1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Rev Endocr Metab Disord. 2009 December ; 10(4): 245-260. doi:10.1007/s11154-009-9122-8.

Effects of circadian disruption on cardiometabolic system

Melanie Riuger, PhD and Dr. Frank A.J.L. Scheer, PhD
Division of Sleep Medicine, Harvard Medical School, Brigham and Women's Hospital, Boston,
MA, USA

Abstract

The presence of day-night variations in cardiovascular and metabolic functioning is well known.
However, only recently it has been shown that cardiovascular and metabolic processes are not
only affected by the behavioral sleep/wake cycle but are partly under direct control of the master
circadian pacemaker located in the suprachiasmatic nucleus (SCN). Heart rate, cardiac autonomic
activity, glucose metabolism and leptin —involved in appetite control—all show circadian
variation (i.e., under constant behavioral and environmental conditions). This knowledge of
behavioral vs. circadian modulation of cardiometabolic function is of clinical relevance given the
morning peak in adverse cardiovascular incidents observed in epidemiological studies and given
the increased risk for the development of diabetes, obesity, and cardiovascular disease in shift
workers. We will review the evidence for circadian control of cardiometabolic functioning, as well
its sensitivity to light and melatonin, and discuss potential implication for therapy.
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1. Introduction

In this review, we will examine the effects of the circadian system and circadian disruption
on the cardiometabolic system and their potential health implications. The term circadian
rhythm was coined by Hallberg and is defined as a rhythm that a) displays a length of
approximately 24-hrs and—maost importantly—persists in the absence of external stimuli
and b) can be entrained to external stimuli such as light, food or activity [1]. Furthermore we
use the term biological night to refer to the habitual dark episode, i.e., the time normally
characterized by behavioral inactivity in diurnal species and behavioral activity in nocturnal
species. We will begin with a brief introduction of the circadian system, followed by a
review of the literature on circadian regulation of the cardiometabolic system, the effects of
light (the major Zeitgeber of the circadian system) on cardiometabolic function, the effects
of melatonin (as nighttime signal of the circadian system) on cardiometabolic function, and
finally, the adverse health consequences of circadian disruption (Figure 1), including its
relevance to shift work, jet lag and potential involvement in the increased risk for the
development of hypertension, obesity and diabetes.

2. The circadian system

Many aspects of human physiology, metabolism and behavior vary over the 24-hour day and
can have a major impact on our health and well-being. For example, the risk for adverse
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cardiovascular incidents shows a peak in the morning, temporal lobe epileptic seizures are
more frequent in the late afternoon and asthma is generally worse at night [2—4]. This
variation over 24-hrs can either be caused by changes in behavioral activity, posture, the
sleep/wake cycle, the fast/feeding cycle, the light-dark cycle, or be centrally orchestrated by
an endogenous circadian (near 24-hour) oscillator [5-11]. In mammals, the master circadian
oscillator is located in the suprachiasmatic nucleus (SCN) of the anterior hypothalamus
[12,13]. The cells in the SCN orchestrate rhythms in endocrine, physiological, and
behavioral parameters with a period close to, but not exactly 24 hours [14]. In addition,
more recent work shows that the heart and many other peripheral tissues including the lungs
and kidneys can act as semi-independent circadian oscillators, termed peripheral oscillators.
The cells in these organs, including the heart, contain the same core circadian clock genes
that are required to generate spontaneous circadian rhythms in the SCN. These peripheral
organs continue to generate circadian rhythms for several cycles in vitro, demonstrating their
potential for controlling circadian rhythms to some degree independently of the SCN (for
review [14]). The SCN optimally regulates the internal alignment of circadian rhythms in
different peripheral tissues.

Furthermore, in order for the circadian pacemaker to ensure that physiology and behavior
are appropriately timed to anticipate events in the outside world, environmental time cues
are required to reset this internal clock. The primary environmental circadian time cue in
mammals is the 24-hour light-dark cycle generated by the earth‘s axial rotation. Light
information to the circadian system is captured exclusively by the eyes using specialized
intrinsic photosensitive retinal ganglion cells (ipRGCs), and transduced directly to the SCN
via a dedicated neural pathway, the retinohypothalamic tract (RHT). Each day the light-dark
cycle resets the internal clock which in turn synchronizes the physiology and behavior
controlled by the clock. Circadian misalignment occurs when the internal timing system runs
out of sync with the behavioral cycle (including e.g., the sleep/wake and fasting/feeding
cycle), occurring for example during transmeridian travel or night shift work. In the case of
shift workers optimal physiology and metabolism are compromised by them staying awake
and eating during a circadian phase that is suited for sleeping and fasting, whereas they try
to sleep at a circadian phase suited for activity and food intake. In addition, due to the
changes in the behavioral cycle shift workers or transmeridian travelers are exposed to
abnormal light-dark cycles, which can result in suppression of melatonin and effects on
other physiological variables such as heart rate, cortisol and temperature during the
biological night which may have adverse downstream effects on cardiometabolic regulation.
But, light being the major Zeitgeber of the circadian system, can also facilitate re-
entrainment between the circadian system and the environmental light-dark cycle when
appropriately timed. Jet lag and experimental short-term circadian misalignment in the
laboratory, results in sleep problems, fatigue, poor cognitive performance and memory, and
gastrointestinal problems. Based on epidemiologic data in shift workers and recent
laboratory studies isolating circadian misalignment from socioeconomic and lifestyle
factors, circadian misalignment may increase the risk of developing cardiovascular disease,
obesity,diabetes and some types of cancer.

3. Circadian control of the cardiometabolic system

Proper cardiovascular function ensures that oxygen and nutrients are provided to all organs
of the body based on their needs. Over a period of 24-hours, the demands on the heart and
the local blood flow change dramatically based on our activities, with concomitant cycles in
rest/activity, fasting/feeding, postural changes, and thermoregulatory demands. A good
example for such a transition period is the end of the nightly sleep episode in humans: from
lying down and resting, we get up and become physically active. This requires the heart to
change from a state of relative inactivity: low heart rate and sympathetic tone and high vagal
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tone, to a state of high activity: increased heart rate and sympathetic tone and decreased
vagal tone. In order to prepare for the demands of such transitions between behavioral states,
it would be beneficial for the cardiovascular system to be able to anticipate those transitions.
One way of —anticipating those changes in demands on the cardiovascular system would be
through modulation by the circadian timing system.

3.1. Day-night changes of the cardiometabolic system and its involvement in health and

disease

The presence of a daily rhythm in heart rate, blood pressure, platelet function and
endothelial function has been known for some time and there are many epidemiological
reports, noting a peak in the occurrence of cardiovascular incidents, including ischemic
strokes, myocardial infarction (M), sudden cardiac death, and ventricular arrhythmias in the
morning hours [2,15,16]. However, initially it was unclear if the reported morning peak in
adverse cardiovascular events was due to a reporting bias of family and physicians or
represented a real phenomenon. Subsequent analysis, using creatine kinase MB (CK-MB), a
marker of myocardial damage that is used to confirm the timing of the MI, confirmed that
there was indeed a morning peak in Mls. The peak based on CK-MB occurred between early
morning to noon, coincident with the peak in reported chest pain [17]. Using data from
defibrillators and pacemakers, two other studies confirmed a morning peak in the occurrence
of ischemic strokes [18] and cardiac arrhythmias [19]. Besides the morning peak in CK-MB
and reported pain, Muller et al also observed a secondary peak in CK-MB in the evening,
that was unmatched by a peak in reported pain. In a recent review on ischemic and
hemorrhagic stroke, Manfredini [20] also reports a double peak pattern with a secondary
peak in the evening that interestingly is also seen in the occurrence of Mls in patients with
sleep apnea [21]. One trigger for ischemic strokes and M1 is blood clots caused by increased
platelet aggregability. Two studies showed that platelet aggregability is higher in the
morning hours and sensitive to postural changes, i.e. transitioning from a supine to an
upright position [22,23]. This indicates that change of posture/behavior might play a role in
the morning peak in adverse cardiovascular incidents. However, whether there is a circadian
rhythm in platelet function, thus independent of behavioral changes, is unknown.

Despite the epidemiological on a day-night rhythm in adverse cardiac events, one can not
distinguish whether this morning peak in cardiovascular incidents is solely due to behavioral
and environmental factors versus an endogenous circadian rhythm. Furthermore, these
epidemiological studies can not easily address the underlying neuroendocrine mechanisms
that lead to the adverse cardiovascular outcomes.

3.2. Circadian regulation of the cardiac system

To determine the potential role of the circadian system on physiology, it is necessary to
distinguish the influence of the circadian timing system from the influence of the daily
rhythm in behavioral activity, including sleep/wake, fast/feeding, posture and physical
activity cycles, and environmental conditions, including light and temperature, which greatly
influences physiology. One way to do accomplish this is to measure physiology under
constant routine (CR) conditions, i.e. during constant wakefulness, (low) activity, posture,
temperature, dim light, and with evenly spread isocaloric meals. The CR protocol hereby
permits the study of the underlying circadian variation in a given parameter [24-26]. The
second method to study underlying circadian rhythms is the —forced desynchrony (FD)
protocol. During a FD protocol, the sleep-wake cycle is scheduled to a cycle length under
dim light conditions to which the circadian system can not entrain (i.e. a 28-h day*), thereby
uncoupling the sleep-wake cycle and the circadian pacemaker.
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One of the first studies to exploit the CR protocol to investigate the presence of circadian
variation in cardiovascular variables was Krauchi et al. (17), finding a circadian rhythm in
heart rate with a peak-to-trough difference of ~7 bpm, a peak between 11:00 to 12:00, and a
trough during the biological night, i.e. the habitual resting or sleeping period. These findings
were confirmed by Kerkhof et al. [25] and Van Dongen et al.[27]. These findings of a
circadian rhythm in heart rate obtained using CR protocols were further confirmed by data
from FD protocols. Hu and colleagues, using an 11-day, 28-h cycle, FD protocol found the
longest R-R interval, i.e. lowest HR, during the biological night [28]. A similar timing and
amplitude in heart rate of ~7 bpm was also observed using repeated resting conditions across
the day and night, taking into account dim light, supine posture, inactivity and prior fasting
state [29].

CR protocols also revealed circadian rhythms in non-invasive markers for cardiac autonomic
regulation. In an elegant study, Burgess et al. investigated the relative influence of the
circadian cycle and the sleep/wake cycle by scheduling two CR protocols, where one was
modified to permit for sleep at the time of each individual‘s habitual sleep episode [30]. This
study showed that a measure for parasympathetic modulation of heart rate (respiratory sinus
arrhythmia) was mostly driven by the circadian system, while a marker for sympathetic
cardiac modulation (pre-ejection period) was mostly driven by the sleep/wake cycle. A
significant circadian rhythm in the same parasympathetic marker and the absence of that of
the sympathetic markers was confirmed in a separate CR protocol [31]. More recently,
Ivanov et al. confirmed a circadian variation in average heart rate (R-R interval) and average
standard deviation of inter-beat interval (STDRR) using a 38-hour CR protocol, with the
longest R-R intervals (thus slowest HR) and largest STDRR (measure of parasympathetic
cardiac modulation) occurring during the biological night [32]. Similar findings with regards
to the presence of a clear circadian rhythm in autonomic cardiac modulation have been
further supported by FD studies. Hilton et al., using a 27-day FD protocol, showed a
circadian rhythm in pNN50 (a parasympathetic cardiac marker; the percentage of
consecutive inter-beat intervals differing by more than 50 msec; for technical details see
[33]), with a peak during the biological night (equivalent to ~5 AM) and the trough during
the middle of the biological day (~1 PM to 5 PM) [34]. The authors further showed a
marked drop in R-R (i.e., increase in HR) from ~5 AM to 9 AM. The authors propose that
the increase in HR preceding the drop in parasympathetic cardiac modulation may suggest
an increase in cardiac sympathetic activity at that time. These observations were also
consistent with a stronger daily rhythm in parasympathetic (root mean square of successive
differences of the inter-beat interval) as compared to sympathetic (pre-ejection period)
cardiac modulation, assessed using a simple and practical protocol designed to minimize
masking effects of behavior and environment by measuring cardiac autonomic modulation
repeatedly across day and night while minimizing influences of behavioral activity, posture,
environmental light, and meal intake [29].

Only few studies investigated the presence of a circadian rhythm in blood pressure. Kerkhof
et al. [25] and VVan Dongen et al. [27] were not able to show a circadian rhythm in blood
pressure under CR conditions. However, using three different circadian protocols: a 40-h CR
protocol, a 7-cycle 28-h FD protocol and a 12-cycle, 20-h FD protocol, one of us with
colleagues was able to consistently demonstrate a significant circadian rhythm in systolic
blood pressure with a peak-to-trough difference of ~3-6 mmHg with a peak at a circadian
phase equivalent to ~9 PM and a trough equivalent to ~9 AM (Scheer FA et al., unpublished
data). Importantly, the timing of the peak suggests that the timing of the circadian rhythm in
blood pressure does not contribute to the morning peak in adverse cardiovascular incidents.

In addition to the classic cardiac risk markers of heart rate, cardiac autonomic modulation
and blood pressure, recent studies have investigated the presence of a circadian rhythm in
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scale-invariant properties of inter-beat intervals. Specifically, Hu and colleagues studied the
scaling exponent o of heartbeat fluctuations under FD conditions (11-day, 28-h cycle) [28].
This scaling exponent o describes the temporal correlation between heartbeat fluctuations
over different time scales, displaying a rather stable pattern that only seems to be
compromised under pathological conditions, making it a sensitive marker for cardiac
vulnerability and mortality [35]. The scaling exponent displays a circadian pattern, with a
peak, i.e. a value closer to a random occurrence of behavior, during the biological morning
(equivalent to ~10 AM), the time window during which epidemiological studies report the
peak in adverse cardiac events and strokes [28,32].

Taken together, the results from the CR and FD protocols strongly imply that cardiovascular
function is at least partly under the control of the circadian system and that changes in
behavior and/or sleep wake cycle might be able to worsen pre-existing conditions if they
happen at a circadian phase when the cardiovascular system is the most susceptible to
behavioral impact, e.g. during the transitions period from rest to waking in the morning
when heart rate increases to sustain the bigger demand of blood flow needed to change from
a supine to an upright position.

3..3. Circadian regulation of the metabolic system

Recent work showed that metabolic processes and regulatory hormones, e.g., leptin and
glucose, also exhibit circadian rhythms, as demonstrated under controlled conditions, i.e.
during CR [7] and FD protocols, which might be effected by circadian misalignment and
lead to adverse short-and long term consequences [36]. In humans, Van Cauter and
colleagues showed circadian rhythmicity in glucose and insulin levels by using a protocol
with extended wakefulness for 28-h, with glucose and insulin levels increasing during the
biological night (habitual sleep episode) [37]. Simon and colleagues measured leptin levels
in 7 subjects under constant enteral nutrition conditions and bed rest either during a
nocturnal sleep period or after delaying the sleep period by 8 hrs. The leptin rhythms rose to
a maximum during the nocturnal sleep episode. During daytime sleep protocol, leptin levels
rose slightly during nocturnal sleep deprivation but rose to a maximum during daytime
sleep, suggesting both the sleep/wake cycle and the circadian system affect leptin [38]. Shea
and colleagues were able to show circadian variation in leptin and glucose in humans [7] by
using constant routine conditions, with a circadian peak in leptin around the end of the
habitual sleep episode. During normal entrained conditions, the influence of the circadian
system may not be obvious to us in every day life. The potential clinical relevance of these
data becomes apparent when looking at the increased risk of diabetes, obesity, and
cardiovascular disease amongst shift workers, who eat and fast at abnormal circadian
phases. However, the question remains whether these adverse health consequences are due
to circadian misalignment or due to differences in lifestyle and socioeconomic status.

In order to reveal the neuroanatomical substrate and pathways responsible for circadian
rhythms in cardiovascular and metabolic parameters, animal experiments are required.
Animal lesion and tracing studies offer the tool to demonstrate this. Scheer and colleagues
[39] showed a clear and robust circadian rhythm in resting heart rate in SCN-intact rats
under constant dim light conditions with a higher heart rate during the biological night (their
habitual active period) and a lower resting heart rate during the biological day. These data
showed that the circadian rhythm in heart rate was independent of the circadian rhythm in
locomotor activity, a dominant masking factor for heart rate. Furthermore, lesioning the
SCN abolished the circadian rhythmicity in heart rate. The level of resting heart rate in
SCNx animals was found to be in-between the biological day and biological night level
recorded in intact animals, suggesting that the SCN has an inhibitory as well as an excitatory
influence on the cardiovascular system in rats. These findings are similar to the
demonstration that SCN lesioning leads to intermediate melatonin levels, which has
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subsequently been shown to be under both inhibitory (i.e., GABA) and stimulatory (i.e.,
glutamate) control by the SCN (see below). Future studies are required to identify the SCN
neurotransmitters and neural pathways by which this cardiac influence is mediated.
Regarding metabolism, circadian rhythms—even independent of locomotor activity—have
been demonstrated in body temperature (a balance of heat production and dissipation).
Lesioning of the SCN has been demonstrated to abolish this rhythm [40]. Furthermore,
circadian rhythms—even independent of meal timing—have been demonstrated in glucose,
insulin and leptin [41,42].La Fleur and colleagues subjected SCN intact and SCN-lesioned
(SCNx) animals to either a fasting regimen or a 6-meals per day feeding regimen (to
uniformly distribute meal intake across the circadian cycle). SCN intact animals subjected to
fasting or 6-meal per day feeding showed a 24-h variation of glucose, whereas in SCNx
animals, the glucose rhythm was abolished[41]. The same authors were able to show a
circadian variation in glucose tolerance, which was also abolished by lesioning the SCN
[43]. Ruiter and co-workers showed that the SCN and feeding behavior orchestrate the
circadian variation in glucagon, and that this rhythm is absent in SCNx animals [44].
Another crucial player in the regulation of metabolism and food intake is leptin, which is
under circadian control as well, as SCN lesions abolish rhythmicity in rats [42]. The
pathway by which the SCN regulates these rhythms involves direct projections to the liver,
pancreas and white adipose tissues [45-47].

3.4.. Neural pathways underlying SCN control on the cardiometabolic system

In order to test the presence of neural pathways involved in the circadian control of the
cardiovascular system in the rat, Scheer et al. [11,39] used pseudorabis virus injections into
the heart muscle of rats. They found a multisynaptic pathway from the SCN to the heart that
involved the autonomic nervous system and most likely includes direct projections from the
SCN to the paraventricular nucleus of the hypothalamus (PVN), and subsequently to dorsal
motor nucleus of the vagus, regulating parasympathetic tone to the heart and to the
intermediolateral column of the spinal cord (IML), regulating sympathetic tone to the heart
[11]. Of the several hypothalamic nuclei receiving input both from the SCN and projecting
to the cardiovascular system, the PVN showed the most PRV labeling [39]. By
demonstrating neural projections between the SCN and the heart muscle, these studies
provide evidence for the potential neuroanatomic substrate for the physiological effects of
the SCN on heart rate. Using the same technique, multi-synaptic projections have also been
shown from the SCN to the vasculature, kidney and adrenal gland, together with the heart,
important in the regulation of hemodynamics and cardiovascular function. In the control of
metabolism, similar projections have been shown from the SCN to the liver, pancreas, white
adipose tissue, and brown adipose tissue [48-50].

Summary of circadian control of cardiometabolic system—In summary,
numerous markers of cardiac function and metabolism exhibit an endogenous circadian
rhythm in humans, independent of changes in behavior and environment, with lowest HR
during the middle of the biological night (~4-5 AM), a strong circadian rhythm in cardiac
vagal markers peaking during the middle of the biological night, a less strong circadian
rhythm in sympathetic markers showing higher levels during the biological day, and scaling
exponent a—considered predictive of cardiac risk—peaking during the biological morning
(~10 AM). Animal experimental work has shown the requirement of the presence of a
functional SCN for the circadian rhythms in cardiometabolic function and the possible
neural substrate of these influences. Although the cardiovascular system is partly under the
control of the circadian system, the question remains if rhythms in cardiovascular
parameters, such as BP or HR, can be either be shifted or acutely influenced by light, the
signal of the day and major Zeitgeber, or exogenous melatonin, the signal of the night.
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4. Effects of light on cardiometabolic functioning

4.1. Circadian, non-image forming, light perception

As mentioned in the Introduction, light is the major Zeitgeber to entrain the circadian
system, i.e. to keep it synchronized to the environmental light-dark cycle [51-54]. Light
information is perceived via the retina and then transmitted to the SCN directly via the
retinohypothalamic tract (RHT) [55,56].

Until recently, it was believed that the mammalian retina consists only of two classes of
photoreceptors: rods and cones, which are responsible for the image-forming functions of
the retina. Recent findings from animal studies have proven that the retina hosts a third set
of photoreceptors located in intrinsically-photosensitive retinal ganglion cells [57-60], that
project directly to the SCN. These receptors do not primarily transmit visual information,
but serve as relatively insensitive irradiance detectors. In humans, a post-mortem approach
was used to establish these direct projections from the retina to the SCN [61-63]. Animal
studies have shown that these intrinsically photosensitive retinal ganglion cells contain the
vitamin Al-based novel photopigment melanopsin, the photopigment primarily mediating
the non-visual* effects of light such as circadian phase resetting, melatonin suppression, and
pupillary light reflex [60,64—69]. Support for melanopsin functioning as the primary
circadian photopigment came from further animal studies showing that the spectral
sensitivity of circadian phase resetting by light (Anax ~480 nm) closely matches the action
spectrum for light-induced electrical responses of the melanopsin cells themselves (Amax
~484 nm)[70,71]. In melanopsin-deficient mice, circadian responses to light are attenuated
but not absent, indicating that rods and cones play an additional role in circadian
photoreception. Indeed, light resetting of circadian rhythms and light-induced suppression of
melatonin are abolished only after loss of melanopsin and visual photoreceptor function.
Hence melanopsin, rods, and cones function as circadian photoreceptors in lower mammals
[64,72]. In humans, the spectral sensitivity of light-induced melatonin suppression (Amax =
460 nm) is also blue-shifted relative to the three-cone photopic visual system (Apax = 555
nm) suggesting that a novel photoreceptor (i.e., a non-rod, non-cone) system mediates
circadian responses to light [54,73-75].

Light can elicit different types of effects: longer-lasting, i.e. phase shifting, versus acute
effects of light. The effect magnitude of both, phase-shifts and acute effects of light depends
on the following factors: Timing, wavelength, intensity, and duration of the light pulse. For
example light pulses given in the evening, i.e. before the minimum of the core body
temperature will create delays in physiological and behavioral rhythms whereas light given
in the morning, i.e. after the minimum of core body temperature, will create phase advances
in a multitude of rhythms [76-78] [79]

4.2 Effects of light on the cardiometabolic system

Light can affect cardiac function in two ways. First, given that cardiac circadian rhythms are
controlled primarily by the central circadian pacemaker in the SCN, light-induced phase
shifts of the circadian system, would be expected to induce phase shifts in the cardiac
system. Campos et al. [80]showed that inverting the light dark cycles of transgenic mice
from LD to DL caused the acrophase of BP, HR, and locomotor activity to shift to the new
dark period. To date there are no direct studies examining light-induced circadian resetting
of cardiac rhythms in humans, however, phase-shifts in heart rate variability have been
observed following treatment with exogenous melatonin, which mirrored those of
temperature and sleep EEG [81,82].

Light is also able to acutely elevate heart rate in humans. Most studies report acute effects of
light using bright white light exposures of different intensities and durations during the
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nighttime in an extended wakefulness paradigm. Despite the different intensities (100—
10,000 lux) and different durations (10-240 mins) these studies showed uniformly that
bright light increased HR, HRV, and low/high frequency ratio of HRV[11,29,83,83-86]
[87]. Scheer et al. found a time-of-day dependent light-induced elevation of HR, with an
increase at night and in the morning and no effect during the daytime, in a within-subject
design [29]. This study furthermore showed a dose-dependent stimulatory effect of white
light, with 800 lux causing a larger increase in HR than 100 lux. This finding was consistent
with a subsequent study by Rueger et al [83], who showed that a 4-hrs exposure to 5000 lux
of full spectrum white light during the nighttime (midnight to 4 am) acutely elevates HR,
increase core body temperature, suppresses melatonin, and increases alertness. Using the
same experimental set-up, the authors found in an another group of subjects that the same
light exposure given during the daytime did not elevate heart rate, suppresses melatonin,
increase core body temperature, but yet still increased alertness. The light-induced increase
in HR may be dependent primarily to a light-induced increase in sympathetic cardiac
activity [86]. In addition, it has been shown that these effects depend on the wavelength of
light [88] as do other measures of arousal ([88,89], with short-wavelength blue light being
most effective. Cajochen and colleagues [88] showed an increase in heart rate by a 2-hour
exposure to bright monochromatic blue, but not green light, in the late evening (21:00-23:00
h). This short-wavelength sensitivity supports the notion that light-induced elevation of
heart-rate, and other non-visual‘ effects of light such melatonin suppression, circadian phase
shifting and improvements in alertness and performance [54,71,73,74,88-90] are mediated
by ipRGCs with an important role for melanopsin as a photoreceptor.

Likewise, cortisol shows a clear circadian rhythm with a peak around awakening [91] and
therefore could be susceptible to the phase shifting and acute effects of light. Scheer and
Buijs [92] showed that the cortisol peak after awakening is present in total darkness and can
be further enhanced by 1 hour of 800 lux applied at habitual time of waking. They
furthermore showed that the same exposure in the hour prior to the habitual bedtime had no
effect at all on cortisol levels. Similarly, Leproult et al. [93] showed that in sleep deprived
subjects 3 hours of bright light exposure (4500 lux) in the early morning (0500-0800)
induced an increase in cortisol levels whereas afternoon (1300-1600) bright light exposure
had no effect on cortisol. This was also consistent with the findings by Rueger et al. [83]
who also found no effect of afternoon light exposure (12:00-4:00 PM) on cortisol levels.
Thorn et al. (2004) showed that gradually increasing luminance levels (250 lux over 30
minutes) during awakening (dawn simulation) increased cortisol levels as compared to the
control conditions,. This increase in cortisol was accompanied by a higher level of reported
arousal but not of reported stress. In addition to heart rate and cortisol, light is able to
acutely elevate and/or phase shift core body temperature [94-96,96] [77,97], as well as
suppress and/or phase shift the melatonin rhythm [77,98,99].

5. The cardiovascular system and melatonin

Mounting evidence for the involvement of the circadian pacemaker in the regulation of the
cardiovascular system opened the discussion for the use of exogenous melatonin as a
chronotherapeutic. However, the existing literature on the effects and use of exogenous
melatonin as a potential chronotherapeutic for the adjunct treatment of cardiovascular
disorders is complex, because of differences in effects dependent on timing of
administration (day vs. night), acute vs. chronic effect, dose (physiological vs.
pharmacological), species (e.g., diurnal humans vs. nocturnal rodents). We therefore will
rather focus on general concepts and selected studies to highlight them (for detailed review
see [100]or [101]).
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5.1. Daytime melatonin administration

Based on the rational that low BP and HR during the nighttime coincide with high
endogenous melatonin levels, several studies investigated whether exogenous dose of
melatonin during the daytime lowers BP and HR. One of the first studies to report blood
pressure lowering effects of exogenous melatonin administration during the daytime was by
Birau et al. [102]. Arangino and co-workers [24] showed that a single administration of 1
mg melatonin administration in healthy male subjects between 2:30 and 5:30 PM reduced
BP, norepinephrine levels, and pulsatility index in the internal carotid artery (Pl; as measure
of vascular reactivity) compared to placebo administration. Cagnacci and co-workers [103]
showed a reduction of systolic and diastolic BP and PI by a single daytime melatonin dose
also in menopausal women with hormonal replacement therapy. However, a potential
concern with daytime melatonin administration is that melatonin induces sleepiness, which
most likely is an unwanted side-effect in the treatment of high BP or HR. Furthermore,
daytime administration will disrupt the normal profile of melatonin with potential additional
adverse side effects. Thus, for therapeutic use, nighttime administration would be most
relevant. Therefore several studies have investigated whether exogenous melatonin will
elicit similar blood lowering effect during nighttime administration, when endogenous
melatonin is high.

5.2. Nighttime melatonin administration

Lusardi and colleagues showed that 4 weeks of nighttime melatonin administration in
hypertensive patients treated with the calcium channel blocker nefedipine increased blood
pressure and heart rate, suggesting that melatonin counteracted the effects of nefedipine
[104]. Scheer et al. [105] studied the effect of (i) a single dose and (ii) a daily dose for three
weeks of oral 2,5 mg melatonin one hour prior to scheduled bedtime in a double-blind,
randomized, placebo-controlled cross-over study in 16 patients with essential hypertension
without any anti-hypertensive medication. They showed that 3-week melatonin
administration reduced systolic and diastolic blood pressure during the nighttime and
increased the day/night amplitude of systolic and diastolic blood pressure rhythms. There
was no effect on HR. Of interest, in these same subjects, the single dose of melatonin had no
effect on systolic or diastolic blood pressure or HR during the day or night. This suggests
that the mechanism was different from that of a direct vasodilator drug like a-adrenergic
receptor antagonist and that the mechanism of nighttime administration (when endogenous
melatonin plasma levels are normally already high) is distinct from that of daytime
melatonin administration (when endogenous melatonin plasma levels are very low). The 3-
week melatonin administration, but not a single dose, furthermore increased sleep efficiency
and total sleep time as assessed by actigraphy. There was no correlation between the
changes in sleep and nighttime blood pressure as measured on the same nights, suggesting
increased sleep quantity was not the main mechanism for the reduced blood pressure.
However future studies using polysomnography are required to verify whether improved
sleep is part of the underlying mechanism by which melatonin may lower nighttime blood
pressure. Cagnacci et al. [106] confirmed the results of Scheer et al. in a mixed group of
normontensive and hypertensive female subjects in a double-blind, randomized, cross-over
study. Melatonin (3mg; slow release) 1 hour before bedtime for three weeks, lowered
nocturnal systolic, diastolic, and mean BP but had no effect on diurnal BP or HR for the
group as a whole. Grossman et al.[107] showed that nighttime exogenous melatonin
administration lowered systolic blood pressure in patients with nocturnal hypertension and
that the effect was greatest between 2 and 5 am. Potential mechanisms by which melatonin
reduces BP include a direct effect via high-affinity melatonin receptors Mella (MT1) and/or
Mellb (MT2) on: (1) the SCN, changing its autonomic and/or humoral signaling to the
cardiovascular system; (2) other hypothalamic or brainstem targets such as the
paraventricular nucleus, a core autonomic and humoral relay station [108]; and/or (3) heart,

Rev Endocr Metab Disord. Author manuscript; available in PMC 2011 January 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ruger and Scheer

Page 10

kidney and vasculature [109], possibly affecting peripheral oscillators therein. Alternative
possibilities include antioxidative effects [110].

Amongst the first to show that the endogenous heart rhythm could be shifted by using
exogenous melatonin, were Krauchi et al., showing a phase advance after administering 5
mg melatonin or 5mg or 100 mg of a melatonin agonist compared to a placebo condition
under constant routine conditions[111]. Vandewalle et al. [81] also showed that the
endogenous rhythm in heart rate and heart rate variability could also be shifted by
administering exogenous melatonin. In a 13-day double-blind, crossover protocol in 8 young
adult male subjects they assessed initial phase during a 29-h constant routine, administering
either 1.5 mg melatonin or placebo at 4 PM for 8 consecutive days, and re-assessed
circadian phase during a second 29-h constant routine. The authors showed robust circadian
rhythms for HR, HRV, SDNN, and rMSSD (during CR1) as well phase advances in these
cardiac rhythms after melatonin treatment (during CR2). The parallel shift of HR and vagal
markers together with other circadian markers, such as melatonin rhythm, in this study
suggests these effects are due to a shift of the central circadian pacemaker and not only due
to a shift in peripheral circadian oscillators in the heart. If melatonin is able to shift the
rhythm of HR and vagal output measures, it might also elicit immediate effects on other
aspects of cardiovascular functioning and may be useful as a chronobiotic in treating
cardiovascular diseases such as hypertension.

Based on the previous findings, we can summarize that a) there is an endogenous circadian
rhythm in cardiac function, cardiac autonomic function, and metabolic function in humans
and animals and b) that these rhythms in humans and animals can be altered either by
changes in the light-dark cycle or the administration of exogenous melatonin. We will
therefore now review the potential negative health outcomes that circadian misalignment can
have on cardiometabolic functioning.

6. Health consequences of circadian disruption/misaligment

One can think of circadian disruption/misalignment as a continuum; ranging from the most
extreme forms seen in blind people who are not entrained or entrained at an adverse phase
angle [112], during shift work, or (although shorted-lived) during jet-lag to more moderate
examples like Advanced Sleep Phase Syndrome to mild ones occurring in early or late
Chronotypes or after purposely staying up late while studying for an exam. Symptoms of
circadian misalignment include increased daytime sleepiness, sleep disturbances, reduced
cognitive performance, reduced alertness, gastrointestinal complaints, and an overall feeling
of being somatically unwell [113]. Exposure to bright light can re-entrain the circadian
pacemaker to the new time zone or to the shift work schedule when appropriately timed
[114-116]. Similar approached can be taken with patients suffering from Advanced- and
Delayed- Sleep Phase Syndrome (ASPS and DSPS, respectively) in order to regain and
maintain appropriate alignment of their sleep-wake rhythm to the environmental light-dark
cycle. In some cases, like jet-lag or purposely staying up late, symptoms and complaints are
short-lived, i.e. they resolved in a matter of days, but in others like shift work, they persists
over a longer period of time, potentially leading to pathological changes leading to chronic
diseases such as obesity, diabetes, and cardiovascular disease. We will review the evidence
for negative cardiometabolic health outcomes caused by circadian misalignment based on
the evidence from epidemiological and laboratory studies.

6.1. Epidemiological and field studies

There is a vast body of evidence from epidemiological studies linking shift work to an
increased risk for cardiovascular disease, diabetes, obesity, and cancer [117-121]. The
central characteristic of shift work, especially night shift work, is exposure to an unusual
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light/dark and fasting/feeding cycle that causes misalignment between the internal timing
system and the behavioral and light/dark cycle, referred to as external desynchrony, and
possibly between different internal organ systems, referred to as internal desynchrony. This
misalignment results in physiology, metabolism and behavior occurring out-of-synch* with
the desired sleep/wake schedule and, in the short-term, leads to increased daytime
sleepiness, reduced cognitive performance, disturbed sleep, and gastro-intestinal complaints,
which are similar to the symptoms of jet-lag. However, jet-lag symptoms typically resolve
over a number of days after adjusting to the new time zone, whereas shift works experience
the before mentioned symptoms over extended periods of time. Exposure to sun light during
their commute will prevent their circadian system to adjust fully or at all to the night work
schedule. Furthermore, the shift worker is compelled to shift his sleep/wake rhythm to meet
the needs of his work hours, however, most shift workers revert back to a normal daytime
activity schedule during days off in order to share time with family and friends. This
constant back and forth shifting of their sleep/wake rhythm is too fast for the internal
circadian system to adapt to and is likely to result in mal-adaptation and pathological
changes.

One of the first epidemiological studies to address the relationship between shift work and
cardiovascular changes was Knutsson et al.[122] who found a dose-relationship between
years of shift work and risk for coronary heart disease in paper mill workers, i.e. more years
of shift work the greater the risk for coronary heart disease after controlling for age and
smoking. Two other studies, one by Kawachi et al. [123] in American nurses and one by
Tenkanen and colleagues [124] in Swedish industrial workers, both also showed increased
risk for M1 or CHD with increased years of rotating shifts worked which persisted after
controlling for age, smoking status, body mass index, diabetes mellitus, use of
contraception, and alcohol intake. Similarly, in a more recent analysis of the Nurse Health
study data, Brown et al. (2009) found a linear association between the duration of shift work
and the risk for ischemic stroke, with a 4 % increased risk of ischemic stroke for each five
years of shift work. However, only in the group of nurse reporting 15 years or more of
rotating shift work the increase in risk was significantly greater compared to those nurse
never having worked shift worked.

Coronary Heart Disease (CHD) is part of the metabolic syndrome, besides obesity,
dyslipideamia, and high cholesterol, which has been linked to shift work. Karlsson and co-
workers [125] found that high tryglycerides, obesity, and low HDL cholesterol clustered
together in shift workers as compared to day workers, indicating a link between shift work
and the metabolic syndrome. A potential mechanism involved in the development of
metabolic syndrome and/or CHD in shift workers might be an inappropriate hormonal
response to meals. Lund and colleagues [126] studied 12 night shift workers on a British
Acrtic Station and their response to standardized meals at different times of day. All meals
were either consumed a) during a day time working shift, b) at the beginning of a night shift,
or ¢) during the day after finishing a night shift. Postprandial insulin, glucose, and
triacyglycerol (TAG) levels were significantly elevated during night shifts compared to the
day time shift. Two days after returning to regular day time working hours, glucose and
insulin levels returned to pre-shift work levels whereas TAG levels remained elevated.

Chronic changes in glucose and insulin metabolism can lead to diabetes, which also shows
an increased incident rate in amongst shift workers. Morikawa and co-workers found an
increased, age-adjusted, incident rate for diabetes mellitus amongst Japanese male blue
collar shift workers workers compared to the white collar workers in an eight year
prospective study [127]. Kroenke et al. [128] found similar result in female nurses that took
part in the Nurses Health Study I, with the lowest diabetes risk amongst those nurses
working part time and the highest risk in those working over time when compared to nurses
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fulltime but regular hours. In addition, the authors found a positive association between
duration of shift work and risk for diabetes, that was entirely mediated by body weight,
stressing the association between shift work, BMI and obesity, and risk for diabetes. In a
retrospective longitudinal study in Italian municipal enterprise employees, Biggi and
colleagues [129]found that night shift workers had higher BMI, smoked more, had higher
cholesterol values and a higher risk for developing CHD than day time workers while
controlling for age, cardiovascular disease at baseline, BMI, cholesterol, and lifestyle
variable such as smoking and alcohol intake.

Besides CHD, cancer has been associated with shift work for some time and has recently
been announced —probably carcinogenic by the cancer related subcommittee of the World
Health Organization. In a study of women in the Nurses Health Study, Schernhammer et al.
(2001), found an increased risk for breast cancer in women doing shift work compared to
those who did not and further reported that, similar to the risk of ischemic stroke, women
who had the longest duration of shift work, 30 year or longer, had the greatest risk for
developing breast cancer. Data from mice studies showed that circadian disruption due to
lesioning the SCN leads to an increased tumor growth rate compared to sham operated
animals with intact SCN [130].

As mentioned earlier, shift work and jet-lag share some symptoms; however, there is very
little data on long term health consequences with respect to repeated jet-lag. One of the few
studies is an Icelandic study showing an overall increased risk for cancer, especially breast
cancer and malignant melanoma amongst the female flight attendances [131]. It is important
to note that the separate contributions of radiation, circadian disruption, and life style habits
of the flight attendance can not be determined due to the nature of the study.

In summary, data from epidemiological and field studies show that shift work and possibly
repeated jet-lag is associated with an increased risk for CHD, diabetes, cancer, and ischemic
stroke. Nonetheless, the physiological mechanisms cannot be determined from
epidemiological data: the disruption of hormonal rhythms, sleep curtailment/deprivation
caused by the circadian disruption, or behavioral changes based on a changed sleep/wake
and fast/feeding cycle due to the circadian disruption. Highly standardized laboratory studies
offer the possibilities to control for some of the confounding aspects in order to unveil the
underlying mechanisms.

6.2. Laboratory studies

One of the first laboratory studies to investigate potential metabolic changes due to circadian
disruption/misalignment was by Hampton and co-workers [132] in a simulated shift work
study. Nine healthy subjects were subjected to eating a standardized meal at the same clock
time (13:30), either while being entrained to their normal rhythm or after a 9 hour phase
advance of their sleep/wake cycle. All subjects received a high-fat pre-meal at 08:00.
Significant difference in postprandial glucose and insulin levels were observed after the 9
hour phase shift compared to before and were most apparent in the last 4 hours of the 6-hour
post-meal sampling period. The TAG peak was delayed after the phase shift and kept on
rising throughout the study. In a follow-up study, Ribeiro et al [133] extended the previous
design by lengthening the post-meal sampling period from 9 hours and varying the caloric
content of the test meal. In this study, the twelve subjects received a non-fat pre-test meal at
08:00 bhefore the actual test meal at 13:00, being consumed either under circadian
entrainment or after a 9 hour phase advance of the sleep/wake cycle. In contrast to the
results of Hampton (11861}, postprandial plasma glucose and insulin levels were not
elevated after the test meal. Immediately after the phase shift, fatty acids levels were
significantly lower whereas TAG levels were significantly higher. This suggests that that the
nutritional content of meals consumed before or during a shift might influence the type and
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size of metabolic changes occurring. This is important when thinking of interventions to
improve shift work conditions, e.g. the food available to shift workers while being on shift.
Interpretation of the pure effect of circadian misalignment from these studies is complicated
due to differences in pre-meal conditions between the night and day shifts such as in the
duration of wakefulness before test meals.

To address these limitations and further investigate the impact of circadian misalignment on
cardiac, metabolic, and endocrine variables, Scheer and colleagues used a FD protocol [36].
Ten subjects were subjected to an 11-day FD protocol consisting of repeated 28-h “days®,
including 4 scheduled isocaloric meals per 28-h day. The authors demonstrated that
misalignment between the circadian pacemaker and the sleep/wake and fasting/feeding
cycle, common in shift workers, lead to increased glucose, insulin levels, and arterial
pressure, and reduced leptin levels and sleep efficiency of the subjects. The effects of
circadian misalignment on the cardiometabolic system appeared to be beyond any effect of
sleep efficiency per se. In addition, the authors found that the circadian misalignment
pushed the postprandial glucose response of three of their subjects into the pre-diabetic
range. This study revealed some of the direct physiological consequences of circadian
misalignment and thereby potential mechanisms to explain the increased risk for the
development of obesity, diabetes and cardiovascular disease in shift workers.

Due to the circadian modulation of sleep propensity [134], one of the effects of circadian
misalignment is decreased sleep quality, that in itself can induce metabolic changes. Spiegel
and colleagues [135]showed that restricting sleep to 4 hours per night for six consecutive
nights in healthy, non-diabetic men resulted in reduced glucose clearance, impaired acute
insulin response, and lower insulin sensitivity. In the same study, the authors also showed
that on day 5 of the sleep deprivation the otherwise healthy subjects had a disposition index
(D1), i.e. the product of acute insulin response and insulin sensitivity, similar to the DI
values of a group of elderly subjects with a known impaired glucose tolerance and increased
diabetes risk [136]. Sleep deprivation furthermore led to a significant reduction of leptin and
increase of ghrelin [137] despite constant caloric intake, and significantly increased the
subjective feeling of hunger [138]. Nedeltcheva and co-workers [139] allowing ad libitum
snacks showed that sleep restriction to 5.5 hrs vs. 8.5 hrs per night for 14 nights, resulted in
increased snack consumption but no changes in ghrelin or leptin levels, nor surprising since
ghrelin and leptin are counter-regulatory hormones. Indeed, the majority of studies shows a
change in hormonal levels as well as in reported feelings of hunger or caloric intake when
food intake is restricted and increased caloric intake (but no hormonal changes) with ad
libitum food access. However, further studies are required to establish whether or not
increased caloric intake during circadian misalignment or following sleep deprivation would
lead to weight gain, and is not compensating either increased energy expenditure or
impaired absorption. Regardless, the decreased glucose tolerance and insulin sensitivity
during circadian misalignment is a precursor of diabetes mellitus [140]. Diabetes itself can
lead to retinal impairment and blindness, reduced wound healing, impaired cognition and
memory in the long run, secondary negative outcomes that might not be immediately
apparent[141,142].

In summary, we can conclude that circadian misalignment (acute and chronic) is able to
influence hormones critically involved in the control of metabolic processes, e.g. insulin,
leptin, and ghrelin, which may provide the physiological mechanisms underlying the
increased risk of shift work for the development of CHD, diabetes and obesity.

Rev Endocr Metab Disord. Author manuscript; available in PMC 2011 January 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ruger and Scheer

Page 14

7. Summary

The role of the circadian system in the control of cardiometabolic functioning gained clinical
relevance based on epidemiological data reporting a day/night pattern in adverse
cardiovascular events with a peak in the morning as well as a higher incident of CHD,
diabetes and obesity amongst shift workers. This lead to a series of laboratory studies in
humans showing that (a) HR and BP show a circadian rhythm with low HR and BP during
the biological night, i.e. habitual sleep episode, and an increase during the biological day,
i.e. habitual wake episode, (b) that the peak in vagal activity occurs during the biological
night, whereas the peak of sympathetic activity occurs during the biological day, and (c) the
scaling exponent a of heartbeat fluctuations, a potential marker for the risk of an adverse
cardiovascular event, exhibits a circadian rhythm with a peak in the morning. Results from
animal studies established that (a) the SCN innervates the heart and other organs involved in
hemodynamic control, such as kidney, vasculature and adrenal, via a multisynaptiv pathway,
probably including direct projections form the SCN to the paraventricular nucleus of the
hypothalamus (PVN), (b) heart rate shows a circadian rhythm that is not the secondary result
of a circadian rhythm in locomotor activity, and that (c) ablation of the SCN leads to
abolishment of the circadian rhythm in HR and BP. Light, the major Zeitgeber of the
circadian system and melatonin, the body‘s internal dark signal, both impact
cardiometabolic functioning in humans and animals. Light in humans has been shown to (a)
acutely elevate HR, BP, core body temperature and cortisol and suppress melatonin during
the biological night but not during the biological day, and (b) phase shift the rhythms
melatonin and cortisol. Correctly timed, light can help to facilitate re-entrainment of
circadian rhythms after shift work or jet-lag, and potentially in treating ASPS and DSPS.
Exogenous daytime and repeated nighttime melatonin administration has proven to be able
to lower BP in normotensive and hypertensive subjects, with nighttime administration most
clinically useful. Circadian misalignment, i.e. the mismatch of the circadian system with the
desired sleep/wake cycle, is a hallmark of shift work and jet-lag and causes a multitude of
negative symptoms and chronic exposure has been associated with several negative health
consequences such as increased risk for cardiovascular disease, diabetes, obesity, and certain
forms of cancer. However, from the epidemiological data can not distinguish if these
negative health effects of shift work are directly mediated by (a) differences in
socioeconomic status and life style of shift workers, (b) the mismatch of the circadian
system and behavioral rhythms such as sleep/wake, rest-activity, or fast/feeding, or (c)
chronic sleep deprivation as a direct result of circadian misalignment, which in itself can
lead to a variety of adverse cardiac, metabolic, and endocrine changes. However, in recent
laboratory studies, it has been demonstrated that circadian misalignment itself can lead to
cardiometabolic changes that in the long run may lead to increased risk for the development
of obesity, diabetes and cardiovascular disease [36]. This is important in determining the
potential therapeutic application of the above summarized findings to counteract the
negative health effects of circadian misalignment seen in shift work. In addition, recent
findings indicate that circadian misalignment may also leads to the internal
desynchronization between the SCN, central internal clock, and the clock cells in peripheral
organs such as the kidney or the liver. Our understanding of the relationship between central
and peripheral clocks is at the very beginning and limited, but is seems internal
desynchronization might impact cardiometabolic functioning and overall health in the end as
well. Further studies identifying the exact mechanism involved in these processes is
warranted and might lead to (a) behavioral therapies to change the timing of behaviors
contributing to adverse cardiometabolic effects, or (b) to identify useful biomarkers in order
to help to identify individuals with a greater risk for adverse cardiovascular and metabolic
consequences due to circadian misalignment.
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Fig. 1.
Schematic overview of the different types of circadian disruption, their causes and potential
short-term and long-term health consequences.
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