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Abstract

The intrinsic properties of the heart and the vascular tree exhibit marked oscillations over 24 h. Diurnal
variations in the response of the cardiovascular system to environmental stimuli are mediated by the
complex interplay of extracellular (ie, neurohumoral factors) and intracellular (ie, circadian clock)
influences. The intracellular circadian clock comprises a series of transcriptional modulators that
together allow the cell to ‘‘perceive’’ the time of day, thus enabling suitable responses to expected
stimuli. These molecular timepieces have been identified and characterized within both vascular
smooth muscle cells and cardiomyocytes, giving rise to a multitude of hypotheses regarding the potential
role of the circadian clock as a modulator of physiological and pathophysiological cardiovascular
events. This article summarizes the evidence available at present linking circadian rhythm disruption
and cardiovascular disease.
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Introduction

Circadian clocks have been identified in every
mammalian cell investigated to date, including key
components of the cardiovascular system, such as
cardiomyocytes and vascular smooth muscle cells
[1–4]. There is universal appreciation of the presence
of diurnal variations in cardiovascular function, in
both physiological and pathophysiological circum-
stances. The recent identification [5] of a molecular
‘‘machinery’’ within cells in the cardiovascular sys-
tem, with the potential to modulate an array of cellular
processes, has sparked increasing interest among
researchers. Historically, diurnal variations in blood
pressure, heart rate, and cardiac output, in addition to
major cardiovascular events (ie, myocardial infarction
and sudden death), have been attributed primarily to
the occurrence of circadian changes in the autonomic
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nervous system – that is, sudden increase in sympath-
etic activity [6,7]. However, it has become apparent
that changes in the ability of the cardiovascular system
to respond to neurohumoral stimuli in an appropriate
and timely manner are likely to be of equal impor-
tance.

Intracellular circadian clocks provide a means by
which the heart and the vasculature can ‘‘anticipate’’
diurnal variations in stimuli, such as autonomic
nervous activity, ensuring an optimal response. The
attenuation or malfunction of this molecular mech-
anism could therefore impair the ability of the heart,
the vasculature, or both, to respond appropriately to
environmental stimuli, which in turn may contribute
to the development of cardiovascular disease. This
article summarizes current knowledge regarding
circadian clocks within the cardiovascular system,
the biological processes they influence, and how a
11
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disturbance of these circadian rhythms can lead to
cardiovascular disease.
The central circadian clock

Almost all living organisms have developed biological
rhythms linked to the day/night or light/dark cycles of
the sun [8]. The impact that such rhythms that follow
the time of day and season of the year exert on a
variety of physiological functions in humans has been
recognized for a long time [8]. The internal oscillator,
or control station regulating the body’s circadian
clock, is the suprachiasmatic nucleus, a tiny structure
(comprising approximately 70 000 neurons) located
in the hypothalamus, above the optic chiasm [9]. The
suprachiasmatic nucleus processes external signals
such as ambient light and inputs from the brain to
regulate a variety of cyclic functions, including body
temperature, sleep/wake cycles, and secretion of hor-
mones such as cortisol, melatonin, thyroxin, and
vasopressin [8].

Evidence gathered over the past 15 years suggests
that melatonin influences several functions of the
cardiovascular system. Similar to other organs and
systems, the cardiovascular system exhibits diurnal
and seasonal rhythms in heart rate, cardiac output,
and blood pressure [10], which are likely to be modu-
lated by the suprachiasmatic nucleus and, possibly,
the melatoninergic system. The circadian pacemaker
within the suprachiasmatic nucleus stimulates the
pineal gland to produce melatonin at night. This pro-
cess is set by the phase-shifting actions of light, such
that normal physiological plasma concentrations of
melatonin during the day are very low, but they begin
to increase at night, from around 22.00 h onwards, with
a peak at approximately 03.00 h, and a return to day-
time values by 09.00 h. Endogenous production of
melatonin is approximately 30 mg per day [11], asso-
ciated with peak plasma concentrations of approxi-
mately 100 pg/mL, although these are highly variable
among individuals, and decrease with age [12].

The enterochromaffin cells within the gastrointesti-
nal tract also synthesize melatonin; this probably
accounts for the normal low daytime plasma concen-
trations of this hormone, and is not under the circa-
dian control of the suprachiasmatic nucleus [13].
Melatonin and cardiovascular disease

In previous studies, our group of investigators has
reported a relationship between melatonin and light/
dark variations in the production of inflammatory
systemic markers such as interleukin-6, C-reactive pro-
tein, matrix metalloproteinase-9, and soluble vascular
cell adhesion molecule-1 [14–17]. We have also
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demonstrated, in a prospective study in patients with
ST-segment elevation myocardial infarction, that mela-
tonin may have a prognostic role. These findings,
taken together, appear to suggest that patients who
develop adverse events (heart failure or cardiac death)
have significantly lower nocturnal concentrations of
melatonin than patients who do not experience such
events [18]. Moreover, in a recent study in patients with
ST-segment elevation myocardial infarction under-
going primary percutaneous coronary intervention,
we observed a relationship between melatonin con-
centrations and ischemia-modified albumin, a marker
of myocardial ischemia. Our data suggest that mela-
tonin acts as a potent antioxidant, reducing myocardial
damage induced by ischemia-reperfusion [19].
Expression of circadian clock genes in the
heart

Oscillations in gene expression in the heart have been
examined extensively in mouse models, using both
real-time polymerase chain reaction and expression
array analysis [20,21]. Genes encoding both core
clock components and clock-controlled genes, rele-
vant to cardiac function, have demonstrated drama-
tic oscillations in heart tissue isolated at intervals
throughout the circadian cycle [22]. Included in these
oscillating transcripts are genes relevant to carbo-
hydrate utilization, mitochondrial function, and fatty
acid metabolism [23].

Although the circadian clock within the heart drives
cardiac physiology, the function of this clock can be
disrupted in pathological conditions. In a model of
experimentally induced cardiac hypertrophy, the core
molecular oscillator continues to cycle, but the ampli-
tude of oscillations in transcription factors such as
D-element binding protein are blunted [24], and the
circadian cycle of expression of metabolic genes is lost.
Hence, the tissue would be less prepared to respond to
increases in physiological demand, predisposing it to
metabolic abnormalities. Streptozotocin-induced dia-
betes in the rat is another model of contractile dysfunc-
tion that alters clock gene expression in the heart: clock
component oscillations show normal amplitude, but
their phase is advanced by approximately 3 h in this
model [25]. Thus the impact of disease states on the
cardiac circadian clock seems to be at the levels both of
circadian clock genes and of clock-controlled output
genes relevant to tissue-specific functions.
Circadian rhythms within the cardiovascular
system

Intracellular circadian clocks exist within at least two
major cells types in the cardiovascular system, namely
Heart Metab. 2009; 44:11–15
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cardiomyocytes and vascular smooth muscle cells.
This molecular mechanism is present in all mamma-
lian cell types, but it has not been fully characterized
in, for example, endothelial cells [26]. Circadian
clocks within individual cells of the cardiovascular
system can influence physiological cardiovascular
responses – for example, increasing sympathetic ner-
vous activity before awakening – thereby ensuring an
appropriately rapid response when required. In the
in-vivo setting, a complex interplay between environ-
mental influences and intrinsic mechanisms (ie,
central and peripheral circadian clocks) exists that
contributes to changes in cardiovascular function over
the course of the day (Figure 1) [27].

Circadian rhythms in blood pressure that occur in
humans [28–31] are lowest at night, reaching a trough
at around 03.00 h and a peak at around 09.00 h. A
second peak in blood pressure is often seen early in
the evening (19.00 h) [11]. Day-to-night differences in
physical and mental activity appear to be major
determinants of the circadian rhythms in blood pres-
sure [28,32]. In humans, shift workers show an essen-
tially complete resynchronization of blood pressure
rhythms within the first 24 h of the shift rotation
[33,34]. Rhythms in heart rate appear to be driven
largely by diurnal variations in autonomic nervous
system activity [35,36]. Several lines of evidence
suggest that the circadian rhythms of these two
cardiovascular parameters might be differentially
regulated. Hu et al [37] have reported that, in humans,
Suprachiasmatic nucleus

Circadian rhythms in humoral factors

Circadian
clock

Figure 1. Circadian rhythms in the intrinsic properties of the
heart are potentially mediated by intracellular (ie, circadian
clock within the cardiomyocyte) or extracellular (ie,
neurohumoral) influences, or both.
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circadian rhythmicity in heart rate variability per-
sisted, peaking in the early hours of the morning, even
when their analyses controlled for sleep/wake and
behavior cycles. Such studies expose an intrinsic
component influencing normal cardiovascular func-
tion. It could be hypothesized that diurnal variations
in autonomic stimulation (driven by the suprachias-
matic nucleus) and circadian-clock-driven diurnal
variations in responsiveness of the heart to autonomic
stimulation act together as major determinants of
heart rate circadian rhythms. Environmental modu-
lation of the synchronization between peripheral and
central clocks may contribute to the development of
cardiovascular disease; however, this remains specu-
lative at present. A loss of synchronization of this type
occurs in patients with diabetes mellitus, obesity, and
sleep apnea, and in shift workers, all of whom are
associated with increased risk for cardiovascular dis-
ease [27].

It has been shown that shift workers experience
physical and psychological changes during the night.
The exact mechanisms leading to these changes and
their clinical impact are poorly understood at present.
Stress-related biological variables, such as cortisol
and body temperature, have a circadian pattern
characterized by increased values during daytime,
when the individual is active (awake), and lower
values during the sleeping hours [38]. Some studies
have shown a strong influence of physical activity
levels on the circadian changes in heart rate and blood
pressure [39–41].

Furlan et al [42] reported that continuous weekly
changes in time of maximum and minimum output in
the cardiac sympathetic and vagal autonomic control
may play a part in the excessive rate of cardiovascular
disease in shift workers. Circadian changes in auto-
nomic activities have been postulated to be one of the
reasons for the increased incidence of ischemic heart
disease, stroke, and sudden death [6] in these indivi-
duals.
The circadian clock in physiological and
pathophysiological states

Circadian clocks are altered in various animal models
of cardiovascular disease. Young et al [23,24] found
that the rhythmic expression of genes regulated by the
circadian clock (eg, dbp, hlf, tef, pdk4, and ucp3)
is significantly attenuated in the rat heart during
left ventricular hypertrophy induced by pressure over-
load. Consistent with these observations, Mohri et al
[43] reported that oscillations in circadian clock genes
are severely attenuated in the hypertrophic hearts of
Dahl rats fed a high-salt diet (an animal model of
hypertension). In contrast, Naito et al [44] reported an
augmentation of circadian clock gene oscillations in
13
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the aortae and hearts from a different rat model of
hypertension, the spontaneously hypertensive rat,
which is associated with amplified rhythms in pai-1.

In humans, circadian rhythms in pathophysiological
cardiovascular events are also well documented. We
have known for a number of years that circadian
fluctuations affect, and perhaps even orchestrate,
a variety of pathophysiological states. The onset of
myocardial infarction, sudden cardiac death, and
stroke, are all increased between the hours of
06.00 h and 12.00 h. These responses may be related,
at least in part, to increased sympathetic activity after
an individual gets out of bed, the interaction between
catecholamines and platelets thus affecting athero-
sclerotic plaque pathophysiology [6]. Circadian
variations have also been observed in relation to
hemodynamic responses, including blood pressure,
myocardial blood flow, and heart rate, and cardio-
vascular events. In addition, circadian alterations
have been documented in the response of platelets
to aggregating stimuli, the concentration of plasma
fibrinogen and coagulation factors, and the activity of
the fibrinolytic system [6].
Implications for research

The existence of circadian clocks within components
of the cardiovascular system has far-reaching implica-
tions, which extend beyond the clinical setting. Given
the diversity of diurnal variations in the intrinsic
properties of the cardiovascular system, which mani-
fest at several levels, namely gene and protein expres-
sion and cellular and organ function, extreme caution
is required when research studies are being designed.
Both in-vivo and in-vitro studies may be affected by
circadian variations, therefore considering time of day
may be important in the design of research experi-
ments. Performance of experiments at an inappropri-
ate time of the day or the omission of suitable time
controls may lead to erroneous conclusions or unin-
terpretable data. Such temporal considerations will
undoubtedly help to reduce discrepancies between
studies performed in different laboratories, and also
discrepancies between gene and protein expression
measurements and animal and human models.
Conclusions

Circadian rhythms are regulated by three com-
ponents: (1) the circadian pacemaker or ‘‘clock’’,
(2) an ‘‘input’’ mechanism, which allows the clock
to be reset by environmental stimuli, and (3) an
‘‘output’’ mechanism, which regulates physiological
and behavioral processes. For many years, it has been
accepted that neurons in the suprachiasmatic nucleus
14
were responsible for the control of circadian rhythms
in peripheral tissues, acting via neural and humoral
signals (eg, melatonin). It is currently believed that
cells in other systems, including the cardiovascular
system (ie, cardiomyocytes and vascular smooth
muscle cells), are under the influence of circadian
clocks similar to that in the suprachiasmatic nucleus.

Many aspects of cardiovascular physiology are sub-
ject to diurnal variations, and serious adverse cardio-
vascular events, including myocardial infarction and
sudden cardiac death, appear to be conditioned by
the time of day. It has therefore been suggested that
biological responses, which are under the control of
the ‘‘molecular clock’’, may interact with environ-
mental cues to influence the phenotype of human
cardiovascular disease. Thus numerous mediators of
cardiovascular disease display a circadian variation,
and evidence for molecular clock regulation of these
mediators is beginning to unfold. The mechanisms
that regulate the circadian clock and the clinical
implications of disturbances in circadian rhythm
remain a fertile field of investigation.
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