Open Journal of Preventive Medicine, 2014, 4, 545-560 .0:0 Scientific
Published Online July 2014 in SciRes. http://www.scirp.org/journal/ojpm ‘02:0 Research
http://dx.doi.org/10.4236/0jpm.2014.47065

Melatonin and Circadian Rhythm: Aging,
Cancer, and Mechanism

Peter Kovacic?, Ratnasamy Somanathan?2

1Department of Chemistry and Biochemistry, San Diego State University, San Diego, USA
’Centro de Graduados e Investigacidn del Instituto Tecnoldgico de Tijuana, Tijuana, Mexico
Email: pkovacic@mail.sdsu.edu

Received 25 May 2014; revised 27 June 2014; accepted 17 July 2014

Copyright © 2014 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

The circadian clock is involved with many aspects of biological processes in animals and plants.
Melatonin is a pineal hormone which is known to play a widespread role in the biochemistry of the
circadian clock. The present review addresses the clock and melatonin in relation to aging and
cancer, which are important aspects of medicine and biochemistry. The literature contains a large
variety of associations of these areas with melatonin and circadian rhythm. Mechanistic aspects
are addressed with emphasis on the unifying theme based on electron transfer-free radicals-
oxidative stress.
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1. Introduction

This review presents a multifaceted approach to melatonin and circadian rhythm in relation to cancer and aging.
The circadian clock, which likely evolved 2.5 billion years ago, has been the object of attention in science and
the media [1]. The clock, which tracks time in 24 hour cycles, is controlled by genes in cycling feedback loops.
An important feature is metabolic efficiency which is promoted by timing activities with day-night rhythms. The
machinery plays a role not only in sleep cycles, but also in health and disease. Adverse medical events that relate
to rhythm dysfunction are cancer, heart disease, addiction, diabetes and obesity.

This review deals with cancer, aging, and circadian rhythm [2] which are important aspects of medicine and
biochemistry, in relation to melatonin. Genes play a fundamental role in many areas of human biology. Mecha-
nistic aspects of the various topics are also treated. The role of melatonin, a pineal hormone, is addressed. The
preponderance of bioactive substances, usually as their metabolites, incorporates ET functionalities. We believe
that it plays an important role in physiological responses. The main groups include quinones (or phenolic pre-
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cursors), metal complexes (or complexors), aromatic nitro compounds (or reduced hydroxylamine and nitroso
derivatives), and conjugated imines (or iminium species). In vivo redox cycling with oxygen can occur, giving
rise to oxidative stress (OS) through generation of reactive oxygen species (ROS), such as hydrogen peroxide,
hydroperoxides, alkyl peroxides, and diverse radicals (hydroxyl, alkoxyl, hydroperoxyl, and superoxide). In
some cases, ET results in involvement with normal electrical effects (e.g., in respiration or neurochemistry).
Generally, active entities possessing ET groups display reduction potentials in the physiologically responsive
range, (i.e., more positive than about -0.5 V). Hence, ET in vivo can occur resulting in production of ROS which
can be beneficial in cell signaling at low concentrations, but produce toxic results at higher levels. Electron do-
nors consist of phenols, N-hetercycles or disulfides in proteins which can produce relatively stable radical ca-
tions. ET, ROS, and OS have been increasingly implicated in the mode of action of drugs and toxins.

There is a plethora of experimental evidence supporting the ET-ROS theoretical framework. The evidence in-
cludes the generation of the common ROS, lipid peroxidation, degradation products of oxidation, depletion of
Ass, effect of exogenous AOs, and DNA oxidation and cleavage products, as well as electrochemical data. This
comprehensive, unifying mechanism is in consistent with the frequent observations that many ET substances
display a variety of activities (e.g., multiple-drug properties), as well as toxic effects.

It is important to recognize that mode of action in the biodomain is often multifaceted. In addition to the
ET-ROS-OS approach, other aspects may pertain, such as enzyme inhibition, allosteric effects, receptor binding,
metabolism and physical factors.

2. Melatonin

Melatonin is an internal factor affecting the circadian clock. In all vertebrates investigated so far, melatonin is
produced in the pineal body and resynchronizes the SCN by providing information about light/darkness from the
retinohypothalmic tract. Melatonin is also essential for regulation of rhythmic functions in peripheral target tis-
sues of the clock. It peaks during darkness and lowers during the day; several reviews have appeared over the
years on this subject [3]-[5]. Though this indole hormone was first reported from the pineal gland, it was also
found in retina, Harderian gland and gastro-intestinal tracts in vertebrates, as well as in a wide variety of organ-
isms, ranging from invertebrates to plants [5]. One of the characteristic features of the tryptophan derivative
molecule is that its synthesis takes place during darkness in a light-dark cycle, irrespective of the habit of the
animal. Therefore, it is often described as “hormone of darkness” or a “chronobiotic molecule”. In all verte-
brates investigated so far, melatonin is primarily synthesized within the pinealocytes of the pineal gland during
the night, regardless of the diurnal or nocturnal locomotor activity of the animals [5].

Biosynthesis of melatonin is a four-step phenomenon [3]. First, its precursor L-tryptophan is taken from the
circulation (blood) into pinealocyte and converted to 5-hydroxytryptophan by tryptophan-5-monooxygenase/
hydrolase and further decarboxylated by aromatic amino acid carboxylase to form 5-hydroxytryptamine or se-
rotonin. Seratonin is acetylated (N-acylation) to form N-acetylseratonin by serotonin-N-acetyltransferace. Fi-
nally, N-acetylseratonin is methylated by hydroxyindole-O-methyltransferase to form melatonin [5] (Scheme 1).

The rhythm of melatonin synthesis is generated by interacting networks of circadian clock genes located in
the SCN, circadian oscillator/master pacemaker of the hypothalamus in brain, which is considered as the major
central rhythm-generating system or “clock” in mammals [6] [7]. The SCN clock is set to a 24 h day by the nat-
ural light-dark cycle via retinal light input which then sends circadian signals over a neural pathway including
sympathetic nerve terminals that project from the superior cervical ganglia (SCG) to the pineal gland and there-
by driving rhythmic melatonin synthesis [4] [5]. The main photoreceptor pigment for circadian timing appears to
be melanopsin in the retinal ganglion cells [8]. SCN is the major regulatory site of serotonin N-acetyl transferase
(NAT) activity, which is the key enzyme in the synthesis of melatonin from tryptophan. Melatonin, through
various receptors (MT1, MT2 and MT3) induces a differential influence on clock genes [4] [5]. In humans, the
pars tuberalis and SCN clock genes expression pattern show 24 h rhythmicity. The synthesis of melatonin is
driven by the SCN to convey photoperiodic information to the pars tuberalis, which in turn influences the clock
genes PER1 and Cry 1 within the pars tuberalis, translating the melatonin signal to control body rhythm [4] [5].

Melatonin involvement with circadian rhythm and other aspect is related to recent articles [9] [10].

Structure activity relationship (SAR) studies were carried out on melatonin [11]. Data indicate the crucial role
played by the methoxy substituent. Various investigations were carried out on metabolism with rat and human
subjects [12]-[15]. The principal products are 6-hydroxymelatonin (Figure 1) and N-acetylseratonin (Figure 2)



P. Kovacic, R. Somanathan

from O-demethylation. Hydroxylation occurred to a greater extent [12]. Both reactions have extensive precedent.
These findings provide a base for application of the unifying theme of ET-ROS-OS. O-Demethylation of the
hydroxylated metabolite should yield a catechol (Figure 3) which is commonly oxidized to an ET o-quinone
(Figure 4). N-Acetylserotonin might conceivably be oxidized to the ET iminoquinone (Figure 5). Analogy for
Figure 5 can be found from metabolism of psilocybin [16].

Representative examples are provided from the literature dealing with AO properties of melatonin [17]-[21].
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Figure 5. Iminoquinone derivative of N-acetylserotonin.

In relation to mechanism, a suggestion involves the indole nitrogen, presumably acting via the indole NH grou-
pin terminating ROS [22]. Another possibility entails participation of the N-acetylseratonin metabolite. Phenols
comprise a well-known class of AOs, e.g., vitamin E, which operate by way of electron or hydrogen atom dona-
tion [23]. Electrical effects, which are common in the brain, might be a result of participation, in part, of the
postulated ET iminoquinone and o-quinone.

3. Cancer

Over the decades, many factors have been found to be involved in the biochemistry of cancer, including electron
transfer, reactive oxygen species and oxidative stress [24]-[26], which are addressed in other articles. This sec-
tion provides a general approach involving many factors linking circadian rhythm and cancer.

Circadian rhythms show universally a 24-hour oscillation pattern, in metabolic physiological and behavioral
functions of almost all species, due to a fundamental adaptation to rotation of earth around its own axis [27].
Molecular mechanisms of generation of circadian rhythms organize a biochemical network in suprachiasmatic
nucleus and peripheral tissues, building cell autonomous clock pacemakers. Rhythmicity is observed in tran-
scriptional expression of a wide range of clock-controlled genes which regulate a variety of normal cell func-
tions like cell division and proliferation. Desynchrony of this rhythmicity seems to be implicated in several pa-
thologic conditions, including tumorigenesis and progression of cancer. In 2007, the International Agency for
Research in cancer categorized shift work that involves circadian desynchrony, as being probably carcinogenic
to humans. A review discusses the potential relation between the disruption of normal circadian rhythms with
the genetic driving machinery of cancer. Elucidation of the role of clockwork disruption, like the exposure to
light-at-night and sleep disruption, in cancer biology, could be important in the development of new targeted an-
ticancer therapies, in optimization of individualized chronotherapy and in modification of lighting environment

in working environments.
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Circadian rhythms are commonly disrupted in women undergoing chemotherapy for breast cancer [28].
Bright light improves and strengthens circadian rhythms. A randomized controlled study examined the effect of
morning administration of bright light therapy on circadian rhythms in women undergoing chemotherapy for
breast cancer [28]. It was hypothesized that women receiving bright light therapy would exhibit more robust
rhythms than women exposed to dim light. The results suggest that morning administration of bright light may
protect women from experiencing circadian rhythm deterioration during chemotherapy.

Breast cancer is the worldwide leading cause of cancer incidence among women [29]. Night shift work expo-
sure has been recently considered one of the significant breast cancer risk factors in industrialized countries. The
mechanisms by which this works exposure may be responsible for cancer development is still discussed. In the
last 15 years, many authors have paid attention to the relationship between night shift work and breast cancer
risk. Both the circadian system alteration and the melatonin output reduction, related to the exposure to
light-at-night during night shift work, remain the most valid hypotheses on the casual relation of shift work and
breast cancer. Overall, the results suggest that there is an association between night shift work and breast cancer
development in western countries. However, further studies are needed to confirm such association and to un-
derstand which biomolecular mechanisms may be involved in the pathogenesis of cancer diagnosed in patients
with night shift work exposure.

Disruption of the circadian rhythm has been hypothesized to increase cancer risk, either because of direct dis-
ruption of the molecular machinery generating circadian rhythms or because of disruption of parameters con-
trolled by the clock, such as melatonin levels or sleep duration [30]. Data are sparse about potential effects of
circadian disruption on the risk of prostate cancer. A review systematically examines available data evaluating
the effects of light at night, sleep patterns, and night shift work on prostate cancer risk.

Circadian clocks are endogenous molecular time-keeping systems that underlie daily fluctuations in multiple
physiological and biochemical processes [31]. It is now well recognized that dysfunction of the circadian system
may be associated with a heightened incidence of cancer. A review presents evidence supporting the important
role played by the circadian clock in the development of cancer and the therapeutic efficacy of anticancer agents.
A number of circadian clock genes have been identified. Continued research should increase understanding of
the role of circadian clocks which could, ultimately, reduce the incidence of cancer in people with disrupted
sleep-wake cycles, such as shift workers and flight attendants, and provide optimal chronopharmacology for
cancer treatment.

Hormone secretion, metabolism, and the cell cycles are under rhythmic control [32]. Lack of rhythmic control
has been predicted to lead to uncontrolled proliferation and cancer. Consistent with the prediction are findings
that circadian disruption by dim light at night or chronic jet lag accelerates tumor growth in desynchronized
animals. Circadian controlled factors have been implicated in controlling tumor growth in these animals. Recent
attention has focused on the signaling pathways activated by the circadian controlled factors because these
pathways hold potential for the development of novel strategies for cancer prevention and treatment.

An investigation involves comparison of circadian characteristics for cytotoxic lymphocytes in cell lung can-
cer patients versus controls [33]. Timed circadian administration (chronotherapy) in immunotherapy and other
cancer treatments may improve efficacy due to persistent circadian entrainment of healthy tissues.

A review article discusses recent work on the melatonin-mediated circadian regulation and integration of mo-
lecular, dietary, and metabolic signaling mechanisms involved in human breast cancer growth and the conse-
quences of circadian disruption by exposure to light at night [34]. Experimental evidence in rats and humans in-
dicates that light at night-induced circadian disruption of the nocturnal melatonin signal activates human breast
cancer growth, metabolism, and signaling which provides the strongest mechanistic support for population and
ecological studies demonstrating elevated breast cancer risk in night shift workers and other individuals increa-
singly exposed to light at night.

Little is known about the relationship between sleep parameters and fatigue in patients at the initiation of rad-
iation therapy [35]. A significant percentage of oncology patients experience significant disturbances in
sleep-wake circadian activity rhythms at the initiation of radiation therapy. The disturbances occur in both sleep
initiation and sleep maintenance. Epidemiologic studies show high incidence of cancer in shift workers [36].
The finding suggests that circadian disruption induces the progression of malignant tumors via a Wnt signaling
pathway.

Cell proliferation in all rapidly renewing mammalian tissues follows a circadian rhythm that is often disrupted
in advanced-stage tumors [37]. Epidemiologic studies have revealed a clear link between disruption of circadian
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rhythms and cancer development in humans. Mice lacking certain circadian genes are deficient in cell cycle reg-
ulation and Per2 mutant mice are cancer-prone. However, it remains unclear how circadian rhythm in cell proli-
feration is generated in vivo and why disruption of circadian rhythm may lead to tumorigenesis. Tumor suppres-
sion in vivo is a clock-controlled physiological function. The central circadian clock paces extracellular mito-
genic signals that drive peripheral clock-controlled expression of key cell cycle and tumor suppressor genes to
generate a circadian rhythm in cell proliferation. Frequent disruption of circadian rhythm is an important tumor
promoting factor.

Prostate cancer is a major age-related malignancy as increasing age correlates with increased risk for devel-
oping this neoplasm [38]. Similarly, alterations in circadian rhythms have also been associated with the aging
population and cancer risk. The pineal hormone melatonin is known to regulate circadian rhythms, which is un-
der the control of a core set of genes. The data suggest that melatonin should be thoroughly investigated as an
agent for the management of prostate cancers and other age-related malignancies.

Circadian disruption accelerates cancer progression, whereas circadian reinforcement could halt it [39]. Mice
with pancreatic adenocarcinoma were synchronized and fed ad libitum or with meal timing. The reinforcement
of the host circadian timing system with meal timing translated into cancer growth inhibition. Targeting circa-
dian clocks represents a novel potential challenge for cancer therapeutics.

Breast cancer incidence increases rapidly as societies industrialize. Many changes occur during the industria-
lization process, one of which is dramatic alteration in the lighted environment from a sun-based system to an
electricity-based system [40]. Increasingly, the natural dark period at night is being seriously eroded for the bulk
of humanity. Based on the fact that light during the night can suppress melatonin, and also disrupt the circadian
rhythm, it was proposed in 1987 that increasing use of electricity to light the night accounts in part for the rising
risk of breast cancer globally. Predictions from the theory include: non-day shift work increases risk, blindness
lowers risk, long sleep duration lowers risk, and population level community nighttime light level co-distributes
with breast cancer incidence. Thus far, studies of these predictions are consistent in support of the theory. A new
avenue of research has been on function of circadian genes and whether these are related to breast cancer risk.

The circadian clock is an endogenous time keeping system shared by most organisms [41]. In mammals, a
master pacemaker in the hypothalamus orchestrates temporal alignment of behavior and physiology by transmit-
ting daily signals to multiple clocks in peripheral tissues. Disruption of this communication has a profound ef-
fect on human health and has been linked to diverse pathogenic conditions, including cancer. At the center of the
molecular circadian machinery is a set of clock genes generating rhythmic oscillations on a cellular level. In the
past several years, research from different fields has revealed the complexity and ubiquitous nature of circadian
regulation, uncovering intriguing associations between clock components and cellular pathways implicated in
tumorigenesis. A review discusses the emerging role of circadian genes in hematological and hormone-related
malignancies. New insights suggest that manipulating circadian biology as a way to fight cancer, as well as other
life threatening diseases, is within the realm of possibility.

Some reports have indicated that the core clock gene, PER2, regulates the cell cycle, immune systems and
neural functions (Scheme 2) [42]. To understand the effects of PER2 on tumor growth in vivo, stable transfor-
mants of murine sarcoma cell line expressing different levels of PER2 were established. The growth of stable
PER2 transformants in vivo was significantly and dose-dependently suppressed according to the amount of
PER2 expressed, indicating that PERs plays a role in the growth suppression of sarcoma cells. The results sug-
gest that sarcoma cells overexpressing PER2 suppress tumors in vivo by changing the nature of tumor cell adhe-
sion.

The circadian timing is composed of molecular clocks, which drive 24 hour changes in xenobiotic metabolism
and detoxification, cell cycle events, DNA repair, apoptosis, and angiogenesis [43]. The cellular circadian clocks
are coordinated by endogenous physiological rhythms, so that they tick in synchrony in the host tissues that can
be damaged by anticancer agents. As a result, circadian timing can modify the tolerability of anticancer medica-
tions. Improved efficacy is also seen when drugs are given near their respective times of best tolerability, due to
a) inherently poor circadian entrainment of tumors and b) persistent circadian entrainment of healthy tissues.
Conversely, host clocks are disrupted whenever anticancer drugs are administered at their most toxic time. On
the other hand, circadian disruption accelerates experimental and clinical cancer processes. Gender, circadian
physiology, clock genes, and cell cycle critically affect outcome on cancer chronotherapeutics.

A disruption of the circadian timing system, as identified by monitoring maker biorhythms, is common in
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Scheme 2. A schematic model of molecular clockwork of the circadian clock in mammals.

cancer patients [44]. A body of evidence paves the path for innovative therapeutic approaches targeting the cir-
cadian timing system in an effort to diminish constitutional symptoms induced by cancer and some anticancer
treatments.

Practical circadian therapy for the cancer patient involves 3 spheres of intervention, namely improving life-
style, optimizing internal biochemical milieu, and adjusting treatment times [45]. The potential value of im-
proving overall circadian functioning is shown in the work in which pronounced rest-activity rhythms were as-
sociated with better survival in colorectal cancer patients receiving chronomodulated chemotherapy. Lifestyle
interventions that may improve circadian functioning involve diet, physical activity, and mind-body therapies. A
diet that is ant-inflammatory and has appropriate carbohydrate intake, as well as regular meal timing, encourages
normal circadian cycles. Adequate daytime physical activity encourages restful sleep, and morning light expo-
sure during exercise may entrain melatonin rhythms. Meditation and other mind-body therapies can reduce an-
xiety and depression that may disrupt sleep. Aspects of the biochemical milieu that specifically disrupt circadian
functioning are inflammation and stress hormones. Inflammation and cytokine disruption can be addressed with
diet, herbs, and other natural substances. Chronomodulation of chemotherapy is discussed. Integrating all the
above treatment modalities has the potential to improve both the quality of life and disease outcomes in cancer
patients.

In industrialized countries, certain types of cancer, most notably breast and prostate, are more frequent than in
poorly developed nations [46]. This high cancer frequency is not explained by any of the conventional causes.
Within the past decade, numerous reports have appeared that link light at night with an elevated cancer risk. The
three major consequences of light-mediated perturbation of circadian timing are sleep deprivation, chronodi-
sruption, and melatonin suppression. Each of these individually or in combination may contribute to the reported
rise in certain types of cancer. In the article, the potential mechanisms underlying the basis of the elevated can-
cer risk are briefly discussed. Finally, if cancer is a consequence of excessive nighttime light, it is likely that
other diseases/conditions may also be exaggerated by the widespread use of light after darkness onset.

The circadian timing system coordinated by the suprachiasmatic nuclei (SCN) of the hypothalamus regulates
daily rhythms of behavior, physiology, as well as cellular metabolism and proliferation [47]. Altered circadian
rhythms predict for poor survival of cancer patients. An increased incidence of several cancers has been reported
in flight attendants and in shift workers. The results support the role of circadian timing system in cancer pro-
gression and call for the development of therapeutic strategies aimed at preventing or treating circadian clock
dysfunction.

Sirtuins appear to play a critical role in the process of carcinogenesis, especially in age-related neoplasm [48].
Similarly, alterations in circadian rhythms, as well as production of the pineal hormone melatonin, have been
linked to aging and cancer risk. Melatonin has been found to act as a differentiating agent in some cancer cells
and to lower their invasive and metastatic status. In addition, melatonin synthesis and release occur in a circa-
dian rhythm fashion which has been linked to the core circadian machinery genes. Recent studies have linked
sirtuins to the circadian rhythm machinery through direct deacetylation activity, as well as through other means.
In this review, evidence is provided for a possible connection between sirtuins, melatonin, and the circadian
rhythm circuitry and their implications in aging, chronomodulation, and cancer.

Circadian rhythms govern a remarkable variety of metabolic and physiological functions [49]. Accumulating
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evidence indicates that the disruption of circadian rhythms might be directly linked to cancer. Several molecular
gears constituting the clock machinery have been found to establish functional interplays with regulators of the
cell cycle, and alterations in clock function could lead to aberrant cellular proliferation. Connections between the
circadian clock and cellular metabolism have been identified that are regulated by chromatin remodeling. This
suggests that abnormal metabolism in cancer could also be a consequence of a disrupted circadian clock. There-
fore, a comprehensive understanding of the molecular links that connect the circadian clock to the cell cycle and
metabolism could provide therapeutic benefit against certain human neoplasm.

The first whole genome inspections of mutations in human colon and breast cancer have observed specific re-
tained clock gene mutations [50]. Single nucleotide polymorphism within the gene of clock, clock-controlled,
and melatonin pathways have been found to confer excess cancer risk or protection from cancer. Experimental
studies have shown specific core clock genes (PER2 and PER1) are tumor suppressors because their genetic ab-
sence doubles tumor numbers; and decreasing their expression in cancer cells doubles cancer growth rate, whe-
reas their overexpression decreases cancer growth rate and diminishes tumor numbers. Experimental interfe-
rence with circadian clock function increases cancer growth rate, and clinical circadian disruption is associated
with higher cancer incidence, faster cancer progression, and shorter cancer patient survival. Patients with ad-
vanced lung cancer suffering greater circadian activity/sleep cycle disruption undergo greater interference with
function, greater anxiety and depression, poorer nighttime sleep, greater daytime fatigue, and poorer quality of
life than comparable patients who maintain good circadian integration. Screening for small molecules in target-
ing the circadian clock to stabilize its phase and enhance its turn is likely to help prevent and control human
cancer. Cellular proliferation and the expression of cell cycle regulators are also controlled by the circadian
clock [51]. The data suggest PER1 has tumor-suppressor function that diminishes cancer proliferation and tumor
growth, but only at specific times of day.

A study examined patterns of circadian activity rhythms and their relationship with fatigue. Anxiety/depres-
sion, and demographic/medical variable were investigated in women receiving breast cancer adjuvant therapy
treatments [52]. Disruption patterns of circadian activity rhythms were prevalent and associated with distressing
fatigue and depressive symptoms during chemotherapy and at recovery. The intervention resulted in more robust
rhythms. The possibility of a portion of the breast cancer burden might be explained by the introduction and in-
creasing use of electricity to light the night was suggested >20 years ago [53]. The theory is based on nocturnal
light-induced disruption of circadian rhythms, notably reduction of melatonin synthesis. The basic understand-
ing of phototransduction for the circadian system and of the molecular genetics of circadian rhythm generation
are both advancing rapidly, and will provide for the development of lighting technologies at home and work that
minimizes circadian disruption, while maintaining visual efficiency and aesthetics.

A report concludes that the expression pattern of circadian genes might be a biomarker for the prognosis of
breast cancer [54]. A study dealt with modulation of circadian rhythm of DNA synthesis in tumor cells by inhi-
biting platelet-derived growth factor signaling [55]. PER2, a core circadian clock gene, has tumor suppressor
properties and is mutated or down regulated in human breast cancers [56]. The expression of this gene was ma-
nuplated in vitro and in vivo to more fully understand how the PER2 clock gene product affects growth. PER2
and perhaps other clock genes represent a class of potential therapeutic targets whose manipulation will mod-
ulate cancer growth and cancer cell proliferation.

The circadian timing system controls drug metabolism and cellular proliferation over the 24 hour day through
molecular clocks in each cell [57]. These cellular clocks are coordinated by a hypothalamic pacemaker, the su-
prachiasmetic nuclei, that generate or controls circadian physiology. The circadian timing system plays a role in
cancer processes and their treatments through the downregulation of malignant growth and the generation of
large and predictable 24 hour changes in toxicity and efficacy of anti-cancer drugs. The tight interactions be-
tween circadian clocks, cell division cycle and pharmacology pathways have supported sinusoidal circa-
dian-based delivery of cancer treatments. Such chronotherapeutics have been mostly implemented in patients
with metastatic colorectal cancer, the second most common cause of death from cancer. Stochastic and determi-
nistic models of the interactions between circadian clock, cell cycle and pharmacology confirmed the poor the-
rapeutic value of both constant-rate and wrongly timed chronomodulated infusions.

The circadian clock cell cycle interacts at the level of genes, proteins, and biochemical signals [58]. The dis-
ruption or reinforcement of the host circadian timing system accelerates or slows down cancer growth through
modifications of host and tumor circadian clocks. Thus, cancer cells not only display mutation of cell cycle
genes, but also exhibit severe defects in clock gene expression levels or 24 hour patterns, which can in turn favor
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abnormal proliferation. Mathematical models show that the therapeutic index of chemotherapeutic drugs can be
optimized through distinct delivery profiles, depending on the initial host/tumor status and variability in circa-
dian entrainment and/or cell cycle length.

Proper circadian regulation is essential for the well being of the organism, and disruption of circadian rhythms
is associated with pathological conditions including cancer [59]. In mammals, the core clock genes, PER1 and
PER?2, are key regulators of circadian rhythms, both in the central clock, in the hypothalamus and in peripheral
tissues (Scheme 2). Findings revealed molecular links between PER genes and cellular components that control
fundamental cellular processes, such as cell division and DNA damage. Data shed light on mechanisms by
which circadian oscillators operate in peripheral organs to influence tissue-dependent metabolic and hormonal
pathways. Circadian cycles are linked to basic cellular expression and protein interactions. By controlling global
networks, such as chromatin remodeling and protein families, which themselves regulate a broad range of cellu-
lar functions, circadian regulation impinges upon almost all major physiological functions.

An investigation examined effects of exogenous melatonin and circadian synchronization on tumor progres-
sion in mice [60]. The circadian organization is responsible for predictable changes in the tolerability and effi-
cacy of anticancer agents, and also controls tumor promotion and growth [61]. The clinical relevance of the
chronotherapy principle, i.e., treatment administration as a function of rhythms, has been demonstrated in ran-
domized multicenter trials, using programmable-in-time drug delivery systems. Chronotherapeutic schedules
first documented the safety and the activity of oxaliplatin-based combination chemotherapy in patients with me-
tastatic colorectal cancer. The chronotherapy concept offers further promise for improving current cancer treat-
ment options, as well as for optimizing the development of new anticancer agents.

A meeting reported the role of environmental lighting and circadian disruption in cancer and other diseases
[62]. Overexpression of either PER1 or PER2 in cancer cells inhibits their neoplastic growth and increases their
apoptotic rate [63]. In vivo studies showed that mice deficient in PER2 showed significantly higher incidences of
tumor development after genotoxic stress. Loss and dysregulation of PER1 and PER2 gene expression have
been found in many types of human cancers. Studies demonstrate that both PER1 and PER2 are involved in
damage response pathways and implicate normal circadian function as a factor in tumor suppression. The mole-
cular pathways that may couple the circadian machinery to breast cancer are elaborated [64].

4. Aging

The causes of aging and their treatment and prevention have attracted much scientific attention. One theory of
aging which has achieved increasing acceptance is the free radical theory of aging [1]. Our review presents rep-
resentative examples from the extensive literature dealing with the involvement of circadian rhythm with aging.
It is well established that increasing age is associated with increased cancer risk.

Aging affects all organic structures and processes, including the circadian system and its principal sign, the
biological rhythms [65]. Aging produces losses in function of three components: receptors (the eye), the central
pacemaker and the outputs. This leads to the alteration of overt rhythms, with losses in the phase relationship
between them.

Circadian rhythms are generally determined biological rhythms that are considered an important adaptive
mechanism to the cyclical light/dark alterations in the earth environment [66]. Age-related changes in the circa-
dian time-keeping mechanism are well known, and seemingly contribute to various pathologies of aging. The
circadian system and circadian proteins play direct roles in many physiological processes, including those asso-
ciated with aging. Core circadian proteins, in addition to their known functions in the circadian oscillator, play
an essential non-redundant role in the control of tissue homeostasis and aging. The involvement of circadian
proteins in the regulation of metabolism, genotoxic stress response and ROS homeostasis can be responsible for
the premature aging observed in some circadian mutants.

Aging alters numerous aspects of circadian biology, including the amplitude generated by the suprachiasmatic
nuclei (SCN) of the hypothalamus, the site of the central circadian pacemaker in mammals, and the response of
the pacemaker to environmental stimuli, such as light [67]. Age alters the 24 h expression profile of the clock
and its binding partner Bmall genes in the hamster SCN.

Effects of aging on the circadian rhythm of locomotor activity in males of Dorsophila nasuta were investi-
gated [68]. Aging is associated with weakened coupling between the activity-rest cycle and the circadian clock

[69].
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The relationship between aging and daily circadian behavior in humans is bidirectional: on the one hand,
dysfunction of circadian clocks promotes age-related maladies; on the other, aging per se leads to changes and
disruption in circadian behavior and physiology [70]. For the latter case, recent research suggests that changes to
both homeostatic and circadian sleep regulatory mechanisms may play a role.

A review discusses the ways in which the circadian rhythms of older people are different from those of
younger adults [71]. Older people undoubtedly have earlier circadian phases than younger adults, and have more
trouble coping with shift work and jet lag.

Chronic disruptions in circadian function are associated with an increase in a variety of disease states, includ-
ing heart disease, ulcers and diabetes [72]. With advanced age, the genes regulating circadian function at the
cellular level become disorganized. The review explores aging-associated changes in circadian function and
examines evidence linking such alterations to adverse health consequences in late life and promotion of the ag-
ing process.

Aging in zebrafish is associated with major but selective circadian alterations [73]. By 3-5 years of age, ze-
brafish have reduced amplitude and increased fragmentation of entrained circadian rhythms of activity, with fast
desynchronization of the rhythms. Aging is also associated with a reduction in the overall duration of nighttime
sleep, followed by a higher arousal threshold during day. All 24-hour endocrine rhythms partially reflect the in-
teraction of circadian rhythmicity with sleep-wake homeostasis [74]. The decrease in sleep quality which cha-
racterizes aging may contribute to age-related alterations in hormonal function and their metabolic consequences.
Literature is reviewed indicating that aging is characterized by changes in circadian rhythms and sleep quality
[75]. The most marked change is an attenuation of amplitude. An advance of phase, a shortening of period, and a
desynchronization of rhythms are also evident. Circadian disruption induced by light-at-night accelerates aging
and promotes tumorigenesis in rats [76] [77]. Shift-work that involves circadian disruption is probably carcino-
genic to humans.

Circadian clock gene expression is changed in human pathologies, and transgenic mice with mutations in
clock genes develop cancer and premature aging [78]. There is circadian clock-dependent control of cell proli-
feration, together with control of metabolism, oxidative and genotoxic stress response, and DNA repair.

A review is dedicated to the age-related changes in circadian rhythms as they occur in humans [79]. Altera-
tions in the regulation of circadian rhythms are thought to contribute to the symptoms of a number of conditions
for which the risk is increased in old age (e.g., sleep disturbances, dementia, and depression). During aging, and
in particular in Alzheimer’s disease, circadian rhythms are disturbed [80]. These disturbances include phase ad-
vance, reduced period and amplitude, increased intradaily variability and a decreased interdaily stability of the
rhythm. Among the factors underlying these changes, the loss of SCN neurons seems to play a central role.

In human beings and animal models, cognitive performance is often impaired in natural and experimental sit-
uations where circadian rhythms are disrupted [81]. This includes a general decline in cognitive ability and
fragmentation of behavioral rhythms in the aging population of numerous species. There is evidence that rhythm
disruption may lead directly to cognitive impairment. These results support the notion that age-related rhythm
fragmentation contributes to the age-related memory decline.

Resetting the circadian clock leads to well being and increased life span, whereas clock disrupting is asso-
ciated with aging and morbidity [82]. Increased longevity and improved health can be achieved by different
feeding regimens that reset circadian rhythms and may lead to better synchrony in metabolism and physiology.
A review focuses on the relationship between circadian rhythms, aging attenuation, and life-span extension in
mammals. An article deals with circadian sleep, illumination, and activity patterns involving influences of aging
and time reference [83].

Sleep/wake and circadian rest-activity rhythms become irregular with age [84]. Typical outcomes include
fragmented sleep during the night, advanced sleep phase syndrome and increased daytime sleepiness. These
changes lead to a reduction in the quality of life due to cognitive impairments and emotional stress. More im-
portantly, severely disrupted sleep and circadian rhythms have been associated with an increase in disease sus-
ceptibility. Additionally, many of the same brain areas affected by neurodegenerative diseases include the sleep
and wake promoting systems. An article discusses the relationship between circadian clock gene, circadian
rhythmicity, aging-related phenotypes, and cancer [85] [86].

Circadian rhythm disturbances, such as sleep disorders, are frequently seen in aging and are even more pro-
nounced in Alzheimer’s disease (AD) [87]. Alterations in the biological clock, the suprachiasmatic nucleus
(SCN), and the pineal gland during aging and AD are considered to be the biological basis for these circadian
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rhythm disturbances. Pineal melatonin secretion and pineal clock gene oscillation were disrupted in AD patients.
Circadian rhythms have are disturbed as a consequence of both normal aging and age-associated pathologies,
like Alzheimer’s disease (AD) [88]. Because sleep loss in young subjects results in endocrine disturbances
which mimic those observed in aging, it is conceivable that the decrease in sleep quality which characterizes
aging may contribute to age-related alterations in hormonal function and their metabolic consequences [89].

Chronic, night administration of melatonin to aging mice and transplantation of a young pineal gland into the
rhythmic rudiment of older mice and rats have been studied with the aim of evaluating their effects on aging of
gonadal, sexual, and reproductive functions. Both melatonin administration and young-to-old pineal grafting po-
sitively affected size and function of testes and maintenance of juvenile hippocampal and testicular LHRH-re-
ceptors and beta-adrenergic receptors in the testes of old rats and mice. Results demonstrate that a pineal-di-
rected circadian function and cyclicity is fundamental for the regulation of sexual reproductive physiology, and
that proper intervention with melatonin may potentially postpone aging effects of both neural and gonadal sex-
ual function [90].

Data indicate that there are dramatic changes in light-activated molecular responses in the suprachiasmatic
nuclei of old hamsters, and suggest that these molecular changes may underlie age-related changes in the effects
of light on the circadian clock system [91].

5. Conclusion

Melatonin, a pineal hormone, plays an important role in operations of the circadian clock. The focus is on influ-
ences surrounding cancer and aging. The mechanism based on ET-ROS-OS appears to occupy a fundamental
role. The multifaceted approach puts focus on melatonin and circadian rhythm in relation to various physiologi-
cal processes.
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