-

cal timing system in peripheral tissues. Also,

variants of clock genes are associated with

susceptibility to type 2 diabetes [41-43]. In

this section, we will review current knowl-

edge linking tissue circadian clocks to en-

ergy homeostasis.

hypothAlAMus: regulAtion oF
energy bAlAnce

In the energy balance equation, energy

store is determined by energy intake and en-

ergy expenditure, both of which are regulated

by the hypothalamus [44]. The hypothalamus

is a brain region that integrates nutritional

(glucose, amino acids, and lipids) and hor-

monal (leptin, insulin, ghrelin, and cholecys-

tokinin) signals to modulate energy balance

[45]. In particular, the arcuate nucleus, ven-

tromedial, dorsomedial, and lateral hypo-

thalamic nuclei are major nodes in the

complex network that regulates energy bal-

ance and affects the development of meta-

bolic disease. Circadian clocks in these

neural circuits may be involved in the con-

trol of energy balance (Table 1). CLOCK19

mice, which are arrhythmic in behavior due

to a mutation in the CLOCK gene [46,47],

exhibit attenuated rhythms of food intake,

contributing to hyperphagy and obesity [39].

Observational studies in diet-induced obese

animals show that obesity alters the circadian

rhythm of feeding behavior, leading to in-

creased food intake during the rest phase and

decreased food consumption in the activity

phase [48]. The biochemical mechanisms re-

main largely unknown. Daily changes in cel-

lular metabolites, such as AMP and NAD+,

modulate circadian oscillation [35,49,50].

Nutrient burden might perturb the metabolite

rhythms and thus reset the hypothalamic

clock.

Limiting food availability promotes

physical activity several hours ahead of the

mealtime [51,52]. The hypothalamus is also

involved in this circadian food anticipation

behavior. Lesion studies demonstrate that

the SCN clock is not involved in food antic-

ipation and suggest the existence of a food-

entrainable oscillator in the hypothalamus.

However, the identity of this oscillator is

controversial and still undergoes investiga-

tion. Knockout studies suggest that the os-

cillator might function without BMAL1

[53-55].

liver: regulAtion oF glucose,
lipid, And AMino Acid 
hoMeostAsis

The liver is a central metabolic organ in

the homeostasis of glucose, lipid, and amino

acid. Opposing metabolic processes, such as

glycolysis/gluconeogenesis, and lipogene-

sis/fatty acid oxidation, take place in the

liver, necessitating the need for temporal

separation [56]. Circadian clocks play a sig-

nificant role in the regulation of hepatic

function. Roughly 10 percent of transcripts

undergo circadian oscillation in the liver, in-

cluding enzymes and regulators of major

metabolic processes [57,58]. For example,

the rate-limiting enzymes of glycolysis and

gluconeogenesis oscillate and peak in the

early morning and early evening, respec-

tively. Metabolomic studies have shown that

a broad variety of hepatic metabolites oscil-

late in a daily manner [37]. Metabolic phe-

notyping studies of clock mutant mice

illustrate the importance of a function clock

on liver metabolism (Table 1). CLOCK19

mice exhibit hyperlipidemia, hyper-

glycemia, and hepatic steatosis [39]. Liver-

specific knockout of BMAL1 results in loss

of rhythmic expression of glucose regulatory

genes and abnormal glucose homeostasis

[59]. Genetic loss of CRY1 and CRY2 leads

to glucose intolerance and constitutively

high levels of circulating corticorsterone

[60]. Liver-specific double knockout of

REV-ERB and  results in hepatic steato-
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sis and impaired rhythmic expression of

metabolic genes [11,61].

The circadian regulation of liver metabo-

lism is well demonstrated by studies on the

rate-limiting gluconeogenic enzyme, phos-

phoenolpyruvate carboxylase (PEPCK). The

PEPCK activity is diurnal in mouse liver [62],

contributing to the diurnal rhythm of hepatic

glucose production [63]. The oscillation of en-

zymatic activity is mainly due to cyclic cellu-

lar accumulation of PEPCK, since this

enzyme has a short half-life and the major

control mechanism is gene expression [64].

The liver clock modulates the rhythmic ex-

pression of PEPCK via multiple pathways.

CREB and forkhead box protein O1

(FOXO1) are two major transcription factors

that drive PEPCK expression [65,66]. Feed-

ing/fasting cycles generate daily oscillation of

metabolic hormones, such as glucagon, glu-

cocorticoid hormone, thyroid hormone, and

insulin. Glucagon activates CREB through the

cAMP/PKA axis. Kay and colleagues have

shown that the circadian repressor CRYs

modulate the daily strength of the glucagon

signaling by affecting cellular accumulation

of cAMP [67]. Glucocorticoid hormone is re-

leased in a diurnal manner and activates the

transcription of PEPCK [28,64,68]. Recently,

Evans and colleagues have characterized the

glucocorticoid-dependent interaction between

CRYs and glucocorticoid receptor [60]. CRYs

repress both glucagon and glucocorticoid hor-

mone signaling and thus constitute a negative

circadian pathway to the transcriptional con-

trol of PEPCK. The REV-ERB/ROR pair di-

rectly regulates PEPCK expression [69].

PPARgamma coactivator-1 (PGC-1) ex-

hibits circadian pattern of gene expression and

contributes to PEPCK gene by physical inter-
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table 1. Metabolic phenotypes in mice with mutations in circadian clocks.

Protein

CLOCK

BMAL1

BMAL1

CRY1 CRY2

RER-ERB

REV-ERB

HDAC3

PGC-1

AMPK

Mutation

whole-body

loss-of-function

whole-body

knockout

Liver-specific

knockout

whole-body 

double knockout

whole-body 

double knockout

Liver-specific

knockout

whole-body

knockout

whole-body

knockout in

alpha1 subunit

Metabolic Phenotype

Attenutated feeding rhythm, obesity,

hyperphagy, hyperlipidemia, hyper-

glycemia, hepatic steatosis, hypoinsu-

linemia

Glucose intolerance, hypoinsulinemia,

increased respiratory quotient, reduced

fat storage, increased circulating fatty

acid, increased ectopic fat formation in

liver and muscles, hypoinsulinemia  

Hypoglycemia in the rest phase

Glucose intolerance and constitutively

high levels of circulating corticorsterone

Hepatic steatosis, hyperglycemia, hy-

perlipidemia

Hepatic steatosis

Abnormal diurnal rhythms of activity,

body temperature and metabolic rate

Dampened rhythm in body temperature

Reference

[39,111]

[59,87,103,111]

[59]

[60]

[11,61]

[76]

[78]

[90]



action with FOXO1 and ROR [70]. In sum-

mary, the circadian regulation of PEPCK ac-

tivity is through coordinated actions of

systemic hormonal cues and local clockwork

(Figure 2). Recent studies showed that shift

work desynchronizes the body clock from en-

vironmental rhythms in part by perturbing the

diurnal rhythm of PEPCK activity, leading to

impaired gluconeogenic potential [71].

Another important facet of liver func-

tion is lipid metabolism. Perturbation of lipid

homeostasis in the liver is involved in the de-

velopment of non-alcoholic fatty liver dis-

ease and diabetes [72]. In recent years,

molecular mechanisms of how circadian

clocks regulate lipid metabolism have been

studied extensively (Figure 2). It is been

known for years that regulators of lipid me-

tabolism oscillate in the liver. These regula-

tors are directly or indirectly regulated by

circadian clocks. REV-ERB proteins repre-

sent the direct output pathway of the circa-

dian clock. Genetic studies demonstrate that

REV-ERB regulates the circadian oscilla-

tion of sterol element binding protein 1c

(SREBP1c) and thus the hepatic and plasma

levels of triglyceride, cholesterol, and

lipoproteins [73]. REV-ERB recruits nuclear

receptor corepressor (NCoR) and histone

deacetylase 3 (HDAC3) to repress the tran-

scription of metabolic genes involved in lipid

metabolism [74]. The dysfunction of the

REV-ERB/NCoR/HDAC3 complex leads to

hepatic steatosis and hyperlipidemia

[11,61,75,76]. The importance of the circa-

dian regulation is evident from the observa-

tion that most of the lipid metabolic genes

have no difference in the daily average abun-

dance between control and transgenic mice,

but have significant perturbed diurnal ex-

pression patterns. Feeding rhythm remains

unchanged in REV-ERB deficient mice, in-

dicating REV-ERB regulates lipid metabo-

lism independent of systemic cues [73].

Other master regulators can be activated by

feeding rhythm and thus are subject to the

SCN clock. Yang and coworkers observed

the diurnal cycling of all PPAR family mem-

bers in mouse liver [77]. PPAR, the domi-

nant isoform in liver, promotes fatty acid

oxidation and reaches its peak around early

evening. The PPARgamma coactivator,

PGC-1,  oscillates in phase with PPAR

[78]. The amplifier of the PPAR/PGC-1

module, lipin 1, oscillates in phase with both

PPAR and PGC-1 [58,79]. The concerted

oscillation of the PPAR/PGC-1/lipin1

regulatory module promotes the utilization

of fatty acids at the beginning of the night-

time feeding phase, preparing the hepatocyte

to meet the increased energy consumption

from physical activities. Transcriptional reg-

ulator of the biosynthetic arm of lipid me-

tabolism is also cycling. SREBP1c is
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Figure 2. Molecular mechanisms of circadian expression of metabolic enzymes/reg-

ulators. The circadian clock regulates tissue metabolism mostly through expression of

metabolic enzymes and regulators. Transcription factors of the circadian clock, such as

REV-ERB, ROR and BMAL1/CLOCK can directly participate in the transcriptional control.

Nutritional and hormonal signaling pathways, such as SREBP1c, cAMP/CREB, GR,

PPAR/PGC-1/Lipin, are metabolic regulators. SREBP1c, glucocorticoid signaling, and

the PPAR/PGC-1/Lipin axis are under circadian control. CRY interacts with

cAMP/CREB and GR signaling to transmit temporal signals. In addition, the PER/REV-

ERB axis and PGC-1/ROR axis fine-tune the transcriptional network.



expressed in a diurnal manner in the liver and

orchestrates the biosynthesis of fatty acid and

triglyceride [80,81]. Both the PPAR/PGC-

1/lipin1 module and the SREBP1c module

are not only driven by systemic cues, but also

modulated by the liver clock. The physical

interaction between PPAR and PER2 and

the REV-ERB/Insig2/SREBP1c axis may

contribute to the crosstalk between the lipid

metabolic network and the liver clock

[18,73].

Adipose tissue: regulAtion oF
FAt MAss And body teMperAture

Adipose tissue is a fat depot and a major

endocrine organ. About 80 percent of fat is

stored in adipose tissue and the rest resides

in liver and muscle. Failure to absorb lipids

and fatty acids in adipose tissue leads to ec-

topic accumulation of fat in liver and mus-

cles. In recent years, adipose tissue has been

recognized as an important metabolic en-

docrine organ. It synthesizes and releases

hormones, including leptin, adiponectin, and

tumor necrosis factor-, collectively known

as adipokines. In rodent and human studies,

diurnal expression profiles of clock and

clock-controlled genes have been character-

ized in adipose tissue, indicating the pres-

ence of a functional clock [82-85]. Circadian

oscillations in plasma leptin, glucose,

triglycerides, free fatty acids, and LDL cho-

lesterol were reported [85], which is likely

under the control of the adipocyte clock. 

Circadian rhythms in adipose tissue

maintain the tissue and energy homeostasis

(Table 1). Shimba and colleagues reported

that BMAL1 is an essential regulator of adi-

pogenesis and lipid metabolism in matured

adipocytes [86]. Embryonic fibroblast cells

deficient in BMAL1 gene fail to differenti-

ate into adipocytes except introduction of

exogenous BMAL1 copy. Bmal1 knockout

mice have increased respiratory quotient, re-

duced fat storage, increased circulating fatty

acid, and increased ectopic fat formation in

liver and muscles [87]. Most of the genes in-

volved in adipocyte function (e.g., PPARγ2,

C/EBPα, SREBP1c, and lipin1) are ex-

pressed at a low level in BMAL1 deficient

mice, whereas the preadipocyte marker

PREF-1 is expressed at a high level. The de-

fective adipogenesis in BMAL1 knockout

mice results in a failure for adipose tissue to

expand upon nutrient excess, and thus ec-

topic accumulation of fat in liver and mus-

cles. Intriguingly, the differences in adipose

tissue size appear in adults but not juveniles

of BMAL1 knockout mice [88], linking a

functional clock to longevity. In parallel to

direct regulation by clock genes, rhythmic

expression of a majority of nuclear receptors

in adipose tissue might exert a large-scale

coordination of signaling pathways to regu-

late adipocyte biology [77,89]. PPAR, a tar-

get of anti-diabetic thiazolidinediones, is a

master regulator of adipogenesis and

adipocytic energy metabolism [90,91]. The

oscillatory cellular accumulation of PPAR

might contribute to the temporal fluctuation

of metabolism in adipose tissue [77]. REV-

ERB modulates adipogenesis and PPAR

induction [92]. A recent study shows that

systemic administration of a REV-ERB ag-

onist in diet-induced obese mice promotes

leanness by reducing fat mass and improv-

ing dyslipideamia and hyperglycemia [93].

Expression of an array of metabolic genes in

adipose tissue is affected by REV-ERB ag-

onist treatment. This is the first study to

demonstrate that a drug targeted on a circa-

dian regulator can improve syndromes of

metabolic disease. In addition, adipose tis-

sue participates in temperature homeostasis

by thermogenesis. It has been known for

decades that body temperature follows a cir-

cadian rhythm [94]. Under constant envi-

ronmental conditions, body temperature is

higher in the activity phase and lower in the

rest phase. Circadian clocks play an essen-

tial role in orchestrating temporal fluctua-

tion of body temperature. Mice with

disruption in both CRY genes exhibit ar-

rhythmic pattern of daily body temperature

and heat production [95]. Though studies

with adipose tissue-specific clock mutant

mice are not available, knockout studies

with different isoforms of AMPK catalytic

subunit provide an important clue [96].

AMPK has two catalytic subunits: 1 and

2. The circadian expression patterns of
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core clock genes are severely affected in adi-

pose tissue of AMPK1-/-, in line with a

dampened rhythm in body temperature. In

contrast, AMPK2-/- mice exhibit normal

rhythms in core clock gene expression in

adipose tissue and a normal circadian

rhythm in body temperature.

skeletAl Muscle: regulAtion
oF oxidAtive MetAbolisM And
Muscle MAss

Skeletal muscle is a major organ for

glucose disposal in response to food intake

and insulin [72]. Impairment of glucose up-

take in skeletal muscle contributes to devel-

opment of type 2 diabetes. About 3.4 percent

of transcripts oscillate in a circadian manner

in skeletal muscle, and as expected, the

largest cluster (18 percent) of circadian tran-

scripts represents genes involved in inter-

mediary metabolism [97,98]. Interestingly,

the vast majority of these circadian meta-

bolic transcripts are involved in lipid home-

ostasis, including nuclear receptors and their

co-regulators [98]. As an energy-demanding

organ, skeletal muscle relies heavily on fatty

acids as a fuel source. Nuclear receptors

ROR and REV-ERB are master regula-

tors of lipid homeostasis, independent of

their circadian function [99,100].

PPARgamma coactivator-1 (PGC-1) acts

as a ligand of nuclear receptor ERR (estro-

gen-related receptor) and activates expres-

sion of medium chain acyl CoA

dehydrogenase (Mcad) [101]. PGC-1 is

also a circadian gene in skeletal muscle, or-

chestrating transcriptional program of ox-

idative metabolism, skeletal myofiber

switching, and circadian rhythms [70,102].

The circadian rhythms of these metabolic

regulators contribute to the maintenance of

mitochondrial mass and function in skeletal

muscle (Table 1). Mice with disrupted cir-

cadian clocks exhibit abnormal mitochondr-

ial morphology and cellular respiration in

muscles [103], in line with a decreased

metabolic rate [87]. MyoD, a master regula-

tor of muscle physiology, is expressed in a

circadian manner under the direct control of

BMAL1-CLOCK, and this regulation is in-

volved in the homeostasis of muscle mass

and function [103]. However, whether dis-

ruption of circadian clocks in skeletal mus-

cle contributes to the etiology of metabolic

disease requires future investigation. It is

possible that anti-diabetics can improve glu-

cose homeostasis by restoring circadian

rhythms in skeletal muscle. A recent report

suggests that Ramipril, an anti-diabetic by

inhibiting angiotensin-converting enzyme,

can dramatically induce expression of core

clock genes in skeletal muscle [104]. More

than a third of the circadian transcriptome

reach their peak expression in the middle of

the activity phase, when animals are most

physically active and feeding [98]. Though

mechanisms remain elusive, rhythmic be-

havior, such as feeding, might reset the cir-

cadian clock in skeletal muscle through

changes in cellular redox ratio and nutrient

flux [56].

pAncreAs: regulAtion oF insulin
secretion, betA-cell MAss, And
glucose hoMeostAsis

Pancreatic islet beta-cells secrete in-

sulin in response to nutrients and hormones

and play an essential role in glucose home-

ostasis. In mammals, deterioration in beta-

cell function and partial loss of beta-cell

mass trigger the transition from an obese, in-

sulin-resistant state to a full-blown type 2 di-

abetes [105]. Early studies by Polonsky and

colleagues show that rhythmic control of in-

sulin secretion is disturbed in patients with

type 2 diabetes, whereas the obese retains a

largely normal pattern of insulin release

[106,107], suggesting that disturbed

rhythms of insulin secretion contributes to

etiology of type 2 diabetes. 

Several studies have demonstrated the

presence of an autonomous circadian clock

in beta-cells. Peschke E. and Peschke D. re-

ported the circadian pattern of insulin re-

lease in isolated rat islets [108]. Major clock

genes and clock-controlled genes, including

glucose transporter 2 and glucokinase, are

expressed in a rhythmic manner in pancreas

[109,110]. Real-time imaging studies of tis-

sue explants show that promoter activities of
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PER2 and BMAL1 genes exhibit circadian

rhythms in islets and can be abolished in

clock mutants, identifying the presence of

autonomous circadian clocks in beta-cells

[111,112]. 

The dysfunction of the pancreas clock af-

fects insulin secretion and glucose homeosta-

sis (Table 1). Islet-specific disruption of

circadian clocks in mice causes impaired in-

sulin secretion and reduced circulating levels,

accounting for the diabetic phenotype-hyper-

glycemia and impaired glucose tolerance

[111,112]. Both clock mutant mice CLOCK19

and BMAL1-/- exhibit impaired glucose toler-

ance, which is associated with hypoinsuli-

naemia, reduced nutrient/hormone-induced

insulin secretion, and mild defects in islet size

and proliferation [111]. The architecture of pan-

creas remains intact, suggesting that the major

defect in clock mutant islets is dysregulated

beta-cell function. Consistent with these phe-

notypes, microarray analysis of islet samples

show decreased levels in clock genes, signifi-

cant alterations in vesicle-docking and traffick-

ing factors, and increased levels in apoptosis

factors [111]. Meanwhile, circadian expression

patterns of key genes involved in glucose me-

tabolism, insulin signaling, cell cycle, and beta-

cell growth are altered in clock mutant islets.

The fact that perturbations of genes involved in

different feedback loops of circadian clocks

causes impaired beta-cell function and cell

mass [111-113] highlights the important role of

circadian clocks in the pancreas biology.

circAdiAn MisAlignMent 
contributes to MetAbolic
dysFunction

The growing knowledge about the cir-

cadian regulation of tissue metabolism illu-

minates the idea that the alignment between

the internal clock and environmental cycles

is important for the body’s health. In modern

society, changes in lifestyles perturb the

alignment in several ways and have broad

implications on metabolic dysfunction

[114]. Jet lag represents the rapid misalign-

ment. Jet lag is a consequence of crossing

time zones too rapidly for the internal clock

to adjust to local environmental cycles, in-

cluding light and food. Despite a large num-

ber of studies on jet lag and sleep disorder

[115], how jet lag impacts metabolism is un-

known. Shift work represents the chronic

misalignment. About 8.6 million Americans

perform shift work [116]. Work in the

night/early morning resets the internal

rhythm against the environmental cycles. It

has been known that shift work is strongly

associated with obesity and metabolic dis-

ease [117]. Recent studies show that shift

work mimetic perturbs the circadian clock

and energy metabolism, including glucose

production and glycogen/lipid contents, in

mouse liver [71]. Interestingly, limiting food

access to the dark phase can effectively res-

cue the clock and metabolic dysfunction

caused by shift work. It is evident that align-

ment of the feeding rhythm to the light/dark

cycle counteracts the metabolic dysfunction

caused by shift work. 

circAdiAn clock-tArgeted
And -guided treAtMent oF
MetAbolic diseAse

Our understanding of circadian clock ar-

chitecture, coordination, and physiology has

grown rapidly in the past few decades. In

parallel, the daily rhythms of physiological

processes are emerging as an important fac-

tor to improve therapeutic outcomes of meta-

bolic disease. Studies on the synthetic

ligands of REV-ERB illuminate the idea

that direct manipulation of the circadian

rhythms may have beneficial metabolic out-

comes [93]. Besides direct pharmaceutical

interference, restoration of the normal circa-

dian rhythms by light exposure, food regi-

mens, temperature oscillation, and scheduled

exercise is also promising. Food regimens

provide a time cue for the internal clock and

have been demonstrated to improve energy

homeostasis in obese animals. Hatori and

colleagues have reported that restricted feed-

ing with isocaleric food can protect against

obesity and hepatic steatosis in diet-induced

obese mice [31]. Restricted feeding improves

the metabolic function, probably through

major nutrient sensing pathways, such as

CREB, mTOR, and AMPK, as well as the
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daily oscillation of circadian clocks in these

animals. Calorie restriction is well known to

increase lifespan from worms to mammals

[118]. Studies have shown that calorie re-

striction can affect circadian timing in the

SCN clock [119] and is likely to modulate

peripheral clocks through feeding rhythm.

Another food regimen, intermittent fasting,

has been proposed to improve energy me-

tabolism through rectifying clock oscillation

[120]. Scheduled exercise has pronounced

effects on improving insulin sensitivity [121]

and can shift the phase of clock oscillation in

the skeletal muscle [122]. Key metabolic

sensors, such as PGC-1, AMPK, SIRTs and

mTOR, are likely the molecular underpin-

nings of these potential therapies. Moreover,

knowledge of circadian rhythm of different

physiological processes could aid in the im-

provement of drug efficacy by timed deliv-

ery. Recently, Hermida and colleagues have

shown that compared with all treatments

upon waking, blood pressure-lowering treat-

ment at bedtime has significantly improved

cardiovascular conditions in diabetic patients

[123].

conclusions And outlook

The general feature of the circadian

clock is shared across all organisms, from

single-cellular cyanobacteria to multi-cellu-

lar plants and mammals. This rare common-

ness pronounces the fundamental importance

of circadian rhythms. Since the first genetic

experiment by Bünning in 1935, our knowl-

edge of the organization, molecular nature,

and synchronization mechanisms of circa-

dian clocks have expanded dramatically. In

the past decade, dissecting the circadian reg-

ulation of metabolic systems has revealed the

essential role of internal clocks in energy

homeostasis, ushering in a “timed” era to ex-

plore chronotherapeutics of metabolic dis-

ease. However, most of the previous studies

using genetic mutants cannot distinguish be-

tween effects of impaired circadian rhythms

(clock function) and those of perturbed basal

activity/expression (non-clock function) of

target genes on metabolism. Future studies

require more rhythm-targeted approaches to

identify the physiological significance of cir-

cadian oscillation. For example, timed ma-

nipulation of clock components or signaling

(i.e., induction/inhibition of a clock gene at a

specific time window or knock-in animal

models) would flatten or reverse the rhythms

of clock-controlled genes and thus can

specifically assay the effects of perturbed

rhythm. 

Despite the technical challenges, several

important questions remain to be addressed.

First, what are the molecular and cellular out-

put pathways of peripheral clocks in the reg-

ulation of local biological processes?

Accumulating evidence has linked peripheral

clocks to many local biological processes.

Large-scale high throughout assays would

produce detailed molecular features [124],

generating new hypotheses of output path-

ways. For example, deep sequencing in fruit

flies uncovered extensive control of non-cod-

ing RNA expression, alternative splicing, and

RNA editing, which likely contributes to tis-

sue specificity of output pathways [125].

Second, how does food availability or circa-

dian disruption at the systemic or the local

levels affect circadian clocks? Scheduled

feeding can effectively reset the circadian

clock through nutritional and hormonal path-

ways. However, the molecular signaling and

cellular communication pathways are largely

uncharacterized. Chronic circadian disrup-

tion by shift work is emerging as a risk fac-

tor for metabolic disease. Delineation of the

molecular, cellular, and systemic pathways

would enrich the repertoire of therapeutic

targets. After decades of extensive studies,

knowledge about circadian rhythms is start-

ing to transform our views about the human

physiology of metabolism and would bring

fundamental benefits to human health in the

21st century.
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