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Abstract

Epidemiological studies show that adverse cardiovascular events peak in the morning (i.e.,
between 6 AM and noon) and that shift work is associated with cardiovascular disease, obesity,
and diabetes. The endogenous circadian timing system modulates certain cardiovascular risk
markers to be highest (e.g., cortisol, nonlinear dynamic heart rate control, and platelet activation)
or to respond most unfavorably to stressors such as exercise (e.g., epinephrine, norepinephrine,
and vagal cardiac modulation) at an internal body time corresponding to the time of day when
adverse cardiovascular events most likely occur. This indicates that the circadian timing system
and its interaction with external cardiovascular stressors (e.g., physical activity) could contribute
to the morning peak in adverse cardiovascular events. Moreover, circadian misalignment and
simulated night work have adverse effects on cardiovascular and metabolic function. This suggests
that misalignment between the behavioral cycle and the circadian timing system in shift workers
contributes to that population’s increased risk for cardiometabolic disease.
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Introduction

Western societies are rife with cardiovascular disease, diabetes, and obesity. In the United
States, it is estimated that 83 million adults have cardiovascular disease (Roger et al., 2011),
26 million have diabetes (Centers for Disease Control and Prevention, 2011), and 80 million
are obese (Flegal et al., 2010). The influence of behaviors (e.g., poor diet and physical
inactivity) as underlying causes for these diseases has been researched for decades.
However, more recently, evidence has been accumulating for a contributing role of the
endogenous circadian timing system and its disruption in cardiovascular and metabolic
disorders. In this review, we discuss—with a focus on mammals and particularly humans—
the impact of the circadian timing system, its interaction with behaviors (e.g., exercise), and
its disturbance on cardiovascular and metabolic function.

The circadian timing system

Most life on earth—ranging from single cellular organisms, plants, flies, rats, to humans—
contains an endogenous timing system that optimally synchronizes physiology and behavior
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(e.g., rest/ activity and fasting/feedings cycles) with the solar day. The system is known as
the circadian (“circa,” around; “dies,” day) timing system and has two core characteristics:
(1) endogenous rhythmicity that cycles approximately every 24 h, even in the absence of
cyclic changes in external factors such as light and temperature and (2) the capability to
adjust its timing in response to external factors such as light and/or food intake. The
circadian timing system engineers a “biological day” and “biological night” that transition in
a cyclic manner. Here, we define the biological night as the endogenous circadian time
window corresponding to the habitual dark episode, that is, the time normally characterized
by behavioral inactivity in diurnal (day-active) species and behavioral activity in nocturnal
(night-active) species. The opposite holds true for the term biological day. In mammals, the
biological night is also the time when melatonin plasma concentrations are high. This is true
both for diurnal and nocturnal mammals. The transition between the biological day and
night is associated with relatively large changes in many physiological variables, such as
circulating levels of melatonin and cortisol, and core body temperature (Dijk et al., 1999;
Gooley et al., 2011; Scheer et al., 2009; Van Cauter et al., 1994; Wehr et al., 2001).

In mammals, the circadian timing system is composed of the suprachiasmatic nucleus (SCN)
and circadian oscillators in most peripheral tissues. The SCN is situated in the anterior
hypothalamus on top of the optic chiasm and next to the third ventricle. The SCN is a
bilateral structure that contains approximately 50,000 neurons in humans and 20,000
neurons in rats (Guldner, 1983; Hofman et al., 1988; Swaab et al., 1985; van den Pol, 1980).
Various levels of evidence show that the SCN regulates circadian rhythms: (1) physiological
and behavioral rhythms are abolished in SCN-lesioned animals (Moore and Eichler, 1972;
Stephan and Zucker, 1972; van den Pol and Powley, 1979), (2) SCN-lesioned animals regain
circadian rhythms in locomotor activity following receipt of a donor-SCN (Lehman et al.,
1987), (3) SCN-lesioned animals that receive an SCN transplantation exhibit the same
period length of the donor animal (Ralph et al., 1990), and (4) neural firing rate of the SCN
exhibits a circadian rhythm /n vivoand in vitro (Green and Gillette, 1982; Groos and
Hendriks, 1982; Meijer et al., 1997). Circadian oscillators—cells that generate circadian
rhythms autonomously from others—are also located in the periphery (e.g., the heart, liver,
and pancreas). In addition to the SCN, they express circadian rhythms in gene expression,
which ultimately can produce endogenous cyclic rhythms in biology independent of input
from the central pacemaker (Balsalobre et al., 1998; Brown et al., 2005; Ko and Takahashi,
2006; Muihlbauer et al., 2004; Storch et al., 2002; Yamazaki et al., 2000; Yoo et al., 2004).
However, the SCN is considered to be the master pacemaker because synchrony between
peripheral clocks within organs is typically lost without input from the SCN (Guo et al.,
2006).

Circadian rhythms are generated and regulated by the concerted expressions of core clock
genes, which compose the primary mammalian oscillatory mechanism (Ko and Takahashi,
2006; Lowrey and Takahashi, 2004). A complex molecular network of positive and negative
feedback loops drive circadian rhythms in core clock genes, such as Clock (circadian
locomoter output cycles kaput), Bmall (brain and muscle arnt-like protein-1), Cryptochrome
(Cryd, Cry2), and Period (Perl, Per2, and Per3; Lowrey and Takahashi, 2004; Reppert and
Weaver, 2001; Shearman et al., 2000b). Participating in the primary feedback loop are the
transcription factors, Clock and Bmall, which dimerize and activate the transcription of
target genes, such as Persand Crys (Gekakis et al., 1998; King et al., 1997; Reppert and
Weaver, 2002). Subsequently, Clock-Bmall-mediated transcription is negatively regulated
by the Per-Cry complex (Jin et al., 1999; Kume et al., 1999; Reppert and Weaver, 2001;
Zylka et al., 1998).

The importance of Bmall in generating circadian rhythms is demonstrated by homozygous
Bmal1-deficient mice (Bmal1~/"), which cannot entrain to light/dark cycles and are
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arrhythmic (Bunger et al., 2000). Mice possessing the antimorphic (or dominant-negative)
mutation (Clock™19A19) display a longer period (~27.3 h) and arrhythmicity in constant
darkness (Vitaterna et al., 1994). These studies suggest that the Clock:Bmall complex is a
crucial driving force in circadian clock function. However, this theory is challenged by
researchers who recently demonstrated that Clock-deficient mice (Clock™") maintain robust
circadian rhythmicity in locomotor activity in constant darkness, albeit with a shorter period
(~23.2 h; DeBruyne et al., 2006). Disruptions of negative feedback elements (e.g., Perl,
Per2, Per3, Cryl1, and Cry2) also modify circadian rhythms (Cermakian et al., 2001;
Shearman et al., 2000a; Thresher et al., 1998; Van Der Horst et al., 1999; Vitaterna et al.,
1999; Zheng et al., 1999, 2001).

Because the cycle length of the circadian timing system is not exactly 24 h (Czeisler et al.,
1999; Duffy et al., 2011), external photic input (i.e., the light/dark cycle) and/or nonphotic
input (e.g., food intake) is needed to entrain it with the environment. The strongest Zeitgeber
(German: “time giver”) to the central pacemaker is light. For brevity, we only discuss
entrainment by light in this review. Intrinsically photosensitive retinal ganglion cells
containing the photopigment melanopsin, together with rods and cones, initially detect light
(Gooley et al., 2001; Hattar et al., 2002). This signal is then passed along the
retinohypothalamic tract to the SCN (Moore et al., 1995). The influence of light on the
circadian timing system is dependent on the circadian time of exposure. In both diurnal and
nocturnal animals, light exposure during the biological evening/early night phase delays
circadian time relative to clock time; the opposite occurs (i.e., a phase advance) when light
exposure takes place during the biological morning (Khalsa et al., 2003; Rosenberg et al.,
1991).

The internal clock and the timing of adverse cardiovascular events

Epidemiological data demonstrate a 24-h rhythm in the frequency of adverse cardiovascular
events such as angina, myocardial infarction, stroke, arrhythmias, cardiac arrest, and sudden
cardiac death (Fig. 1), with the highest incidence occur ring between approximately 6 AM
and noon (Cannon et al., 1997; Cohen et al., 1997; D’Avila et al., 1995; Elliott, 1998;
Goldberg et al., 1990; Levine et al., 1992; Marler et al., 1989; Muller et al., 1985, 1987,
Twidale et al., 1989; Willich et al., 1987, 1992). The above studies may under-report the
occurrence of adverse cardiovascular events during nighttime due to people normally
sleeping at this time. However, this possible reporting bias does not apply to the morning
peak in arrhythmias because the precise timing of the events was recorded by
electrocardiographic recordings (e.g., see Twidale et al., 1989). Furthermore, data obtained
from implanted cardioverter-defibrillators—which also record the precise timing of the
events—show that the defibrillation threshold (i.e., the amount of energy required) needed
for successful defibrillation is greatest in the morning (Venditti et al., 1996). The use of
plasma creatine phosphokinase MB activity—which is elevated approximately 4 h after the
onset of a myocardial infarction—has confirmed that the incidence of myocardial infarction
peaks between 6 AM and noon (Muller et al., 1985; Roberts et al., 1975; Willich et al.,
1989). In patients with sleep apnea, however, the peak in adverse cardiovascular events
occurs at night, possibly due to the acute hemodynamic, autonomic, and oxidative stress
associated with apneas (Gami et al., 2005). This further suggests that, since the peak for
adverse cardiovascular events for the population as a whole (including those with sleep
apnea) occurs in the morning, the morning peak in those people without sleep apnea may be
even more pronounced.

In order to understand the underlying mechanisms for the morning peak in adverse
cardiovascular events, studies have mainly focused on the impact of behavioral changes
typical of the morning, such as the change in posture from supine to upright and the start of
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behavioral activity at awakening. However, the circadian timing system may also play a role
in the morning peak in adverse cardiovascular events. That the SCN may modulate
cardiovascular functioning is suggested by the presence of multisynaptic projections from
the SCN to the heart and organs that regulate cardiovascular function through hormones and
blood volume regulation (e.g., adrenal cortex, adrenal medulla, and kidneys; Buijs et al.,
1993; Scheer et al., 2001, 2003; Sly et al., 1999). Moreover, the above mentioned organs
themselves rhythmically express clock genes, suggesting that the cardiovascular system
could be influenced by the circadian timing system at the local level in addition to input
from the central pacemaker (Valenzuela et al., 2008; Yamamoto et al., 2004). In light of the
above findings and the 24-h rhythm in adverse cardiovascular events, researchers have
investigated if cardiovascular variables such as heart rate, blood pressure, autonomic
nervous system activity, and platelet function exhibit circadian rhythmicity. From
epidemiological studies, it is not possible to deduct the relative role of the circadian timing
system versus behavioral and environmental effects because influences of behaviors and the
internal circadian timing system occur in synchrony. Thus, this calls for experimental
designs that can isolate these factors.

Circadian rhythms in humans can be assessed using either a constant routine protocol or a
forced desynchrony protocol. The constant routine protocol, developed by Mills et al.
(1978), enables the assessment of circadian rhythms because the influences of behavioral
and environmental factors are minimized and equally distributed across the circadian cycle
by maintaining constant wakefulness, constant semi-recumbent posture; limiting physical
activity, consistent dim light conditions; and evenly distributing isocaloric snacks or
continuously infusing nutrients. In the forced desynchrony protocol, developed by Kleitman
(1963), subjects are scheduled to live on a fixed sleep/wake cycle that is adequately different
from 24 h and in dim light conditions, such that the sleep/wake cycle is outside the range of
entrainment of the master oscillator, causing the internal clock to “free run” or drift
according to its own internal period. The forced desynchrony protocol allows the separate
assessment of circadian and behavioral influence by evenly spreading behavioral (e.g., sleep
and wakefulness) factors across the circadian cycle.

A circadian rhythm in resting heart rate has been reported by different research groups in
healthy humans, with a broad peak occurring during the middle of the biological day and a
trough during the biological night (Figs. 2 and 3; Burgess et al., 1997; Krauchi and Wirz-
Justice, 1994; Scheer et al., 2010; Shea et al., 2011). On the other hand, the reactivity of
heart rate to standardized exercise and postural changes is not influenced by the circadian
timing system (Fig. 3; Hu et al., 2011; Scheer et al., 2010). Considering that the circadian
peak in heart rate does not occur during the biological morning and that heart rate reactivity
to behavioral stressors is not under circadian control, it is unlikely that the circadian timing
system’s influence on heart rate contributes to the morning peak in adverse cardiovascular
events. In rats, there is also a circadian rhythm in resting heart rate under constant dark
conditions, thus even independent of the circadian rhythm in behavioral activity (Scheer et
al., 2001). After lesioning the SCN, the circadian rhythm is abolished and the level of resting
heart rate is intermediate between that during the biological day and night in intact animals.
This suggests that the SCN has an inhibitory and excitatory influence on resting heart rate
during the biological day and night, respectively. This is reminiscent of the regulation of
melatonin and corticosteroids for which the SCN uses both inhibitory (e.g., GABA) and
excitatory neurotransmitters (e.g., glutamate; Kalsbeek et al., 1996; Perreau-Lenz et al.,
2003).

Despite the fact that blood pressure is often mentioned as a key example of a physiological

variable under circadian control, two studies using constant routine protocols found no
evidence for an endogenous circadian rhythm in blood pressure (Kerkhof et al., 1998; Van
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Dongen et al., 2001). However, recently, we demonstrated a robust endogenous circadian
rhythm in blood pressure in healthy humans, with very similar timing and amplitude across
three different protocols (a constant routine and two forced desynchrony protocols) that
factor out environmental (e.g., light) and behavioral (e.g., sleep/ wake cycle and physical
activity) influences (Fig. 2; Shea et al., 2011). The circadian peak in blood pressure occurred
during the biological evening, corresponding to approximately 9 PM. The lack of a circadian
rhythm in blood pressure in previous studies was likely related to methodological
limitations, including lighting control, posture, and circadian phase assessment (see Shea et
al., 2011). The reactivity of blood pressure to exercise, but not postural change, is also
controlled by the circadian timing system, again with the greatest response occurring during
the biological evening (Fig. 3; Hu et al., 2011; Scheer et al., 2010). Considering that the
circadian peak in blood pressure at rest and in response to exercise does not occur during the
biological morning, it is unlikely that the circadian timing system’s influence on blood
pressure contributes to the morning peak in adverse cardiovascular events. However, future
studies are required to determine whether the timing or amplitude of the circadian blood
pressure rhythm is changed in individuals at risk for or with underlying cardiovascular
disease.

Platelets are a key component in the development of thromboses that cause myocardial
infarctions and ischemic strokes. Recent work has demonstrated in healthy humans that
platelet size, count, aggregability, and platelet surface expression of activated GPIlb-Illa, P-
selectin, and GP1b—factors involved in the pathway of platelet aggregation and adhesion to
subendothelial tissue (Merten et al., 2000; Phillips et al., 1988; Sadler, 1998)—are
influenced by the circadian timing system (Scheer et al., 2011). For platelet aggregability
and platelet count, a subset of the data regarding the effect of exercise showed no significant
circadian rhythms, but a 12-h rhythm in aggregability (see Fig. 3 for platelet aggregability
and count data; Scheer et al., 2010). A more comprehensive dataset (more than four times
larger) and analysis on the effect of the circadian timing system, mental stress, passive head-
up tilt, and exercise demonstrated significant circadian rhythms, not only in platelet
aggregability and platelet count, but also in platelet size and platelet surface expression of
activated GPlIb-1lla, P-selectin, and GP1b (Scheer et al., 2011). Platelet count and
aggregability peaked at a circadian phase equivalent to 3-8 PM and thus, the circadian
timing system’s influence on platelet count and aggregability is unlikely to contribute to the
morning peak in myocardial infarctions and ischemic strokes, unless the timing of its
influence is disturbed in people at risk for thrombotic events. On the other hand, platelet size
and surface expressions of activated GPIlb-Illa, P-selectin, and GP1b were all greatest
during the biological morning, corresponding to 6 AM to noon (Scheer et al., 2011),
suggesting that the circadian timing system may have a role in the greater incidence of
adverse cardiovascular events in the morning through these thrombotic factors. The
reactivity of the above platelet measures to mental, postural, and physical stress was not
significantly influenced by the circadian timing system, and thus, the influence of the
circadian timing system and that of behavioral stressors appear to be additive (Scheer et al.,
2011).

In humans, resting plasma epinephrine and norepinephrine levels—markers of sympathetic
nervous activity—exhibit endogenous circadian rhythmicity with a broad peak during the
middle of the biological day (Fig. 3; Hu et al., 2011; Scheer et al., 2009, 2010, 2011; Shea et
al., 2011). Therefore, if the timing would be similar in vulnerable populations, the circadian
peak of catecholamines unlikely contributes to the morning peak in adverse cardiovascular
events. Whether the doubling in epinephrine concentrations during the biological morning,
possibly coinciding with sensitized adrenergic receptors and the circadian peak in cortisol, is
of relevance to the morning peak in adverse cardiovascular events requires further study
(Scheer et al., 2010). Another cardiovascular biomarker that is under circadian control is a
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measure of scale-invariant, or fractal, behavior of heart beat variability, which shows a peak
at a circadian phase equivalent to approximately 9 AM (Hu et al., 2004). This fractal pattern
breaks down with disease and its change is predictive of mortality (Hu et al., 2009;
Makikallio et al., 2004; Peng et al., 1995). Furthermore, lesioning of the SCN abolishes such
fractal patterns in heart beat variability at time scales between 4 and 24 h, rendering the
pattern similar to random noise and demonstrating the SCN as a critical node in the neural
feedback network underlying scale-invariant patterns in physiology (Hu et al., 2008).

The reactivity of epinephrine and norepinephrine in healthy humans to exercise is dependent
on circadian phase, with two peaks: one in the biological morning and the other in the
biological evening (Fig. 3; Scheer et al., 2010). These morning peaks coincide with the
circadian peak in cortisol (Scheer et al., 2009, 2010; Wehr et al., 2001), which may further
increase cardiac vulnerability since cortisol can potentiate the effects of the sympathetic
nervous system (Davies and Lefkowitz, 1984). Also, the epinephrine response to a passive
head-up tilt in healthy humans is controlled by the circadian timing system, with a broad
peak occurring during biological evening (Hu et al., 2011). Taken all together, the circadian
timing system’s influence on the reactivity of epinephrine and norepinephrine to exercise,
but not passive head-up tilt, may contribute to the morning peak in adverse cardiovascular
events.

Markers of parasympathetic nervous activity display a circadian rhythm at rest in healthy
humans, with peaks in the biological night and morning, and thus may be “protective” in the
morning, at least in healthy subjects at rest (Fig. 3; Burgess et al., 1997; Hu et al., 2011;
Scheer et al., 2010; Shea et al., 2011). The circadian timing system also influences the
reactivity of the sympathetic nervous system to behavioral stressors, including exercise and
passive head-up tilt, with the largest reduction in parasympathetic markers occurring in the
biological morning, corresponding to approximately 9 AM (see Fig. 3 for responses to
exercise; Hu et al., 2011; Scheer et al., 2010). If confirmed in vulnerable populations, the
impact of the internal circadian timing system on reactivity of parasympathetic modulation
of the heart in response to behavioral stressors such as exercise could thus contribute to the
morning peak in adverse cardiovascular events (Vanoli et al., 1991).

A recent study in mice demonstrated that 45 min of experimenter-induced ischemia of the
coronary artery at the beginning of the biological night (start of the active phase, thus
equivalent to the human morning) as compared to the start of the biological day resulted in
greater infarct volume, fibrosis, adverse remodeling, and depression of contractile function
after 1 month of reperfusion (Durgan et al., 2010). Moreover, deletion of the cardiomyocyte
circadian clock gene attenuated the above mentioned outcomes. This indicates that the
cardiomyocyte circadian clock gene contributes to the time of day variation in responses to
coronary artery ischemia and subsequent reperfusion.

Circadian disruption and cardiovascular function

In the previous section, we provided recent evidence for the impact of the circadian timing
system on cardiovascular risk markers that—if confirmed in vulnerable populations—may
contribute to the morning peak in adverse cardiovascular events. However, in healthy
individuals, the circadian timing system has been proposed to optimally regulate many
physiological processes to prepare for the varying demands across the sleep/wake cycle. If
this would be the case, it would be expected that circadian disruption et would have adverse
health effects. Circadian disruption can be the result of, for example, circadian misalignment
(in which circadian function is intact, but not properly aligned with either the external
environment or among different components of the circadian timing system),
neuroanatomical damage or changes to the SCN, and genetic mutations and variance (for
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more details, see Ruger and Scheer, 2009). Circadian misalignment occurs when the
circadian timing system as a whole is desynchronized from the behavioral and/or
environmental cycles, and this can be caused by external factors (e.g., rapidly shifting the
light/dark and sleep/wake cycle as seen in shift workers and with jet lag) and internal factors
(e.g., blindness preventing entrainment by light of the circadian timing system to the 24-h
light/ dark cycle). Circadian misalignment can also occur among the different circadian
oscillators in the body, for example, between the SCN and peripheral oscillators in the liver,
as a result of “internal desynchrony.” Circadian disruption with underlying neuroanatomical
changes in the SCN has been demonstrated in Alzheimer’s disease and depression (Wu et
al., 2006; Zhou et al., 2001). Animal experimental SCN lesions and human case studies of
tumors in proximity to the SCN have also been shown to lead to circadian disruption (Moore
and Eichler, 1972; Schwartz et al., 1986). Examples of circadian clock gene mutations
which impact circadian function include familial advanced sleep phase syndrome in humans
and the many clock gene mutations in experimental animals (Toh et al., 2001; Turek et al.,
2005). These categories are not mutually exclusive, for example, familial advanced sleep
phase syndrome can lead to circadian misalignment. In this section, we will provide some
examples of the detrimental cardiovascular health consequences of circadian disruption.
Adverse metabolic consequences of circadian disruption will be discussed in the next
section.

Epidemiological studies indicate that shift work is associated with cardiovascular disease
(Kawachi et al., 1995; Knutsson et al., 1986, 1999; Suwazono et al., 2008b). Because
differences in socioeconomic status and life style cannot fully explain these observations,
researchers have begun investigating whether circadian misalignment itself may be one of
the underlying mechanisms of the above associations. Human studies investigating the effect
of circadian misalignment or simulated night work on cardiovascular function in controlled
laboratory conditions are scarce. Scheer et al. (2009) demonstrated that circadian
misalignment (i.e., desynchrony between the circadian timing system and behaviors)
increases wake time blood pressure. Recent research has demonstrated that an acute bout of
evening exercise significantly lowers blood pressure during subsequent simulated night
work, suggesting that the adverse effect of circadian misalignment on blood pressure could
be negated by evening exercise (Fullick et al., 2009). Clearly, more experimental human
research on the effects of circadian disruption on cardiovascular function is needed.

There is also evidence of adverse cardiovascular effects of desynchrony between the
circadian timing system and the imposed light/dark cycle from animal experimental work.
Cardiomyopathic hamsters that are subjected to a 12-h shift in the light/dark cycle every
week have a shorter life span than cardiomyopathic hamsters that maintain a fixed 24-h
light/dark cycle (Penev et al., 1998). Furthermore, mice with surgically induced heart
disease (cardiac hypertrophy through transverse aortic constriction) that live on an abnormal
light/dark (10:10 h) cycle following surgery show impaired compensatory cardiac and
vascular remodeling, reduced ventricular contractile strength, and increased blood pressure
as compared to animals that live on a normal light/dark (12:12 h) cycle (Martino et al.,
2007). Phenotypic rescue, including reversal/attenuation of abnormal pathology and genes,
only occurs when the external rhythm is allowed to correspond with the animals’ innate 24-h
internal rhythm.

Further evidence for a critical role of proper synchrony between the circadian timing system
and the external environment comes from follow-up studies in 7av mutant hamsters. 7au
mutant hamsters have a shorter period (~22 h) than their wild-type (~24 h) counterparts
(Ralph and Menaker, 1988). 7aw mutant hamsters have a shorter life span and have
cardiomyopathy, fibrosis, and impaired heart contractility when they live on a 24-h light/
dark cycle which is beyond their circadian timing system’s range of entrainment and thus
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causes the animal’s behavioral cycle and biological timing system to be out of phase (i.e.,
desynchronized; Martino et al., 2008). Remarkably, when 7au mutant hamsters are placed in
22-h light/dark cycles, similar to their endogenous circadian period, these pathological
changes are largely reversed. Taken together, the above mentioned findings suggest that
circadian disruption, such as with shift work, may worsen cardiovascular function in
individuals with preexisting heart disease.

It has been hypothesized that dysfunction of the SCN is associated with hypertension.
Levels of three key neurotransmitters (vasopressin, vasoactive intestinal peptide, and
neurotensin) in the human SCN, required for proper circadian functioning, are lower in
postmortem material of patients with essential hypertension than in that of control subjects
(Goncharuk et al., 2001). At the same time, more corticotropin-releasing hormone (CRH)
neurons and greater CRH mRNA are present in the paraventricular nucleus (PVN) of the
hypothalamus of people with essential hypertension than controls (Goncharuk et al., 2002).
Because CRH raises blood pressure when administered intraventricularly, it has been
proposed that the elevated CRH levels in hypertensive patients may contribute to their
hypertension (Kalin et al., 1983). The vasopressinergic neurons from the SCN have an
inhibitory effect on CRH neurons in the PVN (Buijs et al., 1993; Hermes et al., 1996). Thus,
the reduced levels of vasopressin in the SCN could result in disinhibition of CRH production
by the PVN and, in turn, contribute to the abnormal 24-h variation in blood pressure
observed in these patients (Goncharuk et al., 2002). Alternatively or additionally, it has been
hypothesized that the reverse may be true and that the observed more intense CRH
projection to the SCN in hypertensive patients contributes to the decrease in the number of
vasopressin, vasoactive intestinal peptide, and neurotensin neurons in the SCN (Goncharuk
et al., 2007). Based on the information above, the evidence that the SCN is involved in
cardiovascular control (Scheer et al., 2003) and the observation that melatonin
administration can amplify or synchronize circadian rhythms (Bothorel et al., 2002;
Kostervan Hoffen et al., 1993; Zaidan et al., 1994), Scheer et al. (2004) investigated if 3
weeks of nighttime melatonin administration can improve blood pressure regulation in
patients with essential hypertension. Repeated nighttime melatonin administration enhanced
the day/night rhythm amplitude of blood pressure and reduced blood pressure during the
patient’s scheduled sleep period. Of interest, acute nighttime melatonin intake did not
influence blood pressure indicating that the improvement in blood pressure after 3 weeks of
melatonin intake was not due to the drugs acute vasodilatory effect but possibly a result of
its influence on the circadian timing system. The blood pressure lowering effect of
melatonin after repeated administration in hypertensive patients has been replicated by
others (Cagnacci et al., 2005; Grossman et al., 2006).

Other examples of an intricate link between the circadian timing system and cardiovascular
control come from recent data on the influence of clock genes in hypertension and cardiac
functioning. Mice without core clock components CryZ and Cry2 develop hypertension
when their diet contains salt, whereas wild-type mice do not (Doi et al., 2010). This finding
may have been due to Cry-null mice overexcreting the hormone aldosterone which increases
blood pressure through stimulation of reabsorption of sodium ions and water. Moreover,
mice lacking the Clock gene specifically within cardiomyocytes have brachycardia, greater
myocardial oxygen consumption, and decreased cardiac efficiency (Bray et al., 2008).

Circadian disruption and metabolic function

Human endogenous circadian rhythms have been observed in many factors related to
metabolism. For example, glucose, insulin, cortisol, epinephrine, norepinephrine, and leptin
display endogenous circadian variation (Morgan et al., 1998; Scheer et al., 2009, 2010; Shea
et al., 2005; Van Cauter et al., 1994; Wehr et al., 2001). Recent research demonstrates that
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amino acid plasma concentrations are under endogenous circadian control, through Krippel-
like factor 15-control of the rhythmic expression of multiple enzymes involved in
mammalian nitrogen homeostasis (Jeyaraj et al., 2012). SCN-intact rats, that have a fixed 6-
meals-per-day feeding schedule (to uniformly distribute food intake across the circadian
cycle), also have a circadian rhythm in glucose levels, showing that this is not dependent on
the feeding/fasting cycle, and this rhythm is abolished in SCN-lesioned rats. Multisynaptic
projections from the SCN to the liver, pancreas, adrenal cortex, and adipocytes have been
discovered, and these provide neuroanatomical pathways by which the SCN can influence
metabolic-related factors (Buijs et al., 1999, 2001; Kreier et al., 2006; la Fleur et al., 2000).
The SCN can also influence metabolic-related factors (e.g., cortisol) via hormonal pathways
(Buijs et al., 1993, 1999) and peripheral clocks per se can influence metabolism (Marcheva
et al., 2010). Taken together, the circadian timing system is an important entity that
contributes to the control of many metabolic-related processes, and thus it is conceivable
that circadian disruption results in impaired metabolic function. In this section, we will
provide some examples of the adverse metabolic-related consequences of circadian
disruption.

Numerous epidemiological studies have demonstrated that shift work is a risk factor for
metabolic disorders such as diabetes and obesity (Morikawa et al., 2005; Niedhammer et al.,
1996; Suwazono et al., 2006, 2008a). As a consequence, researchers have employed
experimental models to investigate the possible underlying mechanisms. A 9-h phase
advance of the circadian timing system—a simulation of shift work—increased the glucose
and insulin response to a test meal given at the same clock time when the test meal was
preceded by a high-fat but not low-fat meal (Hampton et al., 1996; Ribeiro et al., 1998).
Moreover, a 9-h phase advance only had a detrimental effect on the average triglyceride
response to a test meal when the pretest meal is a low- rather than high-fat meal (Hampton et
al., 1996; Ribeiro et al., 1998). The influence of macronutrient content of a meal on
responses to subsequent meals during night work requires further research. Al-Naimi et al.
(2004) extended the work of the above researchers by measuring glucose, insulin, and
triglyceride responses to multiple meals across simulated day and night work shifts. The
researchers reported that integrated glucose (statistical trend) and triglyceride levels were
higher across the night shift than day shift. Integrated insulin levels were not different
between the night shift and day shifts. Furthermore, postprandial glucose, insulin, and
triglyceride levels are higher during night work than day work under field conditions (Lund
et al., 2001). The glucose and insulin, but not triglyceride, postprandial responses normalize
2 days after ceasing night work, indicating that some—nbut not all—of the adverse metabolic
and hormonal effects of night work quickly subside after short-term exposure (Lund et al.,
2001; Ribeiro et al., 1998). How long it takes for adverse metabolic changes to normalize
after chronic exposure, such as following chronic shift work, requires further study.

The simulated shift work studies discussed above did not replicate the duration of
wakefulness and behavioral activity before tests meals in both experimental conditions.
Thus, it is unclear from those studies what the contribution is of circadian misalignment per
se on metabolic and hormonal factors. Scheer et al. (2009), utilizing a forced desynchrony
protocol, demonstrated that short-term exposure (after 3 days) to circadian misalignment per
seincreases the postprandial responses of glucose and insulin, demonstrating reduced
glucose tolerance and suggesting reduced insulin sensitivity under these conditions (Fig. 4).
It has also been demonstrated, in rats prone to the development of type 2 diabetes, that phase
advancing the light/dark cycle by 6 h every 3 days for 10 weeks accelerates the onset of type
2 diabetes by causing a hastened loss of beta-cell function and mass (Gale et al., 2011). Two
studies have assessed the effect of more prolonged circadian misalignment on human
metabolism under controlled laboratory conditions. Morgan et al. (1998) found no
significant changes in the concentrations of glucose, insulin, and triglycerides as measured
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in two constant routine protocols with small hourly liquid meals, before and after a 19-day
forced desynchrony protocol. Recently, it was demonstrated in humans that 3 weeks of sleep
restriction (5.6 h of sleep opportunity per 24 h) concurrent with circadian disruption
increases postprandial glucose levels, possibly due to a reduction in post-meal insulin
concentrations (Buxton et al., 2012). These adverse alterations were abolished following 9
days of recovery sleep and circadian re-entrainment to a normal sleep/wake cycle.

Short-term circadian misalignment while subjects consume isocaloric meals also decreases
circulating levels of leptin (Fig. 4; Scheer et al., 2009). Such an effect, if persisted
chronically, could help explain the increased risk for the development of obesity through
increased food intake. In addition, rats subjected to simulated night work (forced activity
during the normal rest phase) gain significantly more body mass than rats undertaking
simulated day work (forced activity during the normal active phase; Salgado-Delgado et al.,
2008). Total daily food intake did not differ between the two groups, but the “night workers”
were less active and this may explain the above finding. Moreover, feeding mice for 6 weeks
only during their biological day (normal rest phase) rather than biological night (normal
active phase) increases their body fat percentage (statistical trend) and body mass (Arble et
al., 2009). These increases may have been due to lower energy expended via physical
activity and greater food intake in the mice fed during the biological day, although neither of
these observations reached statistical significance. Exposing mice to light (150 lux of
continues light or 16:8 150/5 lux cycle) during the habitual dark phase significantly
increases body and fat mass and impairs glucose tolerance (Fonken et al., 2010). These
results were not associated with any change in total 24-h food consumption or locomotor
activity, but the mice in the 16:8 light/dim light cycle altered their feeding behavior, with
more food being consumed during the habitual light phase.

Weekly 6-h phase advances and delays—experimental models applicable to shift work—
significantly hasten mortality in mice (Davidson et al., 2006). In an attempt to explore the
mechanisms underlying these findings, Castanon-Cervantes et al. (2010) investigated the
effect of four consecutive weekly 6-h phase advances of the light/dark schedule on immune
responses in mice. Twenty-four hours after a lipopolysaccharide (LPS) challenge, systemic
concentrations of the proinflammatory cytokines interleukine-1p (IL-1pB), granulocyte
macrophage colony-stimulating factor, 1L-12, and IL-13 were significantly higher in the
shifted than control mice. The circadian phase angle, as assessed by body temperature;
locomotor activity; and Per2expression in four tissues (SCN, liver, thymus, and spleen), at
the time of the LPS challenge was similar between the shifted and control animals, and
therefore the findings were not due to the stimulus being given at a different circadian time
between the two groups. The increased IL-6 release in the shifted mice was also observed
during /n vitro LPS stimulation of macrophages. Furthermore, the risk of death following the
in vivo LPS challenge was significantly greater in the shifted than control mice. The above
findings clearly indicate that repeatedly shifting a mouse’s light/dark cycle has an adverse
effect on their immune response. Whether similar adverse changes in immune function are
also observed in humans requires further study.

It is unclear how simulated night work and circadian misalignment cause adverse effects
such as impaired glucose metabolism. Both night work and circadian misalignment decrease
total sleep time which also decreases leptin levels and impairs glucose tolerance and insulin
sensitivity (Akerstedt, 1998; Buxton et al., 2010; Ohayon et al., 2002; Spiegel et al., 1999,
2004). Thus, the question rises to what extent the adverse effects of night work and circadian
misalignment are mediated via a disturbance of sleep. A covariance analysis performed by
Scheer et al. (2009) suggests that the effect of circadian misalignment on leptin is likely to
be at least in part independent of concurrent decreases in sleep efficiency. Moreover, slow
wave sleep suppression per se has adverse effects on glucose metabolism (Tasali et al.,
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2008). However, during circadian misalignment, while sleeping during the biological day,
there was no decrease in the amount of slow wave sleep (Morris et al., 2012), such that also
changes in slow wave sleep could not explain these results. Thus, these data suggest that the
adverse effects of night work and circadian misalignment on endocrine factors are not
merely mediated by a reduction in sleep quality or quantity. Another possible mechanism
underlying some adverse endocrine effects of night work and circadian misalignment relates
to internal desynchrony caused by feeding schedules. Feeding rodents only during the rest
phase—as similarly occurs during night work when they eat during their night shift—can
phase shift peripheral oscillators in the liver, pancreas, kidney, and heart while it has no
effect on the phase of the SCN (Damiola et al., 2000; Stokkan et al., 2001). Consequently,
such a feeding regime can uncouple peripheral oscillators from the SCN. What the
physiological effects of internal desynchrony are on metabolism and whether such internal
desynchrony occurs also in humans in a shift work setting is currently unknown.

In addition to their participation in the generation of circadian rhythms, molecular clock
genes have also been extensively reported to play a role in metabolic function. Homozygous
Clock™1® mutant (C57BL/6J) mice have a significantly attenuated diurnal feeding rhythm
and are hyperphagic and obese compared to wild-type mice (Turek et al., 2005). In addition,
they exhibit adipocyte hypertrophy, lipid enlargement of hepatocytes with pronounced
glycogen build-up, hypercholesterolemia, hypertriglyceridemia, hypoinsulinemia, and
hyperglycemia. Marcheva et al. (2010) reported that whole-body Clock mutation caused
impaired glucose tolerance in mice. The researchers also demonstrated that glucose-
stimulated insulin secretion is reduced in isolated pancreatic islets from Clock mutants,
which may explain the observed impaired glucose tolerance in these animals. Knockout of
Bmall alone in C57BL/6J mice showed that isolated mouse embryonic fibroblast (MEF)
cells could not successfully differentiate into adipocytes (Shimba et al., 2005). Further,
restoration of Bmall function by adenovirus gene transfer into the initial BmalI-deficient
mice restored adipocyte differentiation and lipid accumulation in the MEF cells. The
presence of high Bmall mRNA levels in adipocytes increased lipogenesis activity, further
suggesting that Bmal1 is involved in regulating lipid metabolism. The hypoglycemic
response following insulin administration is exacerbated in Clock mutant and Bmall™"~
mice as compared in wild-type mice, possibly due to an impaired counterregulatory
gluconeogenesis response (Rudic et al., 2004). In parallel to the Clock®19 mutant mice
(Turek et al., 2005), mPer2~"~ mice also had a defective diurnal feeding rhythm compared to
their wild-type littermates. These mice were also hyperphagic under a high-fat diet and this
may explain why these animals became obese. In mice, genetic elimination of Cry increases
the expression of genes responsible for hepatic glucogenesis and also raises fasting blood
glucose level (Zhang et al., 2010). The above studies indicate that core clock genes
participate in the regulation of metabolic processes and many of the phenotypes induced by
dysfunctional/lost clock genes are hallmarks of metabolic syndrome.

Experimenters have also investigated the effect of organ-specific clocks on whole-body
metabolism to differentiate the effects from behavioral changes. Some abnormal phenotypes
displayed by global Bmal1~ mice are observed in liver-specific knockouts. The loss of
Bmall in the liver of mice leads to hypoglycemia and to a loss of rhythmic expression of
hepatic genes that regulate glucose homeostasis (Lamia et al., 2008). In recent work, young
pancreas-specific Bmall mutant mice showed increased ad /ibitum glucose levels, impaired
glucose tolerance, lowered insulin secretion, and decreased insulin responsiveness to
glucose (Marcheva et al., 2010). These mice had normal body weight, activity, and feeding
rhythms, suggesting that the above mentioned phenotypes are attributable to pancreatic
clock disruption per serather than to secondary changes in behavior. These findings clearly
reveal that the abscission/disruption of the pancreatic clock can lead to the onset of
detrimental diseases such as diabetes. However, more evidence is still needed to determine
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which organ-specific clocks contribute to global metabolic functions and what the
underlying mechanisms may be.

Countermeasures that prevent or attenuate the adverse endocrine effects associated with
night work are needed. Researchers have demonstrated in humans that appropriately timed
light exposure and/or melatonin intake can entrain the central pacemaker to an inverted
(relative to the solar day) sleep/wake cycle (Boivin and James, 2002; Crowley et al., 2003;
Czeisler et al., 1990; Smith et al., 2009). One would think that such a strategy would
attenuate the adverse effects of night work on metabolic and hormonal factors; however,
little research has been undertaken in this area. Furthermore, it is not known if the above
strategy would entrain, in addition to the central pacemaker, pertinent peripheral oscillators,
for example, in liver and pancreas. Recent work has demonstrated that restricting food
intake in rodents to the biological night (typical active period) undertaking simulated night
work prevents the gain in body mass and the accumulation of abdominal fat deposits
induced by such a work schedule; perhaps by preventing internal desynchrony (Salgado-
Delgado et al., 2010). This appears to be a promising countermeasure, and investigations are
needed to determine if such a strategy is helpful in humans. Morning exercise can suppress
daytime hunger and levels of acylated ghrelin (Broom et al., 2007). Morris et al. (2010)
investigated if evening exercise suppresses hunger, acylated ghrelin levels, and increases
leptin concentrations during simulated night work. Evening exercise increased levels of both
acylated ghrelin and leptin but had no influence on mean hunger ratings. Participant’s
activity—as measured by a wrist accelerometer—was higher during the simulated night shift
that was preceded by exercise which could have beneficial implications for their energy
balance. Clearly, more research is needed to determine the optimal countermeasures for the
adverse endocrine effects of night work.

The circadian timing system orchestrates cyclic variations in numerous cardiovascular and
metabolic functions independent of external influences such as darkness/light, sleep/
wakefulness, rest/ activity, and fasting/eating. At rest, the circadian timing system causes
some factors to peak during the biological morning (e.g., cortisol, platelet expression of
activated GPIIb-1lla, P-selectin, and GP1b), which could potentiate the onset of adverse
cardiovascular events at that time. This suggests that the morning peak in adverse
cardiovascular events may not be only due to the acute transition from a resting (sleeping,
inactive, supine, and fasting) to an active (awake, active, standing, and eating) state.
Moreover, the circadian timing system causes the greatest increase in epinephrine level and
the largest decrease in parasympathetic nervous activity in response to exercise to occur in
the biological morning. This further suggests that the circadian timing system contributes to
the morning peak in adverse cardiovascular events. Previous work in the above area has
been conducted using healthy people; thus, further research needs to be undertaken in
individuals who are at risk of having an adverse cardiovascular event to determine whether
there are changes in timing and amplitude of the endogenous circadian rhythms in
cardiovascular risk markers. Research has also demonstrated that circadian disruption has a
profound effect of cardiovascular and metabolic function. More research is needed to fully
understand the underlying mechanisms. Such research may help in the development of novel
therapies in the treatment of circadian related disorders.
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Fig. 1.

Relative frequency histogram for the time of onset of sustained ventricular tachycardia
across the day. The figure illustrates a broad peak in the onset of sustained ventricular
tachycardia between 8 and 11 AM. Redrawn and reproduced with permission from Twidale
etal. (1989).
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Fig. 2.
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Circadian rhythm in resting systolic blood pressure (SBP), diastolic blood pressure (DBP),
and heart rate (HR) observed in two (28- and 20-h) forced desynchrony protocols. Data are
reported as meanzstandard error of the mean and are expressed in absolute values (left axes)
and as percentages of individual participant’s averages (right axes). Data are plotted
according to circadian phase, that is, separated into six 60°-bins which all equate to ~4 h.
Gray bars represent the participant’s average normal clock time for sleep under ambulatory
conditions in the 2 weeks prior to admission to the laboratory. Solid lines represent the
cosinor model fits. Dashed vertical lines indicate the circadian phase at which SBP peaked
in both forced desynchrony protocols. Probability data indicate the likelihood of a circadian

rhythm in blood pressure and heart rate. Reproduced with permission from Shea et al.
(2011).
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Fig. 3.

Influence of the endogenous circadian timing system on cardiovascular variables at rest and
in response to standardized bicycle exercise. Participants undertook an 11-day (including 12
times 20-h “days”) forced desynchrony protocol in which they undertook 15 min of exercise
(60% of maximum heart rate) at the same time into each wake period. Data are expressed
relative to each participant’s resting value averaged across the whole forced desynchrony
protocol (left axes) and in absolute values (right axes) and are plotted according to circadian
phase that is separated into six 60°-bins that each equate to ~4 h. Black lines and closed
circles indicate resting values, whereas gray lines with open circles represent data obtained
during standardized exercise; error bars represent the standard error of the mean. Gray bars
indicate the group average habitual clock time for sleep in the 2 weeks prior to admission to
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the laboratory. The vertical dotted line represents the timing of the group average core body
temperature minimum and curly brackets signify the most vulnerable period for adverse
cardiovascular events according to epidemiological research (6 AM to noon). Probability
data were obtained via cosinor analysis. A statistically significant (£<0.05) second harmonic
of a circadian rhythm is indicated by f2 appearing after the probability value. The arrow in
the upper right plot is an example of the reactivity of systolic blood pressure to exercise at
particular circadian phase. Reproduced with permission from Scheer et al. (2010).
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The response of circulating levels of leptin, glucose, and insulin to circadian misalignment.
Data are reported relative to each participant’s average values during circadian alignment on
the left axes and in absolute values on the right axes. Error bars represent standard error of
the mean. Gray area indicates the participant’s sleep opportunity. The white strips within the
scheduled sleep opportunity represent when participants were briefly awoken to perform

pulmonary function tests. B, breakfast; L, lunch; D, dinner; S, snack. Reproduced with

permission from Scheer et al. (2009).
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