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Abstract The time of onset of cardiovascular disorders

such as myocardial infarctions or ventricular arrhythmias

exhibits a circadian rhythm. Diurnal variations in autonomic

nervous activity, plasma cortisol level or renin–angiotensin

activity underlie the pathogenesis of cardiovascular diseases.

Transcriptional–translational feedback loop of the clock

genes constitute a molecular clock system. In addition to the

central clock in the suprachiasmatic nucleus, clock genes are

also expressed in a circadian fashion in each organ to make

up the peripheral clock. The peripheral clock seems to be

beneficial for anticipating external stimuli and thus con-

tributes to the maintenance of organ homeostasis. Loss of

synchronization between the central and peripheral clocks

also augments disease progression. Moreover, accumulating

evidence shows that clock genes affect inflammatory and

intracellular metabolic signaling. Elucidating the roles of the

molecular clock in cardiovascular pathology through the

identification of clock controlled genes will help to establish

a novel therapeutic approach for cardiovascular disorders.
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Abbreviations

CCG Clock-controlled gene

SCN Suprachiasmatic nucleus

ANP Atrial natriuretic peptide

PAR Proline and acid-rich

LV Left ventricle

MI Myocardial infarction

L/D Light/dark

TAC Transverse aortic constriction

CCM Cardiomyocyte-specific clock mutant

NO Nitric oxide

eNOS Endothelial NO synthase

PAI-1 Plasminogen activator inhibitor-1

VT/VF Ventricular tachycardia/fibrillation

Introduction

The time of onset of cardiovascular diseases exhibits cir-

cadian variation [1]. For example, acute myocardial

infarctions (MIs) or pulmonary embolisms mostly occur in

the early morning [2]. Ventricular tachycardia/fibrillation

(VT/VF) and cerebral infarction also have a tendency to

develop in the morning [3]. In addition to the diurnal

rhythmicity of autonomic nervous activity or the endocrine

system, a molecular clock also exists in each organ or

tissue, including the heart and vasculature [4]. Accumu-

lating studies have led to the elucidation of the

physiological roles of the intrinsic clock and demonstrated

its contribution to the maintenance of tissue homeostasis

[5]. Recent evidence has also revealed the direct roles of

clock genes in inflammatory processes and cellular meta-

bolism [6, 7]. Thus, understanding the molecular pathways

of the peripheral clock will help the development of novel

therapeutic approaches for cardiovascular diseases.
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Molecular clock in mammalian cells

The molecular mechanisms underlying mammalian circa-

dian regulation have been extensively studied [8–10].

Positive and negative arms constitute a transcriptional–

translational loop of core clock genes. The positive arm

includes CLOCK, NPAS2, BMAL1 and CLIF/BMAL2,

whereas the negative arm comprises three period (PER1,

PER2 and PER3) and two cryptochrome (CRY1, CRY2)

proteins. CLOCK, NPAS2, BMAL1/2 and PER1/2/3 be-

long to a group of helix-loop-helix/per-arnt-sim domain-

containing transcription factors. CLOCK or NPAS2 forms

a heterodimer with BMAL1 or CLIF/BMAL2 via the PAS

domain and bind to the E-box upstream of clock genes such

as period or cry. PER1/2/3 and CRY1/2 proteins are

phosphorylated in the cytoplasm via the serine–threonine

kinase, casein kinase (CK)-1e, and degraded through sub-

sequent proteasomal pathways. PER and CRY proteins,

however, gradually accumulate in amount and inhibit the

transcriptional activity of CLOCK/BMAL1, thereby sup-

pressing the transcription of per and cry gene themselves to

form a negative feedback loop (Fig. 1). This negative

feedback loop is considered to account for the autonomous

24-h oscillation of the molecular clock.

The CLOCK/BMAL1 heterodimer also binds to the

promoters of other target genes such as arginine vaso-

pressin and wee1, which are termed clock-controlled genes

(CCGs). In addition, the CLOCK/BMAL1 heterodimer

binds to the E-box upstream of the following proline and

acid-rich (PAR) basic leucine zipper transcription factors:

D-element binding proteins (dbp), hepatic leukemia factor

(hlf) and thyrotrophic embryonic factor (tef) [11]. DBP,

HLF, TEF and E4 promoter-binding Protein 4 (E4BP4) in

turn bind to D-box elements, thereby eliciting the diurnal

expression of CCGs. The CLOCK-BMAL1 heterodimer

also activates the transcription of Rev-erba/b and Rora
genes. REV-ERBa/b and RORa bind to the REV-ERB/

ROR-binding element (RRE) and subsequently drive the

cyclic expression of CCGs such as Bmal1.

We have previously identified Clif/Bmal2 as a clock

gene in vascular endothelial cells [12]. However, it has also

been suggested that Bmal1 is the essential clock gene and

that Clif/Bmal2 may only play a minimal role in the clock

system, since Bmal1 deficient mice displayed arrhythmic

behavior, altered longevity and metabolic disorder [13].

This contrasts with evidence provided by recent studies

that re-evaluated the roles of Clif/Bmal2 in the core clock

system and showed that constitutive expression of CLIF/

BMAL2 could rescue most of the behavioral or metabolic

alterations in Bmal1 deficient mice [14]. Importantly,

CLIF/BMAL2 expression is strikingly decreased in Bmal1-

deficient mice [13], further illuminating the role of CLIF/

BMAL2 in intrinsic circadian rhythm. The possibility that

CLIF/BMAL2 may work as a tissue specific clock gene is

supported by findings showing that it displays a circadian

expression in the liver but not in the colon [15]. Circadian

variation of the Bmal1 promoter activity was blunted not

only in Bmal1-deficient fibroblasts, but also in Clif/Bmal2-

Fig. 1 CLOCK and BMAL

form a heterodimer through

PAS domain, and bind to the

E-box upstream of per and cry

genes, and activates their

transcription. PER and CRY

proteins are phosphorylated by

casein kinase 1 epsilon (CK-1e)
and degraded through the

proteasomal pathway. PER and

CRY proteins, however,

gradually accumulate and

inhibit CLOCK/BMAL-

mediated transcription of per

and cry genes. This negative

feedback loop accounts for an

approximate 24-h cycle of

internal rhythm. Heterodimer of

CLOCK and BMAL1 also

activates the transcription of

clock controlled genes (CCGs)

directly, or via DBP/HLF/TEF

mediated pathway
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deficient cells [16]. Therefore, further studies are needed to

fully elucidate the contribution of CLIF/BMAL2 to tissue-

or organ-specific circadian rhythm.

Post-translational modification also contributes to the

biological clock. Proteins can be modified by monosaccha-

rides of O-linked b–N-acetylglucosamine (O-GlcNAc) in a

process termed O-GlcNAcylation. O-GlcNAcylation com-

petes with phosphorylation reactions for the same serine or

threonine residue. The level of O-GlcNAcylation modifica-

tion is determined by the balance between two enzymes,

O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA). Im-

portantly, both OGT and OGA transcript levels show

circadian oscillation, thereby resulting in the diurnal variation

of protein O-GlcNAcylation modifications in the heart [17].

In addition, there exists an epigenetic regulatory

mechanism that contributes to the maintenance of the

molecular clock [18]. Lys4 (K4) trimethylation of histone

H3, a mark associated with transcriptional activation, of the

promoter of clock genes exhibits circadian oscillation [19].

Mixed lineage leukemia 1 (MLL1), a mammalian homolog

of Drosophila trithorax, works as an H3K4-specific

methyltransferase. MLL1 interacts with the CLOCK-

BMAL1 complex and contributes to the rhythmic recruit-

ment of the CLOCK-BMAL1 heterodimer to the promoter

region of its target genes. Furthermore, histone lysine

demethylase 1a (JARID1a) also forms a complex with

CLOCK-BMAL1. JARID1a inhibits the activity of histone

deacetylase 1 (HDAC1) in a demethylase-independent

manner and accelerates the transcription of the period gene

[20]. Intriguingly, the CLOCK protein itself has intrinsic

histone acetyl-transferase (HAT) activity [21]. BMAL1

enhances the HAT activity of CLOCK, thus modulating

chromatin remodeling by inducing a transcription-permis-

sive state. Moreover, CLOCK also acetylates BMAL1 as a

non-histone substrate [22]. The acetylation of BMAL1

exhibits circadian variation and plays an essential role in

maintaining circadian rhythmicity.

In mammals, the circadian clock in vivo can be divided

into two components, a central clock and a peripheral

clock. The central clock is located in the suprachiasmatic

nucleus (SCN) of the hypothalamus; it receives light or

other physiological signals and entrains the phase of its

circadian rhythm [23]. In addition to the central clock, each

cell in peripheral tissues or organs also possesses an in-

trinsic rhythm termed the peripheral clock [24]. The central

clock orchestrates the phase of each peripheral clock

through the autonomic nervous system, circulating hor-

mones or other metabolic cues (Fig. 2). Each cell in the

peripheral organs is also equipped with the molecular

components required for the maintenance of an au-

tonomous rhythm. One key feature of the central clock is

the intercellular coupling that contributes to the robustness

of the internal rhythm [25]. The peripheral clock in each

organ directs the expression of its own target genes and is

believed to play an important role in the maintenance of

organ or tissue homeostasis [26].

The molecular clock in the heart

Cardiomyocytes possess a peripheral clock [12]. Similar to

SCN cells, a cardiomyocyte exhibits circadian expression of

clock genes in response to serum shock or norepinephrine, a

sympathetic neurotransmitter [27]. Microarray analysis

Fig. 2 The central clock exists

in the suprachiasmatic nucleus

(SCN) in the hypothalamus. In

addition, clock genes expressed

in a circadian fashion in each

organ, thus called as peripheral

clock. The central clock

orchestrates the phase of each

peripheral clock through the

autonomic nervous system or

humoral factors. Each

peripheral clock plays an

integral role in maintaining the

tissue homeostasis
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showed that around 8–10 % of the transcripts showed cir-

cadian expression in heart and liver tissue [28]. Importantly,

most of these genes are organ specific, thereby further illu-

minating the organ specificity of each peripheral clock.

Several genes related to intracellular metabolism or

electrophysiological activity exhibit circadian expression

in cardiomyocytes, including pyruvate dehydrogenase ki-

nase isozyme-4 (pdk-4), glucose transporter 1,4 (glut-1, 4),

and potassium channels Kv1.5 and Kv4.2 [5, 29, 30].

The activity of the autonomic nervous system, plasma

cortisol level [31] and renin–aldosterone activity [32, 33]

show intraday diurnal variation, resulting in the blood

pressure (BP) varying over 24 h with a peak value occur-

ring in the morning [34]. While a BP rise in the morning

could induce an increase in afterload on cardiomyocytes,

the likewise circadian expression of a cardioprotective

agent, atrial natriuretic peptide (anp), may offset this

consequence since diurnal variations in anp expression

may be beneficial for anticipating changes in, and adapting

to, the external environment (BP rise).

One of the key questions is whether the peripheral clock

is altered under disease conditions. In rat heart tissue with

pressure-overload hypertrophy, circadian expressions of

PAR transcription factors (dbp, hlf) and anp were sig-

nificantly attenuated [29]. Expression of core clock genes is

also strikingly affected in myocardial ischemia. A clock

gene, E4BP4, significantly accumulates during myocardial

ischemia/reperfusion (I/R) and subsequently antagonizes

the circadian function of the PAR family transcription

factors (dbp, hlf and tef) [35]. In addition, the phase of

diurnal variation has also been reported to be altered in the

diabetic heart [36].

The next question is whether alterations within the in-

ternal clock could precipitate the onset of cardiovascular

diseases. One study showed that repeated phase shift of

light/dark (L/D) cycles in cardiomyopathic hamsters sig-

nificantly compromised their survival [37]. A change in the

L/D cycle length from 24-h (12/12-h L/D) to 20-h (10/10-h

L/D) augmented disease severity of mice that had been

subjected to the pressure-overload cardiac hypertrophy

(transverse aortic constriction, TAC) model [38]. In

rhythm-disturbed TAC mice, left ventricular end-systolic

and diastolic dimensions were increased while contractility

was decreased. Even a short-term rhythm disruption ex-

acerbated the maladaptive post-myocardial left ventricular

(LV) remodeling. Compared with control mice that were

kept in a 12/12-h L/D environment, both MI area and left

ventricular diameter were strikingly increased in rhythm

disrupted mice that were maintained under a 10/10-h L/D

cycle for 5 days immediately after being subjected to the

MI model [39]. In addition to the decrease in LV systolic

function and vascular density, serum levels of inflamma-

tory cytokines were also increased in rhythm disrupted

mice. These results clearly showed that disruption of ex-

ternal rhythmicity significantly affects longevity and

cardiovascular pathology.

Loss of synchronization between the central and pe-

ripheral clocks may also underlie the pathogenesis of

cardiovascular disorders. Casein kinase-1e is a component

of the core clock loop. Hamsters having a mutation in

casein kinase-1e are termed tau mutants, and instead of a

24-h circadian period as seen in wild type hamsters, ?/tau

heterozygotes have shorter (22-h) cycles. Hamsters having

the ?/tau mutation develop cardiomyopathy with exces-

sive fibrosis and impaired systolic function, and die at a

younger age [40]. More importantly, cardiac dysfunction

was rescued when ?/tau mutants were kept under a

22-hour cycle environment that fits their intrinsic rhythm.

In addition, SCN ablation at a young age also prevented the

development of cardiac dysfunction. These data suggest

that, in addition to the disruption of the peripheral clock,

dyssynchrony between the central and peripheral clocks

also exacerbates cardiac dysfunction (Fig. 3).

The roles of the internal clock in cardiovascular

pathology have been examined using genetically engi-

neered mice. Mice lacking Bmal1 have arrhythmic

behavior. In addition to the alteration in circadian rhythm,

Bmal1-deficient mice display a wide range of organ dis-

orders such as infertility [41], structural and functional

alterations in skeletal muscle [42], arthropathy [43], sleep

disorder [44] and renal dysfunction [45]. Moreover, Bmal1-

deficient mice develop age-associated dilated cardiomy-

opathy, characterized by a thinning of the myocardial wall

and decreased cardiac function, as well as disruptions in

sarcomere structure histologically [46].

To further elucidate the roles of the peripheral clock in

cardiomyocytes, Young et al. generated a transgenic mouse

line called the cardiomyocyte-specific Clock mutant (CCM).

In order to disrupt the internal clock solely in cardiomy-

ocytes, mutant CLOCK protein was overexpressed under the

a-myosin heavy chain promoter. Through the studies using

CCM mice, it became clear that intracellular metabolism of

energy stores (triglyceride and glycogen) exhibits a clear

circadian oscillation in a peripheral clock-dependent manner

[47, 48]. Loss of synchronization between the central and

peripheral clocks also augments the severity of cardiovas-

cular disorders in CCM mice. Compared with the CCM mice

that were maintained under a regular L/D (12/12 h) cycle,

CCM mice kept under conditions of chronic dyssynchrony

(12-h phase shift biweekly) exhibited higher expression of

cardiac hypertrophy markers [49].

Cardiac dysfunction not only develops in global Bmal1-

deficient mice [46], but also in cardiomyocyte-specific

Bmal1-deficient mice [50]. Young et al. identified two

genes, b-hydroxybutyrate dehydrogenase 1 (Bdh1) and

p85a regulatory subunit of phosphatidylinositol 3-kinase
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(Pik3r1), as target genes of BMAL1 in cardiomyocytes.

BDH1 catabolizes acetoacetate during fatty acid oxidation

reactions, and while Bdh1 expression did not exhibit cir-

cadian oscillation, both Bdh1 mRNA and protein

abundance were strongly reduced in the absence of Bmal1.

Pik3r1 encodes a subunit of phosphatidylinositol 3-kinase

(PI3 K) and regulates its intracellular signaling. In contrast

to Bdh1, the Pik3r1 transcript showed circadian expression

and its diurnal rhythm was lost in Bmal1 deficient mice.

Intriguingly, Bmal1-deficient mice exhibit increased fatty

acid oxidation and decreased glucose oxidation and gly-

colysis. Furthermore, heart failure with decreased ejection

fraction (EF) eventually developed in cardiomyocyte-

specific Bmal1-deficient mice. These results clearly

demonstrate the essential role of Bmal1 for cardiomyocyte

homeostasis. Moreover, Bmal1 seems to play important

roles in intracellular metabolism and growth factor sig-

naling in addition to its traditional role in intrinsic

circadian rhythm. Further studies are required to fully

elucidate the molecular processes of how BMAL1 protects

cardiac function.

In addition to BMAL1, PER2 also has a cardioprotective

function [51]. Adaptation of cardiomyocytes to hypoxia is

termed ischemic preconditioning. For example, once the

heart has suffered an ischemic insult, cardiomyocytes be-

come more resistant to MI. The adenosine receptor

ADORA2B plays an important role during ischemic pre-

conditioning. Intriguingly, adora2b-mediated stabilization

of PER2 contributes to its cardioprotective effects by sta-

bilizing the glycolytic transcription factor, hypoxia

inducible factor (HIF)-1a, where HIF-1a-mediated gly-

colytic reprogramming seems to underlie the protective

effects on cardiomyocytes.

Circadian rhythm in the vasculature

One function of the vasculature is to regulate contractility

in response to the external environment. Rat endothelium-

dependent vasodilatory function shows clear diurnal

oscillation in vitro [52]. Moreover, human endothelial va-

sodilative activity decreases in the early morning [53],

whereas coronary artery tone increases in the morning [54].

On the other hand, blood pressure and heart rate increase in

the early morning [55]. This mismatch between oxygen

demand and supply is considered to underlie the morning

onset of thrombotic events.

The peripheral clock also exists in the vasculature,

including in endothelial cells and smooth muscle cells

[56–58]. We previously identified thrombomodulin (TM),

a membrane protein with anti-coagulant activity, as a

clock controlled gene in vascular endothelial cells [57]. In

addition, tissue inhibitor of metalloproteinase 1 and 3,

collagen 3a1, transgelin1 (sm22a) and calponin1 are also

known to be clock-controlled genes in vascular smooth

muscle cells [59]. Phosphorylation of myosin light chain

in cultured vascular smooth muscle cells also exhibited

clear circadian oscillation with a 25.4-h cycle length. As

an underlying mechanism, a clock gene, RORa, activates

the transcription of ROCK2 gene, resulting in the circa-

dian oscillation of ROCK2 expression and activity [60].

ROCK2 in turn phosphorylates myosin light chain, lead-

ing to the diurnal variation in vascular contractility.

The roles of clock genes in vascular physiology and

nitric oxide production have been studied using mice with

genetically engineered clock genes. Aortic rings from per2

mutant mice had decreased endothelium-dependent relax-

ation activity [61]. Aortic endothelial cells from per2

Fig. 3 Synchronization

between the central and

peripheral clock seems to be

essential in keeping the

physiological function and

organ homeostasis.

Dyssynchrony between the

central and peripheral clock, or

disharmonization among the

peripheral clocks could

exaggerate the severity of

cardiovascular disorders
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mutant mice produced less nitric oxide (NO) and va-

sodilatory prostaglandins whereas cyclooxygenase-1-

derived vasoconstrictor production was increased, resulting

in impaired vasodilatory function. BMAL1 or CLOCK also

plays an essential role in normal vascular function. Akt and

subsequent nitric oxide signaling in Bmal1-deficient or

Clock mutant mice were strikingly attenuated, resulting in

vascular injury and pathological remodeling [62]. The

coupling of endothelial NO synthase (eNOS) is influenced

by the ratio between tetrahydrobiopterin (BH4) and dihy-

drobiopterin (BH2), and the balance between BH4 and

BH2 levels is in turn regulated by two key enzymes, GTP

cyclochydrolase-1 (GTPCH-1) and dihydrofolate reductase

(DHFR). Importantly, the expression of GTPCH1 and

DHFR exhibits circadian oscillation in a Bmal1-dependent

manner [63], which culminates in the diurnal oscillation of

eNOS uncoupling.

Clock genes regulate arterial compliance, as demon-

strated by the fact that Bmal1-deficient or Per triple

knockout mice had impaired control of extracellular matrix

composition, which subsequently underlies the hardening

of the arteries [64]. In addition, the heterodimer of BMAL1

and NPAS2 regulates the promoter activity of NADPH

oxidase 4 (NOX4) and induces its circadian expression.

NOX4 expression as well as hydrogen peroxide levels was

significantly increased in Bmal1 deficient mice [65], which

illustrates the role of clock genes in vascular integrity.

In addition to vasodilatory function, the activities of

coagulation cascades in the vasculature also show diurnal

variation [66]. The balance between coagulation and fib-

rinolytic activity maintains the homeostasis of the

coagulation cascade. Since the abundance of the plasmin–

plasmin inhibitor complex decreases in the morning, this

results in reduced fibrinolytic activity [67]. Plasminogen

activator inhibitor-1 (PAI-1) regulates the activity of tissue

plasminogen activator and affects fibrinolytic activity. It is

well known that Pai-1 mRNA and protein levels in the

plasma or aorta show a clear circadian oscillation [68]. We

and other groups previously showed that the heterodimer of

CLOCK/BMAL1/2 binds to the E-box upstream of the Pai-

1 gene, thereby activating its transcription [12, 69].

In line with these findings, thrombogenesis in response

to a photochemical injury shows diurnal oscillation in a

clock-dependent manner [70]. The circadian variation in

thrombosis was lost in Clock mutant or endothelial cell-

specific Bmal1-deficient mice, therefore showing that the

peripheral clock in vascular endothelial cells regulates di-

urnal thrombogenicity. In addition, plasma fibrinogen,

factor VII and platelet counts were elevated in Bmal1-

deficient mice [71]. The occlusion times during FeCl3-in-

duced venous or arterial injury were shortened in Bmal1-

deficient mice, suggesting that Bmal1-deficient mice have

higher thrombogenicity. Intriguingly, the diurnal variation

in plasma PAI-1 activity was preserved in endothelial cell-

specific Bmal1-deficient mice, suggesting that clock con-

trolled genes other than Pai-1 regulate the circadian

rhythmicity of the thrombotic events.

Intermittent hypoxia affects coagulation processes. Di-

urnal oscillation of Pai-1 and tissue-type plasminogen

activator (t-PA) activities was maintained in patients with

obstructive sleep apnea (OSAS). The balance, however,

between PAI-1 and t-PA was significantly altered in OSAS

patients. PAI-1 activity was enhanced, whereas t-PA ac-

tivity was decreased in OSAS patients, accounting for the

increased incidence of thrombotic events in OSAS patients

[72].

Clock genes also play an important role in transplant

arteriosclerosis and angiogenesis. Arterial isografts ob-

tained from wild type, Bmal1 deficient or Per triple

knockout mice were anastomosed to the carotid arteries of

the wild type recipient mice. Compared with grafts from

the wild type donor, grafts from Bmal1-deficient mice

displayed striking atherosclerotic lesions together with in-

flammatory cell accumulation [73]. These data suggest the

involvement of the tissue intrinsic clock system in organ

transplantation. A recent study in zebrafish showed a direct

effect of clock genes on Vascular endothelial cell growth

factor (VEGF) expression. BMAL1 binds to the E-box

upstream of the VEGF gene and induces its transcription

[74]. Morpholino to Bmal1 inhibited the processes of de-

velopmental angiogenesis, whereas Per2 Morpholino

enhanced angiogenesis instead.

Arrhythmia and the molecular clock

The internal clock also plays an integral role in the elec-

trophysiological function of cardiomyocytes. Basic

electrophysiological parameters exhibit circadian variation,

including AV nodal function and the QT interval [75–77].

Fluctuations in autonomic nerve activity contribute to the

oscillation in the refractory period. In addition, the ex-

pression of two voltage-gated K channels, Kv1.5 and

Kv4.2, also shows diurnal oscillation, thus leading to var-

iations in the cellular refractory period [30]. Moreover,

BMAL1 also regulates the expression of the ion channel

gene sodium channel, voltage-gated, type V, alpha subunit

(Scn5a), which controls Na? current in ventricular my-

ocytes [78]. The expression of Scn5a shows diurnal

variation, thereby resulting in the variability in heart rate.

Since BMAL1 directly activates the transcription of the

Scn5a gene, mice with an inducible cardiomyocyte-specific

deletion of Bmal1 showed slowed heart rate and prolonged

RR and QRS intervals together with an increased incidence

of arrhythmia. Consistent with these observations, the oc-

currence of ventricular premature beats (VPBs) peak in the
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morning in normal human subjects [3], although interest-

ingly the diurnal variation in VPBs is lost in patients whose

ejection fractions are lower than 30 % [79].

The onset of VT and VF also displays a morning peak

between 7 a.m. and 11 a.m., and this is accompanied by a

second peak in the afternoon [80, 81]. Circadian onset of VT/

VF can be seen in both ischemic and non-ischemic heart

disease [82]. The shortest refractory period in the morning

seems to underlie the morning onset of VT/VF, resulting in

the highest incidence of cardiac deaths in the morning [83].

As an underlying mechanism, clock genes may regulate QT-

interval duration in cardiomyocytes. Kv channel-interacting

protein 2 (KChIP2) encodes a subunit protein that con-

tributes to the transient outward potassium current in

cardiomyocytes, and KChIP2 is in turn transactivated by the

transcription factor kruppel-like factor 15 (Klf15). BMAL1

is reported to induce the circadian expression of Klf15 [84],

which leads to KLF15 transactivating the promoter of

KChIP2 in a circadian fashion and results in the subsequent

diurnal variation in KChIP2 expression. The variation in

KChIP2 expression seems to underlie the circadian vul-

nerability to ventricular arrhythmia.

Circadian onset of VT/VF may be lost in patients re-

ceiving beta-blocker therapy. The Sudden Cardiac Death in

Heart Failure Trial (SCD-HeFT) examined the onset of

ventricular arrhythmias in a population of patients with

implantable cardioverter defibrillators (ICDs), and found

that the onset of ventricular arrhythmias did not exhibit the

typical morning peaks or events on Monday [85]. In par-

ticular, the variation in the time of onset was lost in patients

receiving beta-blocker therapy.

Novel functions of clock genes: inflammation
and metabolism

Accumulating evidence suggests that core clock genes also

possess clock-independent functions such as in inflammation

and intracellular metabolism. For example, BMAL1

strongly influences systemic inflammatory responses [7]. A

population of inflammatory monocytes, Ly6Chi monocytes,

expresses CCR2, a receptor for the chemokine CCL2. The

number of Ly6Chi monocytes in peripheral blood and spleen

shows diurnal oscillation. Intriguingly, the pathogenicity of

Listeria monocytogenes infected at ZT8 was higher than that

when infected at ZT0, suggesting that inflammatory re-

sponses to external pathogens also have a diurnal rhythm.

BMAL1 significantly represses Ccl2 mRNA expression via

the recruitment of polycomb repressive complex 2 and,

consistent with this observation, Ccl2 expression was en-

hanced in myeloid-specific Bmal1-deficient mice. As a

result, the severity of Listeria monocytogenes infection was

significantly higher in Bmal1-deficient mice. It should be

noted that the increase in systemic inflammation was not

related to the number of Listeria infection, since bacterial

colony forming units were not increased in Bmal1 deficient

mice. These results show that BMAL1 mediated suppression

of systemic inflammation contributes to the suppression of

excessive responses to bacterial infections.

After vascular injury, progenitor cells seem to migrate

into the sites of injury and promote reparative processes. The

number of circulating progenitor cells, defined as those

having the surface markers CD45med, CD34?, CD133?,

exhibit diurnal variation [86]. REV-ERBa also contributes

to inflammatory processes. For example, REV-ERBa di-

rectly represses the transcription of Ccl2 [87]. In Rev-erba
deficient mice, atheroma formation was augmented together

with an increase in pro-inflammatory M1 macrophages [88].

In contrast, the overexpression of REV-ERBa reduced the

number of M1 macrophages and thus resulting in the ame-

lioration of atherosclerosis.

In addition to the immunomodulatory roles of clock

genes, core clock genes also affect intracellular metabo-

lism. PER2 directly binds to and suppresses the binding of

peroxisome proliferator-activated receptor (PPAR)c to its

PPAR response elements (PPREs), thus inhibiting its

function [6]. As a result, Per2 deficient fibroblasts have a

higher potential to differentiate into adipocytes. Further-

more, fatty acid oxidation was increased whereas

triacylglycerol accumulation was reduced in Per2 deficient

mice. These anti-PPARc roles of PER2 are considered to

be independent from its function in circadian rhythm.

Conclusion

The peripheral clock in cardiovascular organs seems to

play an integral role in maintaining organ homeostasis.

Studies using tissue- or cell type-specific clock gene-

Fig. 4 In addition to the maintenance of circadian rhythm, clock

gene plays an integral role in inflammatory processes or intracellular

metabolism. Clock genes may work to facilitate the coordination

among those biological processes
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deficient mice have allowed the elucidation of the functions

of each peripheral clock. On the other hand, these ap-

proaches also uncovered unexpected functions of clock

genes in inflammatory processes and intracellular meta-

bolism (Fig. 4). As these cellular reactions have to be

tightly linked for the proper maintenance of tissue home-

ostasis, clock genes may work to facilitate the coordination

between these biological processes. Further studies are

needed to fully elucidate how clock genes and the pe-

ripheral clock system coordinate the maintenance of organ

homeostasis.
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