1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Adv Neurotoxicol. Author manuscript; available in PMC 2019 February 04.

-, HHS Public Access
«

Published in final edited form as:
Adv Neurotoxicol. 2017 ; 1: 119-130. doi:10.1016/bs.ant.2017.07.003.

Metals and Circadian Rhythms

Nancy L. Parmaleel and Michael Aschner?

1Albert Einstein College of Medicine, Department of Molecular Pharmacology, 1300 Morris Park
Avenue, Bronx, New York, USA.

Abstract

Circadian rhythms describe the behavioral and physiological changes that occur in living
organisms in order to attune to a 24 hour cycle of day and night. The most striking aspect of
circadian function is the sleep-wake cycle, however many other physiological processes are
regulated in 24 hour oscillations, including blood pressure, body temperature, appetite, urine
production, and the transcription and translation of thousands of circadian dependent genes.
Circadian disruption and sleep disorders are strongly connected to neurodegenerative diseases
including Parkinson’s disease, Alzheimer’s disease, and Huntington’s disease as well as others.
Metal exposures have been implicated in neurodegenerative diseases, in some cases involving
metals that are essential micronutrients but are toxic at high levels of exposure (such as
manganese, copper, and zinc), and in other cases involving metals that have no biological role but
are toxic to living systems (such as lead, mercury, and aluminum). In this review, we examine the
evidence for circadian and sleep disorders with exposures to these metals and review the literature
for possible mechanisms. We suggest that giving the aging population, the prevalence of
environmental exposures to metals, and the increasing prevalence of neurodegenerative disease in
the aged, more research into the mechanisms of circadian disruption subsequent to metal
exposures is warranted.

Introduction

Circadian rhythms describe the roughly 24 hour oscillation of many physiological
properties, behaviors, and gene transcription that has arisen through evolution to coordinate
the activities of biological organisms with the periods of light and dark corresponding to day
and night (Takahashi et al., 2008, Mohawk et al., 2012). Mechanisms to control circadian
rhythms exist in many if not most organisms, from plants to human, with some mechanisms
highly conserved and others perhaps evolving convergently. While much work is ongoing
regarding the function of sleep in humans, it is clear that sleep is an essential physiological
process, the lack of which causes or exacerbates a plethora of conditions ranging from
causing a “bad day” to worsening neurodegenerative conditions such as Parkinson’s disease
(PD) and Alzheimer’s disease (AD). In order to coordinate sleep-wake cycles, many
biological functions need to be coordinated, including changes in alertness, appetite, body
temperature, blood pressure, production of urine, heart rate and metabolism.
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In humans, circadian control mechanisms exist at several levels. Centrally, the
suprachiasmatic nucleus (SCN) in the brain receives signals from the retina and acts as a
central clock (Welsh et al., 1995, Welsh et al., 2010). In total darkness, absent light cues to
indicate daytime, the human circadian clock oscillates with a period slightly longer than 24
hours. In order to stay synchronized with the 24 hour day, specialized cells in the retina
known as intrinsically photosensitive retinal ganglion cells (ipRGCs) sense light for the
purpose of setting the circadian clock (Berson et al., 2002, Hattar et al., 2002). These cells
do not participate in vision formation, but do express the photopigment melanopsin, which is
particularly sensitive to blue light. These cells synapse with cells of the SCN in order to
synchronize, or entrain, the central clock to the 24 hour day. Peripheral clocks also exist in
organs such as the liver, lung and Kidney (Yoo et al., 2004), and circadian oscillations are
seen at the level of individual cells. Transcription of a large portion of the genome is
controlled in a circadian manner.

The core genes involved in mammalian circadian control include Clock, Bmall, Perl, Per2,
Cryl, and Cry2 (Mohawk et al., 2012). Clock and Bmall dimerize and bind DNA resulting
in the transcription of the Perand Cry genes as well as many others. Perand Cry;, in turn,
dimerize with each other and interact with the Clock-Bmal1 complex in an inhibitory
fashion, repressing transcription (Takahashi et al., 2008). Thus, as the products of
transcription accumulate they repress their own transcription, resulting in an oscillatory
system (Figure 1).

Several lines of evidence indicate that various metals interact with components of the
circadian clock mechanisms resulting in disruptions to circadian rhythms. The data that
exists in the literature largely consists of observational correlations in humans, which does
not address mechanisms which may be at work in such interactions. We propose that this is a
rich area of interest that merits attention from the scientific community. Taking the example
of manganese (Mn), a primary focus of our lab: there is a robust literature concerning high-
level acute exposures, such as industrial exposures that occur in mining, welding, battery
manufacture, and others (Rodier, 1955). There is less data on the effects of cumulative life-
long exposures at lower levels that may be encountered in the day-to-day environment. We
have written previously about the potential effects of such exposures on neurodegeneration
and aging (Parmalee and Aschner, 2016). Notably, circadian disruption is observed in
patients with PD, AD, and Huntington’s disease (HD), all neurodegenerative diseases that in
addition to a genetic component are thought to be influenced by metal exposures (Videnovic
etal., 2014). As lifespan increases and metals are present in the environment, these
cumulative exposures to a variety of metals are likely to have implications on health. In this
review we will present a subset of evidence for interactions between metals and circadian
rhythms.

Manganese (Mn) is a metal that occurs commonly in soil and water. It is one of the most
abundant elements in the earth’s crust. It has been used since antiquity as a pigment in
ceramics. It is used as an alloy with other metals, is used in battery manufacture, is present
in pesticides, and in the gasoline anti-knock additive methylcyclopentadienyl manganese
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tricabonyl (MMT). Mn is an essential trace element, necessary as a cofactor for many
enzymes. Humans obtain a sufficient amount of Mn through the diet and Mn deficiency is
essentially unknown outside of the laboratory. Low-level exposures occur primarily via well
water in regions with a naturally high level of Mn occurring in the soil, where it leaches into
the water, and by exposure to contaminated soil in areas nearby to metal refineries. There is
evidence for detrimental behavioral and cognitive effects in children exposed to relatively
low levels of Mn (Bhang et al., 2013, Carvalho et al., 2014). At higher levels of exposure,
especially unregulated industrial exposure, a condition known as manganism can develop
that is well-characterized and has many features in common with Parkinson’s disease
(Couper, 1837, Rodier, 1955, Mena et al., 1967, Huang et al., 1989). With excessive
exposure, Mn tends to accumulate in the basal ganglia and putamen of the brain, whereas in
Parkinson’s disease (PD) the substantia nigra pars compacta is primarily affected, with
degeneration of dopaminergic neurons seen in this area. The similarities and differences
between manganism and PD have been reviewed (Guilarte, 2010, Guilarte and Gonzales,
2015). Manganism and PD share the cardinal motor signs: bradykinesia, rigidity, postural
instability and tremor. They also share many non-motor features, including depression,
dementia, loss of sense of smell, and various sleep disorders, including difficulty falling and
staying asleep, rapid eye movement (REM) behavior disorder (RBD), and circadian
disruptions (Parkinson, 2002, Bowler et al., 2006, Bowler et al., 2007, Videnovic and
Golombek, 2013). The mechanism of circadian disruption is unknown, but it is a prominent
feature of both PD and manganism. Mn toxicity is thought to be mediated by dopamine so it
is possible that Mn-dopamine interactions have an adverse effect on the sleep-wake cycle
though undetermined mechanisms. Excess Mn is eliminated via bile and excreted in feces.
Aside from industrial exposures, patients with liver disease are also known to be at risk for
elevated Mn levels. Circadian disruptions have been reported in patients with chronic liver
disease, cirrhosis of the liver, fatty liver disease, and hepatitis C (De Cruz et al., 2012),
raising the possibility that elevated Mn levels could participate in sleep disruption in these
patients.

Copper (Cu) is also an essential micronutrient which is found bound to many enzymes and
unbound in serum. Wilson’s disease is a genetic disorder that results in dysregulated copper
metabolism. In patients with Wilson’s disease copper accumulates in many organs, in the
corneas, and in the basal ganglia and putamen of the brain, the same regions affected by Mn
accumulation (Nevsimalova et al., 2011). Excess copper can cause parkinsonian movement
symptoms, psychiatric disturbances, liver disease, and neurological degeneration. Amyloid
precursor protein (APP), which is implicated in AD, is a copper binding protein
(Nevsimalova et al., 2011). Patients with Wilson’s disease have been reported to have sleep
disturbances including RBD, restless leg syndrome, daytime hypersomnolence, excessive
nighttime wakefulness, and circadian disruption (Firneisz et al., 2000, Nevsimalova et al.,
2011, Amann et al., 2015, Tribl et al., 2016).

Again, the mechanism by which copper overload may lead to circadian disruption is
unknown, however, in addition to APP, suspect genes that could be involved include a night-
specific ATPase PINA that is expressed in the pineal gland which participates in circadian

Adv Neurotoxicol. Author manuscript; available in PMC 2019 February 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Parmalee and Aschner

Zinc

Lead

Page 4

biology. Variants in this gene are causative in Wilson’s disease, and the gene is expressed at
100 fold greater levels at night than during the day (Borjigin et al., 1999, Firneisz et al.,
2000). Additionally, dopamine beta hydroxylase is a copper-binding enzyme that may be
functionally affected by copper overload (Kitzberger et al., 2005, Nevsimalova et al., 2011).
Copper has also been shown to interact with the vesicular H(+)ATPase, impacting dopamine
metabolism (Wimalasena et al., 2007). The regulated cycling of dopamine is critical to
maintaining circadian rhythms. In addition to dopamine, the neurotransmitter serotonin (5-
hydroxytryptamine, 5-HT) has been shown to interact with unbound copper, resulting in
conversion of 5-HT to an intermediate species (Jones et al., 2007). The psychiatric
symptoms of Wilson’s disease include depression, anxiety and cognitive changes which
could be attributable to changes in the serotonin system, which is also highly circadian.
Studies have shown interaction between the prion protein, another copper-binding protein,
and 5-HT, both of which are present in the synaptic cleft (Mouillet-Richard et al., 2005,
Jones et al., 2007). Notably, symptoms of the human prion diseases Fatal Familial Insomnia
and Cruetzfeldt-Jacob disease include severe sleep-wake disorders and behavioral
disturbance (Wanschitz et al., 2000, Landolt et al., 2006, Jones et al., 2007).

Zinc (Zn) is another essential metal, necessary for optimal biological functioning. Zinc and
copper compete for absorption in the intestine, liver, and kidney. Both copper and zinc are
also inhibitory against the NMDA receptor, which is involved in mood, cognitive functions,
and sleep (Peters et al., 1987, Vlachova et al., 1996, Song et al., 2012). Song et al. found that
duration of sleep correlated with the ratio of zinc to copper in adult women (Song et al.,
2012), suggesting that a balance between these two metals is important for sleep-wake
regulation. A similar finding was reported for men (Zhang et al., 2009). In mice,
administration of zinc has been shown to decrease locomotion and induce non-REM sleep
(Cherasse et al., 2015). Other metals are known to interact with each other, for instance iron
and Mn compete for absorption, and iron deficiency is a risk factor for elevated levels of Mn.
The balance between zinc and copper appears to be important in the sleep-wake cycle;
however the mechanisms behind this interaction remain to be elucidated.

While the metals previously discussed are all essential micronutrients that participate in
enzymatic activity and are necessary to biological processes, lead (Pb) is not. Pb is an
environmental pollutant well-characterized as having severe impacts on the central nervous
system and cognitive function. Pb does not serve a biological role, but does interact with
biological systems, therefore it is of interest to question what role Pb might play in circadian
rhythms and sleep. It is worth noting that sleep studies invariably use /eads, a homonym for
the metal /ead, confounding searches for the role of Pb in sleep. We suggest that researchers
conducting studies related to Pb and sleep employ the elemental nomenclature Pb to allow
these studies to be found in the literature.

As previously described, the human circadian system is photoentrained to the 24 hour day
by sensing daylight via melanopsin expressing ipRGCs in the retina. Light signals are
transmitted synaptically to the SCN, the central clock which coordinates and regulates
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peripheral and cellular clocks. While ipRGCs are not dopaminergic, they do form syncytial
connections through gap junctions with amacrine cells which are dopaminergic. Gestational
Pb exposure in mice has been shown to decrease dopamine content in the retina and
decrease levels of dopamine byproducts 3,4-Dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA) (Fox et al., 2011). Many subtypes of amacrine cells exist.
Dopaminergic amacrine cells were shown to be depleted, and their processes shortened,
while non-dopaminergic amacrine cells were unaffected. The dopamine processing enzyme
tyrosine hydroxylase was also depleted with gestational Pb exposure. This study did not
address circadian rhythms but raised the possibility that this finding could have a circadian
effect.

The early morning production of cortisol is an integral part of the circadian system,
responsible for waking and alertness in the morning. In humans, cortisol production is
regulated by the hypothalamus-pituitary-adrenal (HPA) axis. Cortisol levels rise dramatically
first thing in the morning and decline throughout the day. High levels of stress can result in
daytime cortisol production, disrupting this pattern. Braun et al. measured Pb levels and
salivary cortisol levels in second trimester pregnant women from Mexico City and evaluated
the relationship between Pb and cortisol levels (Braun et al., 2014). Cortisol is also critical
for brain development and gestational Pb exposure is known to carry risk of neurological
deficits, possibly resulting from HPA axis effects (LeWinn et al., 2009, Braun et al., 2014).
This study found a weak relationship between Pb levels and cortisol awakening response in
pregnant women. Diurnal slopes of cortisol production were flatter in those women with the
highest Pb levels. Given the known effects of Pb on cognition and the central nervous
system, more work remains to be done to understand the role of Pb and circadian rhythms.

Mercury (Hg) is another metal that serves no biological purpose, but can accumulate in the
body and interact with biological systems. Exposure to mercury can occur in industrial
settings, such as gold mining operations and gilding. Mercury is an environmental
contaminant that makes its way into waterways where it is taken up by fish and other aquatic
animals which then frequently become seafood, resulting in exposure to humans. Because
the body does not regulate mercury, exposure is cumulative and bioaccumulation occurs and
smaller animals are eaten by larger animals, and eventually by humans. Coastal and island
communities, especially indigenous people that traditionally rely on fish and shellfish as a
food source, are especially vulnerable to high levels of mercury exposure. This was
exemplified by the environmental disaster at Minamata Bay, a fishing village in Japan. In
1956 patients began appearing with what was later recognized as severe mercury poisoning.
The cause was large scale disposal of industrial waste containing high levels of mercury into
the bay. The surrounding community was dependent on fish from the region for food,
resulting in dire health consequences. While industrial regulation has reduced dumping of
mercury containing waste into waterways, exposure to mercury as a consequence of gold
mining operations which use mercury in the extraction process remains an issue in the
developing world.
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The second oldest mercury mine in the world, the Idrija Mercury Mine, is located in what is
now Slovenia and has been in operation since the 1400s. From the 1500s, writers have
described the condition of miners at this location as sick, suffering from deformity, paralysis,
asthma, and other conditions (Kobal and Grum, 2010). In 1754 Joannes Antonius Scopoli
was assigned as physician to the mine and subsequently published the first description of
mercury poisoning in Venice in 1761.In addition to tremor, respiratory difficulties,
personality changes, difficulty eating and sleeping, and other conditions, Scopoli identified
sleep disorders as a prominent sign of mercury toxicity (Kobal and Grum, 2010). Scopoli
reported difficulty sleeping, restless sleep, dream disturbances, and what we would now term
restless leg syndrome. Sleep disturbance subsequent to mercury exposure was also described
by Freeman in 1860 in his description of mercury poisoning in hat makers, the caricature of
which was thought to give rise to the character of the Mad Hatter in Lewis Carroll’s Through
the Looking Glass.

Mercury accumulation has been shown in the pineal gland, which participates in circadian
function through the secretion of melatonin and serotonin (Kosta et al., 1975, Falnoga et al.,
2000). Methylmercury exposure was shown to result in circadian sleep-wake disruption in
rats (Arito et al., 1983). One possible mechanism of sleep disruption is the effect of mercury
on glutamate, resulting in increased extracellular glutamate and a possible excitotoxic effect
(Aschner et al., 2007). Mercury exposure also results in changes in cytokine production. In
children, mercury exposure was found to be associated with reduced levels of TNF-alpha
and shorter sleep duration (Gump et al., 2014).

Insomnia and other sleep disorders have been reported subsequent to mercury exposure in
worker in fluorescent light bulb plants (Rossini et al., 2000), among sport-fishers in
Wisconsin (Knobeloch et al., 2006), among dental assistants exposed to mercury-containing
amalgam used in fillings (Moen et al., 2008), among gold miners in Indonesia (Bose-
O’Reilly et al., 2016), and among Iranian workers gilding a shrine (Vahabzadeh and Balali-
Mood, 2016). Additional research is needed to address the mechanism underlying these
sleep disruptions observed with mercury exposure.

Aluminum (Al) is yet another metal that plays no biological role in living systems but has
toxic effects /n vivo. Aluminum has been implicated as a neurotoxicant and a possible factor
in neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS), PD and AD,
which as previously mentioned have strong circadian components (Rodella et al.,
2008).While few studies of the effect of aluminum on human sleep and circadian rhythms
have been reported, evidence from the fruit fly Drosophila melanogaster showed that in
addition to shortening the lifespan of the flies, aluminum exposure influenced the level and
rhythm of daily locomotion (Kijak et al., 2014). Given the connection to human
neurodegenerative disease with circadian components, this finding in flies suggests that
further observation into human aluminum exposure and further research into circadian
mechanisms is warranted.
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Conclusion

Many metals are essential for the optimal functional of many physiological processes,
including countless enzymatic reactions that use metals as cofactors. Those metals that play
a role in biological processes, including but not limited to manganese, copper, and zinc, are
tightly regulated at the level of absorption, transport into and out of the cell, and excretion.
Even with regulation, excessive levels of these metals can occur, in the case of high levels of
environmental exposure, such as in industrial settings, or in the case of disease in which the
regulation of the metal is impaired. Given that thousands of genes are under circadian
control and involved in maintaining circadian rhythms, it would be surprising if the circadian
system were not affected by metals.

Numerous neurological and neurodegenerative diseases have a circadian component,
including mood disorders such as depression and bipolar disorder, neurodegenerative
diseases such as PD, Alzheimer’s, and Huntingtons disease, and prion diseases such as Fatal
Familial Insomnia and Cruetzfeldt-Jacob disease. There is evidence for the mood disorders
and the neurodegenerative diseases that the disease process may initiate the sleep disorder,
but dysregulated sleep-wake cycles may worsen the disease process, resulting in a spiraling
pattern of dysfunction. Indeed, disturbed sleep patterns are a primary cause of
institutionalization in patients suffering from dementia (Hatfield et al., 2004). Patients may
benefit from pharmacological interventions to promote normative sleep-wake cycles, which
may in turn slow the disease process. While epidemiological studies are useful in observing
the correlation between circadian disruption and disease, more research is needed to
understand the mechanisms behind these processes.

As the population ages and advances in medicine expand the human lifespan, healthy aging
will be dependent on understanding factors related to neurodegenerative disease. Circadian
rhythms are intricately entwined with neurodegenerative disease, as are metals.
Understanding the interplay between these factors in health and disease will contribute to
healthier aging.
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Figurel.

Circadian oscillations result from the transcription, translation, accumulation, and
degradation of genes. This simplified schematic depicts the feedback mechanism of the
canonical clock genes that results in circadian oscillation. The proteins BMAL1 and
CLOCK dimerize and bind DNA at E-box binding sites, resulting in transcription of genes
under the control of these binding elements. These genes include Perl and Per2, Cryl and
Cry2, and other genes involved in circadian behavioral and physiological responses. The Per
and Cry genes accumulate in the cytoplasm where they dimerize and are then transported
back to the nucleus. The Per-Cry dimer inhibits binding of BMALL and CLOCK to DNA,
repressing transcription of downstream genes. In this way, the accumulation of Per and Cry
repress their own expression, establishing a system that oscillates based on the expression,
accumulation, and subsequent repression of these genes.
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