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Abstract
Histone deacetylases (HDACs) have been under intense scientific investigation for a number of
years. However, only recently the unique class III HDACs, sirtuins, have gained increasing
investigational momentum. Originally linked to longevity in yeast, sirtuins and more specifically,
SIRT1 have been implicated in numerous biological processes having both protective and/or
detrimental effects. SIRT1 appears to play a critical role in the process of carcinogenesis,
especially in age-related neoplasms. 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 act as a differentiating agent in some cancer cells and to lower their invasive and
metastatic status. In addition, melatonin synthesis and release occurs in a circadian rhythm fashion
and it has been linked to the core circadian machinery genes (Clock, Bmal1, Periods, and
Cryptochromes). Melatonin has also been associated with chronotherapy, the timely
administration of chemotherapy agents to optimize trends in biological cycles. Interestingly, a
recent set of studies have linked SIRT1 to the circadian rhythm machinery through direct
deacetylation activity as well as through the NAD+ salvage pathway. In this review, we provide
evidence for a possible connection between sirtuins, melatonin, and the circadian rhythm circuitry
and their implications in aging, chronomodulation and cancer.
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Introduction
Studies in recent years have begun to unravel the link between various biological processes
and sirtuins such as SIRT1. In 1979, Klar and colleagues [1] discovered the first sirtuin gene
(currently known as SIR2) in Saccharomyces cerevisiae and named it MAR1 (mating-type
regulator 1). They reported that a spontaneous mutation in MAR1 caused sterility as it
relieved silencing at the mating-type loci HMR and HML [1]. Later, a variety of additional
mutations with sterile phenotypes were discovered by Rine and colleagues [2,3] and the
nomenclature of silent information regulator (SIR) 1–4 was given to the set of the four genes
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responsible. SIR2 was found to suppress recombination between the 100–200 copies of the
ribosomal RNA genes repeated in tandem on chromosome XII as well as play a role in
silencing genes near telomeres [4,5]. Later studies found that SIR2 inhibits histone
deacetylation [6]. Soon after these novel discoveries, SIR2 homologues were reported to be
present in many organisms from yeast to humans [7]. At present, sirtuins are being
investigated for their possible roles in a number of physiological processes. Recent studies
have focused on deciphering the role of SIRT1, the most well-known sirtuin family member,
in the process of carcinogenesis. Several studies have demonstrated a critical role of SIRT1
in the regulation of cell fate and the stress response in mammalian cells as it promotes cell
survival by inhibiting apoptosis or cellular senescence induced by stresses including DNA
damage or oxidative stress [2,8,9]. Only recently, ground-breaking research from several
groups have suggested an important role for SIRT1 in circadian rhythms of biological
systems as it was found to connect cellular metabolism to the circadian core clockwork
machinery [10–13].

Several aspects of living systems (sleep-wake cycle, body temperature, metabolism,
hormone synthesis, etc.) are regulated by the circadian clock machinery which depend on a
network of genes and their periodic and rhythmic oscillations driven by the circadian timing
system located in the suprachiasmatic nucleus (SCN) of the hypothalamus as well as
peripheral oscillators located in most cells [14]. To regulate these rhythmic patterns,
approximately 15 mammalian genes are synchronized to control 8–10% of the genes
expressed in each tissue in a distinct fashion [14]. Briefly, the circadian clock machinery is
composed of a central pacemaker which acts to synchronize the clock component genes
including Clock, Bmal1, Periods (Pers), and Cryptochromes (Crys) [15]. A number of these
genes have also been found to be altered in several cancers [16–18]. Further, it has been
demonstrated that the transcriptional activator, CLOCK, contains histone acetyltransferase
(HAT) activity as it was found to acetylate histone H3 and its dimerization partner BMAL1
at lysine 537 [19]. This suggested that CLOCK may regulate circadian rhythm genes
through chromatin remodeling. In addition, recent studies have shown that SIRT1 regulates
the CLOCK:BMAL1 complex [10–13].

Interestingly, melatonin, a pineal hormone in mammals, has a well-defined circadian rhythm
of production with an approximate 24 hour oscillatory pattern. Serum melatonin levels have
been found to be high at night (80–120pg/ml) and low during the day (2–20pg/ml) [20].
Studies suggest that reduced melatonin levels due to the exposure to light-at-night (LAN) is
linked to an increased risk for several cancers including breast, endometrium, colon,
prostate, non-Hodgkin lymphoma, etc. [21–25]. Melatonin, alone or in combination with
other agents, has been shown to have chemopreventive, oncostatic and tumor inhibitory
effects in a variety of in vitro and in vivo experimental models of neoplasia [26–32]

Recently, chronodisruption, “the maladjustment of time,” has become a topic of great
interest. Chronodisruption, alterations in the temporal organization of order of biological
rhythmicity over days and seasons [33], may predispose a person's risk for cancer
[30,34,35]. In addition, melatonin functions as an endogenous messenger of biological time
and may be critical in regulating the biological clock [35,36]. Therefore, chronotherapy, a
novel and logical means to administer drugs which optimizes the timing of drug availability
according to the circadian rhythm of its anti-cancer efficacy while limiting the effects on
normal cells, has gained a great deal of attention. A number of rodent and clinical trials have
found that precise timing of a number of chemotherapy drugs increases the anti-tumor
activity as well as reducing the unwanted associated side-effects [34].

Thus, the connection between aging, sirtuins, clock genes and melatonin is beginning to be
unraveled. Based on available scientific evidence and rational thinking, we have recently
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proposed that SIRT1 could be a critical player in age-related neoplasms and its modulation
may resynchronize the deregulated core clock circuitry at the cellular level which may have
implications in cancer management [37–39].

Aging Connection of Cancer
Within the last century the mean life expectancy of humans in the industrialized world has
increased dramatically and it is predicted that by 2050 about 5% of the population in
developed countries will be older than 85 years of age [40]. Unfortunately, aging is also
linked to biological wear and tear leading to a variety of conditions including certain types
of neoplasms. Thus, the risk for developing several types of cancers increases with
increasing age. An explanation for this elevated cancer risk in older individuals has been
attributed to the fact that progenitor cells from mature organisms accumulate molecular
lesions which eventually evade the homeostatic control culminating into neoplastic
situations [41]. A number of abnormal epigenetic signals also contribute to tumorigenesis
such as DNA methylation and histone modifications [42]. Other biological changes of aging
that may support cancer development include proliferative senescence which may result in
the loss of apoptosis and the production of tumor growth factors and proteolytic enzymes
that promote the growth and the spread of cancer [43].

Another contributing factor is believed to be the functionality of the immune system as it
influences not only the tumor's microenvironment, but the tumor itself [44].
Immunosenescence, or the decline in immune function with age, appears to co-exist with
tumor formation, but its relevance has been under debate. On one hand, immunosenescence
has been associated with increased levels of interleukin-6 which is linked to tumors that
elicit an immune response such as lymphomas and multiple myelomas. On the other hand,
immunosenescence has also been suggested to create an environment that favors a less
aggressive tumor which may be why the incidence of cancer levels off after a certain age
[44]. Additionally, one study found fewer tumor-infiltrating lymphocytes in tumor samples
from older women compared to younger subjects, indicative of a reduced immune response;
on the other hand a more robust immune response might drive tumor progression due to
growth or angiogenic factors secreted from immune cells [45,46] Further, chronic
inflammation has been reported to precede or accompany a number of cancers, adding
further controversy [47]. Although a definitive conclusion has yet to be drawn, strong
evidence exists to suggest the activity level of the immune system plays a critical role in
carcinogenesis.

The median age for cancer diagnosis in industrialized countries is approaching 70 years and
it is expected to increase. The absolute number of cancer patients younger than 50 years of
age is not expected to rise significantly over the next 50 years, but is expected to double in
those over the age of 65 [48]. Because of these striking statistics, it is believe that a direct
correlation between cancer risk and aging exists. An excellent example of an age-related
neoplasm is prostate cancer (PCa). According to the Center for Disease Control and
Prevention (CDC), PCa is one of the most common forms of cancer and is a leading cause of
cancer deaths among men in the United States. In 2009, 192,280 new cases of PCa are
expected to be diagnosed and 27,360 PCa related deaths will occur [49]. Further, according
to recent estimates from the CDC, approximately 62% of all PCa cases are diagnosed in
males 65 and older. Thus, it is now generally well accepted that aging is a major risk factor
for PCa in addition to race and family history. Further, a number of cancer types such as
acute myeloid leukemia, breast, non-small cell lung cancer, and ovarian cancers tend to
become resistant to chemotherapy and/or more indolent with increasing age [48]. Other
cancers with dramatically increased risk with increasing age include non-melanomatous skin
cancer, Non-Hodgkin's lymphoma, and malignant brain tumors [44]. Because of these
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striking statistics, in the recent past, researchers have expended enormous effort to
understand the mechanisms that connect aging with cancer. Such information could be
immensely useful in development of novel strategies to manage age-related neoplasms.

Sirtuin Connection to Aging
As mentioned earlier, sirtuins, class III histone deacetylases (HDAC) have been shown to
have a link with longevity [2,8,50,51]. Sirtuins are phylogenetically conserved from
archeobacteria to humans and contain a catalytic domain of about 275 amino acids
accompanied by unique additional N-terminal and/or C-terminal sequences of variable
length [2]. Sirtuins utilize nicotinamide adenine dinucleotide (NAD+) to remove acetyl
groups from various targets and transfer them to the 2'-OH of nicotinamide ribose, yielding
2”-O-acetyl-ADP ribose. The nicotinamide ribosyl bond is then cleaved to add a molecule of
water to nicotinamide ribose [51]. Of the sirtuin family members, SIRT1 is the most well
studied and has been shown to participate in a number of processes including apoptosis,
senescence, lipid and glucose homeostasis, insulin secretion and axonal degradation ([2];
Table 1). Consistent with its diverse biological functions, SIRT1 has plentiful downstream
targets including various FOXO factors, PGC-1α, androgen receptor (AR), p53, Ku70,
NFκB and HES1 [52–61].

The other members of the sirtuin family, SIRT 2 – 7, also play important roles in cell cycle
control, metabolism, DNA repair, and rDNA transcription (Table 1) [2,51]. SIRT2 is
predominantly cytoplasmic, SIRT3, 4, and 5 are mainly mitochondrial proteins and SIRT6
and 7 are present in the nucleus and nucleolus, respectively [2,51]. The sirtuin family of
enzymes is unique and displays a broad range of biological functionality and distribution. To
study the function of sirtuins in vivo, mice have been genetically modified. SIRT1 knockout
mice are reported to be smaller in size, sterile, and have developmental defects of the retina
and heart. In addition they display hyperacetylation of p53, defects in telomere length, and
frequent prenatal and early postnatal death [62,63]. Interestingly, a recent study reported the
number of intestinal polyps induced in mice carrying the Apcmin mutation were unaffected
in SIRT1 knockout mice. Further, the same study found that in a classical two-stage
carcinogensis protocol, the presence or absence of SIRT1 had no effect on the incidence or
tumor load of skin papillomas [64]. The phenotype of genetically modified SIRT2 mice has
not been reported. SIRT3 knockout mice are viable and fertile with no gross phenotypic
abnormalities, but display mitochondrial hyperacetylation [65]. Mice lacking SIRT4 and
SIRT5 have been shown to be viable and fertile. SIRT4 knockout mice show elevated
mitochondrial GDH activity whereas SIRT5 knockout mice exhibit defects in the urea cycle
[66]. Both of them fail to display mitochondrial hyperacetylation, but possess increased
pancreatic glutamate dehydrogenase activity [65]. SIRT6 knockout mice are smaller in size
with severe metabolic defects, and often succumbed prematurely to profound
hypoglycaemia [66,67]. The phenotypes associated with SIRT7 knockout mice include
decreased mean and medial lifespan, heart hypertrophy and inflammatory cardiomyopathy
[68]. The associated phenotype of each specific sirtuin knockout mouse model aids in the
discovery of their probable regulatory function(s).

SIRT1 Connection of Cancer
Originally discovered as a longevity factor (SIR2) in yeast, SIRT1 is now believed to play
important role in development of certain cancers. We recently demonstrated that SIRT1 was
over-expressed in human PCa cells and PCa tissue from patients, compared to normal
prostate epithelial cells (PrEC) and adjacent normal prostate tissues, respectively [38].
Furthermore, chemical inhibition (by nicotinamide or sirtinol) as well as genetic knockdown
(via short-hairpin shRNA mediated RNA interference) of SIRT1 was found to result in an
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inhibition of cell growth and viability in human PCa cells, but not in normal PrEC.
Additionally we observed that the inhibition of SIRT1 resulted in an increase in acetylation
and transcriptional activation of FOXO1 [38]. In a follow-up study, we also found that
SIRT1 inhibition may have different downstream targets in cells with active p53 were it
induces senescence, versus cells where p53 is inactive and in which it induces apoptosis
[39]. Studies from other groups have reported similar findings in other cancer types
[54,63,69–76]. A recent study conducted by Lara et al. [74] found that salermide, a reverse
amide and a strong inhibitor of SIRT1 and SIRT2, induced apoptosis in a variety of human
cancer cell lines, while having no effect in normal cells. This study also demonstrated that
salermide's pro-apoptotic effects were due to the reactivation of pro-apoptotic genes which
were epigenetically repressed by SIRT1 [74]. In another study, it was reported that SIRT1-
deficient cells exhibited p53 hyperacetylation after DNA damage and increased ionizing
radiation-induced thymocyte apoptosis in vivo [63]. Kojima and colleagues [69] found that
treatment of various PCa cell lines with sirtinol (a chemical SIRT1 inhibitor) or shRNA
directed toward SIRT1, resulted in a reduction in cell growth and an increased sensitivity to
camptothecin and cisplatin. Sun et al. [75] reported that downregulation of SIRT1 using
antisense oligonucleotides reduced the survival and increased radiation-induced anti-
proliferation in human lung cancer cells.

In addition to the studies which examined events downstream of SIRT1, a few have looked
at the upstream regulation of SIRT1 in various cancer model systems. Zhao and colleagues
[73] found that DBC1 (deleted in breast cancer-1) promotes p53-mediated apoptosis through
specific inhibition of SIRT1. Another study by Chen and colleagues [76] demonstrated that
the tumor suppressor hypermethylated in cancer-1 (HIC-1) forms a transcriptional
repression complex with SIRT1, which inhibits SIRT1 transcription. HIC-1 becomes
epigenetically inactive in many cancers resulting in the upregulation of SIRT1 followed by
the deacetylation and inactivation of p53, allowing for the bypass of apoptosis [76].
Interestingly, a number of studies have suggested that SIRT1 functions as a tumor
suppressor [77–81]. Yuan and colleagues [77] have documented that c-MYC binds to the
SIRT1 promoter to induce SIRT1 expression, but SIRT1 in turn then deacetylates c-MYC,
resulting in a decrease in c-MYC stability. Further, they found that the reduction of c-MYC
stability resulted in c-MYC's transformational capability being compromised in the presence
of SIRT1. In another study, Firestein and colleagues [78] have found that ectopic induction
of SIRT1 in a β-catenin-driven mouse model of colon cancer significantly reduced tumor
formation, proliferation, and animal morbidity. These authors also found an inverse
correlation between nuclear SIRT1 and the oncogenic form of β-catenin in human colon
tumor specimens [78]. Moreover, Wang et al. [79] demonstrated that breast cancer-1
(BRCA1) binds to the SIRT1 promoter causing an increase in SIRT1 expression, followed
by an inhibition of Survivin, which ultimately resulted in a greater inhibitory effect on
BRCA1 mutant cancer cells than on BRCA1-wild-type cancer cells both in vitro and in vivo.

Collectively, the results of the studies summarized have shown both pro-proliferative as well
as anti-proliferative function of SIRT1. The reason for the observed distinct and sometimes
opposite functions of SIRT1 is not well understood. This may, however, be attributed to the
complexity of the interplay that SIRT1 has on a number of processes or to the genetic
differences among the model systems studied.

Circadian Rhythm: Its Regulation and Cancer Connection
Circadian rhythms, in the biochemical, physiological or behavioral processes of organisms,
are rhythmic time periods that are repeated at approximately 24 hour intervals.
Endogenously generated, circadian rhythms can also be modulated by external factors, the
most important being daylight. On an organismal level, circadian rhythms allow organisms
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to anticipate and respond to precise and regular environmental changes. The basic regulatory
system of circadian rhythms are evolutionally conserved from cyanobacteria to mammals
and in most species these functions are observed in many critical physiological functions,
including metabolism, cell growth, and immune responses [82].

Mammalian circadian rhythms are controlled by a number of metabolic and physiological
components as well as certain genes, often collectively termed `clock genes', which appear
to play a critical role in controlling the central circadian rhythm apparatus. This apparatus is
composed of a pacemaker in the SCN of the brain which acts to synchronize clock
component genes, including Clock, Bmal1, Period (Per), and Cryptochrome (Cry). Many
peripheral cells also contain the circadian clock circuitry which can function on their own or
in concert with the central SCN circuitry. Clock and Bmal1 genes encode PAS helix-loop-
helix transcription factors which complex and bind E-box elements at the promoter regions
of Per1–3 and Cry1–2 to induce their transcription as well as a number of other clock-
controlled genes (CCGs). The expression of CCGs can be accomplished directly or
indirectly through the activity of other non-circadian transcription factors containing E-
boxes [83]. Interestingly, the transcription of Per1–3 and Cry1–2 act in a negative feedback
loop to inhibit the transcriptional activity of the CLOCK:BMAL1 complex [15]. This is a
securely regulated feedback loop that controls multiple aspects of life.

The same mechanisms that regulate the core clock components in the SCN are operative in
peripheral tissues. It has been suggested that these two regulatory units are similar as they
both are intracellular and rely on cycles of transcription, translation, protein modification
and degradation [84]. Increasing evidence has suggested that altered circadian rhythm
regulation plays a critical role in carcinogenesis. For example, mice with a deletion mutation
in Per2 have a shorter circadian period [18] and an enhanced susceptibility to radiation-
induced malignant lymphoma [16]. Another study has shown that the gene expression of
Per1 and Per2 failed to maintain circadian rhythms in tumors in C3HFeJ/HeB mice with
transplanted syngeneic mammary tumor [17]. Furthermore, studies have found that
overexpression of mPER2 induced apoptosis in the mouse Lewis lung carcinoma cell line
(LLC) and the mammary carcinoma cell line (EMT6), but not normal (NIH 3T3) cells [85].
In addition, overexpression of mPER2 in human pancreatic carcinoma cells has been shown
to posses, i), growth inhibitory and pro-apoptotic effects in human pancreatic cancer cells,
and, ii), synergistic growth inhibitory response when used in combination with cisplatin
[86]. Chen and colleagues [87] observed that 95% of human breast tumors display no or
dysregulated levels of PER1 and PER2 compared with adjacent normal cells. Other reports
documented a link between circadian rhythm genes and sex steroids. Chu et al. [88] reported
an association between Per3 variants and elevated serum levels of IGF-1 and variants of
NPAS2, Per1, and CSNK1E were associated with increased levels of serum androgens.
Another study from the same group demonstrated a significant 1.7-fold increase in PCa risk
with a variant in Cry2 and this risk was increased to 4.1-fold in those men who also had
greater insulin resistance [89]. In addition, a recent study by Hoffman and colleagues has
suggested, based on both genetic association and functional analyses, that the circadian gene
CRY2 may play an important role in non-Hodgkin lymphoma development [90]. Overall,
numerous scientific studies have provided abundant evidence linking the circadian rhythm
machinery to cancer development and progression, but this area of research still needs
further intensive investigation.

SIRT1 Connection to Circadian Rhythms
Based on the results of a number studies, in a recent hypothesis paper, we theorized that that
SIRT1 inhibition will impart an antiproliferative response in age-related cancers via
resynchronization of deregulated core clock circuitry at the cellular level [38]. This
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hypothesis is based on and supported by several recent observations. In a set of recently
published studies, SIRT1 was shown to function as a HDAC which counteracts the activity
of the clock machinery. Asher et al. [10] reported that SIRT1 is required for the circadian
transcription of Bmal1, Rorγ, Per2 and Cry1. In addition they found that SIRT1 bound to the
CLOCK:BMAL1 complex in a circadian fashion and promoted the deacetylation and
subsequent degradation of PER2. Nakahta et al. [11] observed that SIRT1 bound to the
CLOCK:BMAL1 complex at circadian promoters and deacetylated BMAL1 at Lys537.
Further, they claimed that inhibition of SIRT1 activity led to significant disturbances in the
circadian cycle and acetylation of histone 3 (H3) and BMAL1 [11]. Finally, they reported
that the HDAC activity of SIRT1 is regulated in a circadian manner both in vitro and in vivo
[11]. Together, these observations suggest that the physical interaction between CLOCK/
BMAL1/SIRT1 controls physiological functions at the circadian rhythm level.

Due to the dependency of SIRT1 on NAD+ which acts as a cofactor for its enzymatic
activity, SIRT1 was hypothesized to be a link between metabolic activity and genome
stability [91]. Therefore, a second set of studies recently investigated the circadian control of
the NAD+ salvage pathway by the CLOCK:SIRT1 complex. Nakahata et al. [12] reported
that intracellular NAD+ levels cycle with a 24 hour rhythm and that the CLOCK:BMAL1
complex regulates the circadian expression of NAMPT (nicotinamide
phophoribosyltransferase), the rate-limiting step enzyme in the NAD+ salvage pathway [12].
Moreover, Ramsey and colleagues [13] reported similar findings and also demonstrated that
inhibition of NAMPT promoted the oscillation of the clock gene Per2 by releasing
CLOCK:BMAL1 from SIRT1 suppression. Collectively, the findings reported suggest that
the oscillating biosynthesis of NAD+ constitutes a feedback loop that integrates the circadian
clock with metabolism [12,13,92].

Melatonin Connection of Circadian Rhythm
Melatonin (N-acetyl-5-methoxytryptamine) is a small lipophilic molecule synthesized in
humans primarily in the pineal gland, but also is produced in the retina, extraorbital lacrimal
gland, Harderian gland, gastrointestinal tract, blood platelets, and bone marrow cells
[22,93,94]. Melatonin signaling presumably influences all cells in the organism with one
purpose being to convey circadian and seasonal information on the timing and duration of
environmental photoperiods [95]. The multiple mechanism of actions of melatonin include,
(i), signaling through G-protein coupled receptors (MT1 and MT2) to decrease the linoelic
acid (LA) uptake, (ii), inducing QR2 (a detoxifying enzyme), (iii) functioning as a scavenger
of reactive oxygen and reactive nitrogen species, (iv), increasing calmodulin degradation,
(v), binding to nuclear receptors (RZR/RORα and RZRβ) to alter transcription of target
genes, and, (vi), as a modulator of hemopoiesis and immune cell production and function
[29,96,97]. Melatonin is principally secreted at night and is deemed the “chemical
expression of darkness” because of specialized photoreceptive cells in the retina detect light
and suppress its production [98–100]. More importantly its synthesis displays a circadian
pattern that is generated by a primary circadian clock located in the SCN of the
hypothalamus region of the brain [29,101]. Specifically, melatonin is synthesized from
tryptophan under the control of various enzymes that are inhibited by light and stimulated by
dark [29,93,99].

Since melatonin receptors are present in the SCN and because melatonin production in
mammals exhibits a circadian rhythm, very early it was speculated that the day:night rhythm
of melatonin production may be associated with the circadian rhythm machinery.
Nevertheless, rather few studies have investigated the association between melatonin and the
circadian rhythm clock components. Torres-Farfan et al. [102] assessed the patterns of clock
gene proteins in melatonin-proficient mice (C3H) versus melatonin-deficient mice (C57BL).
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This study found PER1-, CRY2- and BMAL1-protein levels to be consistently lower in the
adrenal cortex of C57BL mice compared to the adrenal cortex of C3H mice. In addition, a
study of primary neuronal cultures prepared from striatum found that melatonin reduced the
expression of PER1 and CLOCK, but had no effect on BMAL1 and these effects were
reversed by a mutation in the MT1 receptor [103]. Another study evaluated the response of
melatonin, among other things, to light pulses in mice with a ClockΔ19 mutation. In
ClockΔ19 mice, an A to T transversion causes the elimination of 51 amino acids in the
COOH-terminal glutamine-rich region of the CLOCK protein, rendering the protein inactive
[104]. These mice were then bred with CBA mice to produce melatonin synthesizing
CLOCK null mice. The authors found that these animals have endogenous rhythmic
melatonin patterns that can be altered by light despite producing a protein that fails to
initiate the transcription of Clock and other clock-controlled genes [104]. More recently,
Zeman et al. [105] investigated the effects of rhythmic melatonin administration on clock
gene expression in hypertensive TGR(mRen2)27 rats. They found melatonin to have a
phase-dependent effect on clock gene expression in the heart as it, (i), reduced the
expression of Per2 during the dark phase and increased the expression of Per2 during the
light phase and, (ii), decreased Bmal1 expression during the light phase while increasing
Bmal1 expression during the dark phase. They suggested that exogenous melatonin, applied
during the dark period, results in strong synchronization of Per2 and Bmal1 expression in
the heart [105]. The data from these investigations suggest that melatonin may be involved
in the control of certain clock genes, but the exact mechanisms have yet to be elucidated.

To date, a limited number of studies have investigated the relationship between SIRT1 and
melatonin. Gutierrez-Cuesta et al. [106] examined the effects of melatonin on pro-survival
processes in senescence-accelerated mice (SAMP8) and senescence-accelerated resistant
mice (SAMR1). The mice were give melatonin (10mg/kg) supplementation in the drinking
water from the end of the first month of age until the end of the ninth month. These workers
found that melatonin increased the protein levels of SIRT1 and subsequently decreased the
levels of acetylated p53 and acetylated NFκB in SAMP8 mice, but the effects of melatonin
on SAMR1 mice were not reported. The authors suggested that melatonin suppressed
oxidative stress in SAMP8 mice allowing SIRT1 levels to increase to the levels observed in
SAMR1 mice [106]. Based on this study, the authors concluded that melatonin improves
pro-survival signals and reduces pro-apoptotic processes via alterations in α-secretase,
amyloid-β aggregates, Bid, and Bcl-2XL. Cleary, little information is available regarding the
effects of melatonin on SIRT1 and systematic studies are needed in this area.

Melatonin's Connection with Aging and Cancer
Like SIRT1, melatonin production has an association with aging. As animals including
humans age, their ability to retain the night-day regulation of melatonin synthesis begins to
deteriorate such that in old animals and elderly humans the day:night differences in pineal
melatonin production and circulating melatonin levels are severely dampened due to the
compromised ability of the pineal to produce melatonin nightly. This is believed to be due to
reduced adrenergic innervation as well as reductions in the β-adrenergic receptor number
and density on the surface of the pinealocytes [95]. The weakening of many other circadian
rhythms (sleep/wake cycle, core body temperature, performance, etc.) in the elderly, not
only melatonin synthesis [20,107,108], are likely related to changes in neurons of the SCN
and appear to be associated with increased cancer susceptibility [22].

As previously stated, aging is a risk factor for cancer. Interestingly it has been reported that
reduced melatonin levels may also be a risk factor for some cancer types. In 1978, Cohen
and associates [109] proposed that a reduction in pineal function (i.e., reduction in melatonin
secretion), may induce a state of relative hyperestrogenism, with the early and prolonged
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exposure of the breast tissue to the estrogens being involved in the initiation of the breast
carcinogenesis. This hypothesis was later supported by the outcomes of a number of
epidemiological studies which suggested that a reduction in melatonin levels due to
occupational conditions such as working the night shift resulted in an increase in the risk for
breast, endometrial, colorectal, non-Hodgkin lymphoma and prostate cancer
[22,24,25,35,110,111]. Bartsch and colleagues [112] analyzed the circadian rhythms of
melatonin and 6-sulfatoxymelatonin (aMT6s) in serum and urine of young men, elderly
patients with benign prostatic hyperplasia (BPH) and of patients of similar age with primary
PCa. This study found that levels of melatonin were significantly depressed in PCa (40–
60%) as compared to BPH or normal individuals, indicating that the reduction in serum
melatonin in PCa is due to a reduced pineal activity.

Physiological and pharmacological concentrations of melatonin have been reported to have
chemopreventive, oncostatic and tumor inhibitory effects in a variety of in vitro and in vivo
experimental models of neoplasia [27–29,31,113–116]. For example, Petranka et al. [117]
demonstrated an oncostatic role of melatonin and found that melatonin caused a 20–25%
reduction in ovarian cancer cell number. Another study demonstrated that melatonin
significantly inhibited estrogen receptor-positive endometrial cancer cell growth, but had no
effect on those cells which were estrogen receptor negative [118]. Moreover, melatonin
causes a significant growth inhibition of breast cancer (MCF-7) cells, which seems to be
transforming growth factor beta 1 (TGFβ1)-dependent [115]. It also was reported that
HepG2 human hepatocarcinoma cells are sensitive to the apoptotic effects of melatonin and
the pro-apoptotic effects of melatonin were related to cytosolic cytochrome c release,
upregulation of Bax, and induction of caspase-9 activity [32]. Anisimov et al. [113] used
melatonin in an in vivo rat model to test whether it would inhibit intestinal carcinogenesis
induced by 1,2-dimethylhydrazine (DMH). They found that melatonin reduced the number
of tumors per rat in the ascending and descending colon when induced by DMH. Oral
administration of melatonin via the drinking water was also reported to be effective in
suppressing 7,12-dimethylbenz(a)anthracene (DMBA)-induced mammary tumor growth
[119]. Finally, melatonin treatment induced apoptotic death in LNCaP cells via modulation
of the p38 and JNK pathways [28]. A number of clinical studies have also investigated the
effects of melatonin on certain cancer types (breast, non-small lung cancer, skin, kidney and
solid tumors with brain metastases). These studies have suggested the usefulness of
melatonin as a single agent as well as in an adjuvant setting to increase the efficacy and
decrease the side effects of chemotherapeutic drugs [29]. There is, in fact, a vast literature
documenting the ability of melatonin to reduce the toxicity of commonly-used cancer
chemotherapeutic agents while at the same time possibly increasing their efficacy [120].

Melatonin, Circadian Rhythm Genes, and Cancer
Limited evidence has suggested that melatonin-mediated modulation of circadian rhythms
may be associated with its anti-cancer properties. Recently, Otalora and colleagues [121]
assessed whether body temperature, a circadian rhythm marker, is impaired by melanoma
progression, and whether exogenous melatonin could restrict the tumor growth and restore
circadian rhythmicity. In this study, C57 mice were subcutaneously inoculated with murine
B16 melanoma cells and implanted with a temperature data logger. The animals were
subjected to a 12:12 light:dark cycle or to continuous light, with or without melatonin
supplementation in the drinking water (2mg/kg BW/day). The authors found that nocturnal
melatonin administration increased the body temperature rhythm amplitude and improved
phase stability, reduced melanoma tumor weight and prevented the tumor from
disseminating. In addition, exposure to continuous light, which reduces the endogenous
melatonin synthesis and alters circadian rhythmicity, caused a significantly increased tumor
malignancy, reduced survival and free-running rhythms. Based on the outcome of this study,
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the authors suggested that melatonin due to it rhythm stabilizing actions and its anti-cancer
effects, may be a useful therapy for melanoma [121]. Additional studies are required to
further clarify the ability of melatonin to modulate the circadian rhythm system in various
cancer models. The preliminary findings are consistent with the ability of melatonin to
induce circadian synchronization which, in turn, may improve its (or other chemotherapeutic
agents) ability to inhibit tumor progression.

Chronotherapy
A plethora of information has suggested that chronodisruption, a disturbance of the temporal
organization or order of physiology, endocrinology, metabolism and behavior, contributes to
development and/or progression of several cancer types including colorectal, breast, prostate
and endometrial neoplasms [22,24,111]. Since disturbances of the circadian system have
been shown to contribute to cancer risk, it seems likely that the proper timing of
administering anti-cancer drugs and procedures should be more frequently considered when
treating cancer patients. The goal of chronotherapy is to synchronize the time of drug
administration with the interval of greatest cancer cell susceptibility and least toxicity to the
chemotherapy [122]. The precise timing of drug administration takes advantage of the
asynchronies in cell proliferation and drug metabolic rhythms between normal and
malignant tissues, and in turn, minimizes the damage to host tissues and maximizes drug
toxicity to tumors [123].

A number of situations can be exploited to increase the efficacy of chemotherapy. A few
examples include the rhythm of tumor blood flow, the rhythmic release of cytokines and
hematologic growth factors from tumors, as well as the periodicity of the cell cycle, all of
which can be distinct from normal tissues or cells [34,123]. Chemotherapeutic drugs such as
5-fluorouracil (5-FU), floxuridine, doxorubicin, melphalan and cisplatin are best tolerated
and achieve the greatest antitumor response when administered in a circadian fashion, at
certain time of the day [34,124]. A number of clinical trials have tested the effectiveness of
chronotherapy [124–128]. In one study of more than 2,000 patients with metastatic
colorectal cancer, chronotherapy was shown to reduce drug toxicity, improve performance,
and was two to eight-fold more effective than conventional therapy [125]. Rivard and
colleagues [126] have found that chronotherapy increased the survival time of children with
acute lymphoblastic leukemia. Moreover, in patients with advanced ovarian cancer, it was
found that administration of doxorubicin or theprubicin at 06:00 hours followed by cisplatin
between 16:00 and 20:00 hours resulted in significantly less severe hematological
suppression and renal toxicity when compared to treatment given 12 hours apart [127,128].
The general goal of chronotherapy is to determine the most opportunistic time of
administration of a drug, based on the stage of the circadian timing system, and treat the
tumor more aggressively with larger and more frequent chemotherapy doses. In addition, the
chromodulation method has been applied to radiotherapy and may also be used with
immunotherapy [34,129].

In slow growing or well-differentiated tumors, circadian periodicity in cellular proliferation
and metabolic activity is usually retained, but with reduced amplitude and occasional shift in
phase. On the contrary, rapidly growing or advanced stage tumors have been found to lose
circadian organization [34]. Thus, in addition to the anti-proliferative activities, melatonin
may also serve as a marker of chronodisruption and aid in determining the proper
chronotherapy regime. Further, it may be worthwhile to investigate the usefulness of
chronomodulation and chronotherapy in cancer management in older patients who may have
more disrupted circadian rhythma (versus relatively younger patients).
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Concluding Remarks
Unfortunately, one of the consequences of aging is an increased risk for cancer, but
scientists are making great strides in not only uncovering the cause of this association, but
also in exploiting that relationship for therapeutic benefits. One such link appears to be the
sirtuin family of HDACs, which was first found to be associated with aging. SIRT1, the
most studied of the group of sirtuins, has now been implicated in a number of pathways as
well as in a number of biological processes including carcinogenesis. SIRT1 has also been
linked to the regulation of a core set of circadian rhythm genes. Interestingly, reduced
production of melatonin in mammals causes deregulation of the circadian rhythm machinery
as well as an increasing risk for cancer. The implications of connecting sirtuins, aging, core
clock components and melatonin are becoming evident (Fig. 1). Thus far, the literature has
provided an excellent base on which to plan subsequent experiments. Investigators must
continue their concerted efforts to unravel the molecular mechanisms connecting aging and
cancer with a specific focus on SIRT1, melatonin and circadian rhythms. We believe that the
payoffs from these efforts will be enormous for the management of age-related diseases
including cancers.
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Fig. 1.
Aging is associated with reduced levels of melatonin and various age-related neoplasms
have elevated levels of SIRT1. The enhanced SIRT1 levels in several cancers occur at a time
when melatonin levels are reduced. Reduced melatonin levels as well as increased SIRT1
activity in cancer cells may well lead to alterations in the biological clock causing a
dysregulation of circadian rhythms thereby leading to uncontrolled cell cycle progression,
finally culminating in cancer development. Thus, exogenous melatonin administration may
lead to SIRT1 inhibition that could be responsible for melatonin's anti-cancer effects.
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Table 1

Localization and functions of sirtuins*

Member Activity Localization Size (kDa) Function

Sirt1 DAC Nucleus 62 Chromatin modulation, gene expression, senescence, apoptosis, insulin
secretion, neuronal differentiation, adipogenesis, development, glucose

metabolism

Sirt2 DAC and ART Cytoplasmic 41.5 Cell cycle progression, adipocyte differentiation

Sirt3 DAC and ART Mitochondria 43.6 Cellular metabolism, apoptosis

Sirt4 ART Mitochondria 35.2 Regulation of insulin secretion, mitochondrial NAD(+) salvage

Sirt5 DAC Mitochondria 33.9 Regulation of urea cycle

Sirt6 ART Nucleus 39.1 Telomere maintenance, DNA repair

Sirt7 None Nucleolus 44.8 rDNA transcription

*
There are seven reported sirtuin enzymes in mammals that act as either a mono-ADP-ribosyl transferase (ART), a NAD+-dependent deacetylase

(DAC), or both. Although each sirtuin enzyme has an NAD+-dependent catalytic core domain, the N-and/or C-terminal sequences are of variable
lengths giving rise to specific sizes. Each sirtuin has a specific localization and function.
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