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Abstract
There has been increasing interest in studying the effects of dietary factors on telomere length.
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The telomere is a noncoding DNA sequence including “TTAGGG” at the ends of chromosomes
of vertebrates. The stability of telomere length is an important factor as a survival signal for cells
and cancer prevention. Telomerase is a multi-subunit DNA polymerase that plays a crucial role

in maintaining the telomere length, which is critical for the age-related pathogenesis of breast

Keywords: neoplasm. Some regulatory factors interfere with telomerase activity and therefore promote

-Breast cancer breast tumorigenesis. High telomerase activity and restoring telomere lengths are determined as

“Melatonin key factors in progressing tumors to advanced stages of malignancies, which are highly estrogen-

-Telomerase dependent in breast carcinogenesis. Melatonin is a hormone-like substance secreted by the pineal

-Telomere gland and has been reported to downregulate telomerase. It may therefore control telomere
length in cancer cells. Certain malignancy-related biological pathways have recently been linked
to telomere length, and this review provides new insights regarding the effects of melatonin
on telomere length by reviewing the anticarcinogenic mechanisms underlying melatonin in
relation to telomerase activity in breast carcinogenesis. Experimental insights presenting the
effects of melatonin alone or in combination with drugs on enhancing therapeutic protocols

were also reviewed, which could assist our understanding of this hormone-like substance and

telomeres as prognostic and therapeutic biomarkers in breast cancer.

Introduction

The telomere is a tandem repeat of a noncoding DNA
sequence (TTAGGG) located at the end of eukaryotic
chromosomes."* The telomere and its shelterin complex
prevent the destruction of the chromosomal endings,
by which numerous mitoses and DNA replications at
chromosomal endings is possible and may impair telomere
maintenance that leading to a reduction in its length.**
Importantly, the length of telomere has been suggested
to contribute to cell aging, and many carcinogenic
alterations are age-dependent hence telomere shortening
may contribute to several biological pathways, including
the inactivation of tumor suppressors and promotion
of proto-oncogenic activation.®® Experimental studies
have supported the notion that telomere shortening is a
process actively involved in the initiation of tumorigenesis
of breast cancer cells.” Observational studies have shown
that a reduction in the length of the telomere can increase
the risk of breast cancer,*'® whereas some epidemiological
studies have not confirmed this."''* Telomere length
varies at different stages of breast cancer, suggesting that
the shorter telomere lengths are associated with advanced
stages of breast cancer.””'® Sanft et al.”” showed the effects

of a six-month weight loss program in overweight and
obese women with breast cancer that resulted in telomere
lengthening in participants, indicating that telomere
length can be affected by environmental factors, such as
diet and physical activity.?® A clinical study has shown that
a Mediterranean diet that is associated with a lower risk of
cardiovascular disease in women was also associated with
telomere lengthening.?!

Telomerase is an enzyme that contributes to the
stability of the telomere length.?? Telomerase is made up
of different proteins and non-protein compartments;
each has different functions in regulating and catalyzing
the functions of telomerase.”® It has two important
components that contribute to the reverse transcription
of telomeres; telomerase reverse transcriptase (TERT)
and telomerase RNA (TR).?* The specific sequence of TR
is used as a pattern for the arrangement of nucleotides
at the chromosomal termination sites, therefore leading
to telomere elongation.”” Abnormal telomerase activity
causes cell damage and could ultimately result in cell
death.” Mutations in telomerase-encoding genes can lead
to the development of several age-associated diseases.”’”
Interestingly, the reactivation of telomerase may reverse a
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wide range of conditions associated with tissue damage,*
under certain conditions, such as specific carcinogenic
conditions, the activity of telomerase increases.'®
Therefore, the process of telomere shortening does not
occur during repeated divisions, and thus the aging process
is curtailed; but the problem is that telomerase reactivation
occurs in an advanced condition of breast cancer and may
lead to cell proliferation unrelated to telomere length.'
Therefore, telomerase inhibitors are the subject of research
interest in the treatment of some cancers.”

Radiation exposure is an environmental factor that
can increase telomerase activity and interestingly makes
neoplastic cells resistant to subsequent radiation.”
Moreover, resistance to treatment is caused by the
over-expression of telomerase in patients undergoing
chemotherapy; thus, the choice of the type of treatment,
as well as the response to treatment, could be partly
determined by the level of telomerase activity.’"** For these
reasons, regulating telomerase activity may be necessary.
However, several drugs used to control telomerase activity
may have off-target effects, predisposing cells to damage,
generating unnecessary cellular responses, genetic
alterations, and resistance to treatment.**3

Melatonin ~ (5-methoxy-N-acetyltryptamine), is a
hormone secreted by the mammalian pineal gland.”” It is
available as a supplement to treat insomnia and has low
reported toxicity which has been demonstrated in both
animal and human studies. Melatonin is a natural substance
that has several biological effects involved in health.”®
Telomere integrity is another critical factor in breast
carcinogenesis that could be affected by melatonin.**!
Melatonin is also involved in mitochondrial homeostasis.*
Hence, it may have potential endogenous antioxidant
effects to attenuate cellular oxidative stress.*>*

It has been reported that melatonin levels are low in
patients with breast tumors.*** Melatonin-related nuclear
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receptors mediate anti-tumor effects, including: stabilizing
telomeres,* anti-estrogenic effects, and suppressing
estrogen receptor mRNA expression in hormone-
dependent cancer,”*® anti-angiogenesis effect,”” inhibition
of metastasis,”® proapoptotic effects on cancer cells,” cell
cycle modulation® and immune system regulation.” The
telomeric repeat amplification protocol (TRAP) assay
has shown that melatonin reduces telomerase activity.”
Accordingly, cancer susceptibility to metastases and tumor
sizes was decreased in vivo.”*>® An in vitro study showed
that melatonin could downregulate the mRNA expression
levels of TERT and TR in MCEF-7 cells.* Despite the
potential effects of melatonin on telomerase activity and
telomeres length in cancer, there is limited data on the
mechanistic details specifically in breast cancer.

There is a lack of a comprehensive review detailing the
interactions between melatonin and telomerase activity, as
well as their association with breast cancer. Therefore, this
review aimed to provide mechanistic insight, describing
the effects of melatonin in association with telomerase
reactivity and telomere lengthening in breast cancer.

Telomere

Structure

The telomere is a similar sequence on single or different
chromosomes that is rich in guanine repeats constituents
“TTAGGG”” Telomeres are located at both ends of
eukaryotic chromosomes.*® At the end of this region, there
is a T-loop structure that contains attachment points for
proteins that are called the Shelterin complex, which plays
an important role in telomere function. This protects the
T-loop and has six subunits (Figure 1), including telomeric
repeat factors (TRF1 and TRF2), TRF-interacting nuclear
protein 2 (TIN2), TPP1 (TINT1/PTOP/ PIP1), repressor/
activator proteinl (RAP1), and protection of telomeres-1
(POT1).” These proteins have specific roles in restoring

POT1
TPP1

TRF2
TINZ

RAP1

—_—
Shelterin complex

Figure 1. Telomere structure. The telomere comprises the TTAGGG sequence in the terminal region of the chromosome, with T and D
loops at the end section. T-Loop contains a complex called shelterin, which is made up of TRF1, TRF2, RAP1, POT1, TPP1, and TIN2
proteins and acts as a telomere protector.>> TRF1: Telomeric repeat factor-1; TRF2: Telomeric repeat factor-2; RAP1: Repressor/activator
protein1; POT1: Protection of telomeres-1; TPP1:TINT1/PTOP/ PIP1; TIN2: TRF2 interacting nuclear protein2.
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the telomere length. The DNA molecule, in addition to the
shelterin protein complex, is termed a telosome,”® which
contains another region called telomeric repeat-containing
RNA (TERRA). TERRA is generated by RNA polymerase
II and is involved in regulating the factors related to
telomeres and telomerase.”

Functions
Telomeres, along with the six attached telomere-specific
proteins form the telomere complex (telosome), which
plays a number of important roles in the processes
associated with chromosome longevity and function.®
They protect the DNA molecule and chromosomes in
various ways, such as preventing improper chromosome
linkage and also protecting the ends of the chromosomes
from being damaged.®"** The structure of the telomere
protects the end of the chromosome from being destroyed
by exonuclease.® Similarly, telomeres play key roles in that
the chromosomes how located and placed in the nucleus
and contribute to the selective silencing of genes adjacent
to telomeres.>* Moreover, telomeres prevent the instability
of the genome by detecting the double-strand breaks of the
DNA.5 Finally, a lack of telomere activity or its reduced
length may lead to chromosomal abnormalities.®">¢*
Among six protein subunits present in the structure of
the telosome, TRF1 and TRF2 are of the most importance.
TRFs involve the Myb domain which is a binding site to
double strands of DNA and interacts with some other
proteins that participate in cell growth and proliferation.®
Consequently, the action of the telomere may be maintained
by being protected on its ends against shortening and
deformation.®¢

Melatonin

Biosynthesis

The mammalian pineal gland synthesizes and secrets
several indoles and peptides.” Melatonin is one of the most
important substances of the pineal hormones.” Tryptophan

'.»‘Q. TP

is an amino acid which actively transported into the
pinealocytes and is converted into 5-hydroxytryptophan
(5HTP) catalyzing by the tryptophan hydroxylase (TH).
The activity of TH is increased in the absence of light.
Serotonin (5- hydroxytryptamine, 5-HT) is produced from
S5HTP by the action of 5-hydroxytryptophan decarboxylase
(5HTPD).”> Indoleamine N-acetyltransferase (NAT)
converts 5HT into the N-acetylserotonin (NAS), which
is then, the O-methylation of NAS is a reaction governed
by the hydroxyindole-O-methyltransferase (HIOMT)
enzyme, and eventually, the end product is melatonin
(N-acetyl-5-methoxy tryptamine; Figure 2).”>”* The rate of
melatonin formation is controlled by the activities of the
TH and NAT enzymes.”>”” Two NAT isoforms have been
identified. In the rat, sheep, and probably all mammalian
pineal glands, both forms of this enzyme are acting at the
same time and each is performing their tasks separately.”>”¢

Regulation of melatonin synthesis
Cellular melatonin levels are affected by various factors.”
The most important environmental stimulus of melatonin
production is light”>’® Light exposure leads to signals
by neurons to the suprachiasmatic nuclei located in the
retinohypothalamic fibers of the hypothalamus (the major
circadian pacemaker in human CNS) that end in the
terminal axons in the pineal gland, and controls melatonin
production.” Thus, according to the time of day, melatonin
concentrations vary. In fact, at night, melatonin is secreted
at higher levels than during the day’>” Therefore,
melatonin secretion is suppressed in the presence of light.”
However, if the daytime duration is very long, the body
adapts to secret melatonin even if the light is present.”
Some cytokines, such as the interferon-gamma )IFN-y(
can stimulate melatonin secretion, while other cytokines,
such as the interleukin-1)IL-1( inhibit melatonin
secretion.¥ A major factor that may affect the sleep-
promoting function of the pineal gland is norepinephrine,
which is released by signals from the suprachiasmatic
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Figure 2. Melatonin production. Tryptophan is converted to melatonin by the TH, 5SHTPD, NAT and HIOMT enzymes. TP: tryptophan; TH:
tryptophan hydroxylase; 5SHTP: 5-hydroxytryptophan; SHTPD: 5-hydroxytryptophan decarboxylase; 5HT: 5- hydroxytryptamine(Serotonin);
NAT: N-acetyltransferase; NAS: N-acetylserotonin; HIOMT: hydroxyindole-O-methyltransferase.
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nuclei.”?” Therefore, factors that affect norepinephrine
levels can influence melatonin levels indirectly.®
Unlike monoamine oxidase inhibitors and tricyclic
antidepressants, Bl-adrenergic repressors can reduce
the synaptic availability of catecholamine.” In addition,
dihydropyridine (calcium antagonists) and prostaglandin
inhibitors are factors pronounced more likely to influence
melatonin secretion.”®®

Seasonal variations and long-term exposure to magnetic
fields affect melatonin levels.®# Also, levels of melatonin in
people suffering from blindness, depression, and insomnia
are generally low.”>”® Nutrition plays an important role in
providing melatonin and related substrate (tryptophan).
Folate and vitamin B6 are essential cofactors required to
catalyze reactions in melatonin production. Therefore, an
inadequate intake of certain nutrients that have key roles in
the synthesis and secretion of melatonin can significantly
disturb the melatonin synthesis,**® thus affecting the
telomerase, telomere length, and potentially related risks
of cancer.®*!

Melatonin receptors

Melatonin is soluble in both water and lipids, thus allowing
it to cross the plasma membrane and exerting a wide
range of functions.” The presence of melatonin receptors
in either the cell or nuclear membrane is a determinant
defining the type of functions related to melatonin.”>*
Various melatonin receptors have been identified in
vertebrates, including Mella, Mellb, and Mellc, two of
which are found in mammals and have been termed Mella
(MT1) and Mellb (MT2).*

Generally, MT1 and MT2 are receptors that function
through adenylyl cyclase. However, only the MT2 receptor
is engaged in inhibition of the guanylyl cyclase-related
pathway.” They have different distributions in the brain.”**
The pars tuberalis (anterior lobe of the pituitary gland) is the
neurologic part specifically identified by significant over-
expression of melatonin receptors.” The MT1 receptor is
responsible for melatonin-related signaling that is greater
than functions observed by the MT2 receptor.”® On the
other hand, the MT2 receptor is a principal molecule in
regulating circadian rhythm and is highly over-expressed
in the retina®. In addition to membrane receptors (MT1
and MT2), melatonin can bind nuclear receptors, which
include retinoic acid-related orphan receptors (RORs)/
RZR.” Unlike the MT2 membrane receptor, the expression
of MT1 and RORa receptors varies in different tissues,
including the thymus, spleen, brain, liver, kidney, heart,
and lungs.***® The MT2 receptor and nuclear binding
receptors particularly have important roles in cancer-
related immune response.’*>!!

The functions of melatonin

The functions of melatonin are numerous and have been
identified in several organ systems.”” Melatonin is well-
known for controlling circadian and seasonal rhythms.'*
Melatonin has extensive effects on the gastrointestinal

tract,'™!* reproductive system,'”>' bones,'”” immune
system,'®® and other tissues.”®!* It also plays an important
role in cardiovascular disorders, diabetes,''*!'" Alzheimer’s
diseases,'"? and mood disorders.'"

Many studies have demonstrated that low concentrations
of serum melatonin may increase the risk of cancer."'*!"
Melatonin showed some eftects on the onsetand progression
of cancer, and also different cancer-related factors are still
a subject of debate.""®"® Antioxidant effects of melatonin
in response to oxidative stress could exert antitumor
effects.’?*"?! Melatonin reduces restraining survival signals
for cancer cells, and limits proliferation may be across
influencing aerobic glycolysis.'** Also, it may be effective
in reducing the proliferation of healthy and cancer cells
by activating or blocking specific processes responsible
for PI3K/AKT-related metabolism.'*'*  Melatonin
supplementation in animal model during the metastatic
stages of cancers may contribute to anti-angiogenic effects,
including reducing hypoxia-inducible factor-1 (HIF-1la)
protein expression'?*!* and levels of vascular endothelial
growth factor (VEGF)."**"*! The effects of melatonin on the
cell cycle is another antitumorigenic function of melatonin.
Melatonin can impact cellular proliferation by inducing
cell cycle arrest and therefore putting off the duration of a
cell cycle. 1%

Melatonin has been shown to have important intracrine,
autocrine, and paracrine functions in experimental models
to regulate immune system functions. It increases anti-
tumor cytokine (such as IFN-vy, tumor necrosis factor (TNF)
-a, and IL -6 production in lymphocytes and monocytes.
Thus, melatonin can influence the immune responses, in
addition to the maturation of lymphocytes.'”'”! Melatonin
increases IL-2 by inhibiting the effect of prostaglandin
E2 (PGE2), stimulating T helper typel lymphocytes and
monocytes, resulting in CD8* cytotoxic T cell and NK cell
proliferation.’” It also stimulates the secretion of other
cytokines such as IL-6, IL-12, IL-27, and IFN-y, which
helps in the proliferation of the NK cells.’>** Melatonin
is effective in treating cancer by inhibiting the pyruvate
dehydrogenase kinase (PDK) and increasing mitochondrial
oxidative phosphorylation."” It enhances the production
of macrophages despite reducing macrophage nitric oxide
(NO) levels by suppressing the nuclear factor kappa B
(NF-xB). Therefore, NO- and inflammation-related cell
proliferation reduced."*® Melatonin also plays an important
anti-inflammatory role owing to chemotactic activity and
the leukocytes™ action regulation.'® An important part of
the anti-cancer effects of melatonin is related to the anti-
inflammatory contribution of melatonin to tumorigenic
molecular events, consequently repressing inflammation-
related tumor developments.'*”13

Association of melatonin with telomerase activity and
telomere length

Telomeraseactivityand telomerelength mayvaryatdifferent
stages of cancer.””*>'*” Due to the tumorigenic effects of
increased telomerase activity in advanced breast cancer,
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administration of telomerase inhibitors is a topic that has
been explored by many experimental studies that would
benefit cancer treatment, but it would also prevent telomere
length stabilization which shows dual effects of telomerase
inhibitors.*® Melatonin may resolve this problem because
it can stabilize telomere length independently while
reducing telomerase activity.”> However, studies support
the contribution of melatonin to healthy telomere function
and modifying the telomere alterations in cancers are from
in vitro or animal experimental assays®»'*! and need to be
investigated in epidemiological studies or clinical trials.
Here are some prominent mechanisms that could underly
the anticarcinogenic effects of melatonin in experimental
models.

The effects of melatonin on estrogen concentrations
Menopause is a physiological state associated with low
levels of estrogen mainly produced in non-ovarian tissues
such as adipose tissue.'*? It has been proposed that adipose
tissue-derived estrogen may be a significant risk factor
for postmenopausal breast cancer.'*>'* Studies in hormone-
related malignancies show that telomerase activity could
be affected by blood estrogen concentrations.">!*S For
breast cancer cell lines with positive estrogen receptor-a,
telomerase activity and hTERT expression are both
modulated by estradiol-related signaling.'*®'*” Research
by Jinbo et al.'*® on human MCEF-7 cells showed that the
estradiol-induced increase in telomerase activity is a dose-
dependent mode (107'°-107® mol/L E2).

Melatonin can alter the levels of estrogen in circulation
through a variety of pathways.'* It can indirectly lower
blood estrogen concentrations by influencing the activity
of the hypothalamic-pituitary axis'® (Figure 3). Another
potential mechanism is reducing the expression levels of
estrogen receptor (ER) by inhibiting the binding of estradiol
to estrogen receptor complex (E2 — ER) located in estrogen

Hypothalamic-

pituitary axis
.—" * Indirect
Action
LN

Melatonin ¢

" Direct

~Cell cycle kinetic

-Antioxidant effect on

: :—_E_sm:dlol receptor
action R
-Estrogen production
enzymes

response element (ERE)."”'*> Melatonin can affect the
enzymes involved in estrogen synthesis and might change
the estrogenic kinetic, thus affecting intracellular-ER-
related signaling to nuclear alterations, most importantly
telomerase activity.”>'>*

The ERa is a nuclear receptor that binds estrogen as a
specificligand and plays a significant contribution to cancer
cell outgrowth in breast cancer.'>"*> The intracellular
ER protein contains mitogen-activated protein kinase
(MAPK) that can track ERa-related signaling, dependent
or independent on estradiol, to promote the transcription
of specific genes (proto-oncogenes) actively involved in the
development of malignant neoplastic diseases.”**” In the
presence of estradiol, melatonin can exert its anti-cancer
effects on MAPK pathway. In the absence of estrogen as
a ligand of ER, the mutation-related mitogenic kinase
overactivity in ER/MAPK-related signaling pathway
was also suppressed using melatonin.'*>'*®* Cyclic AMP
(cAMP) and MAPK pathways interact with each other
and possess stimulatory effects on the epidermal growth
factor (EGF) and the development of tumors.”® Increases
E2 concentrations elevated cytosolic cAMP levels, which
subsequently activates the ERa.'® Melatonin prevents
cancer cell proliferation by regulating the cAMP pathway
and reducing its accumulation in cells through the
involvement of the melatonin MT1 receptor, expressing
somewhat the estrogen interaction in melatonin-related
genomic alteration to improve the anti-neoplastic
growth 150158161 Another factor that links the effects of
melatonin to ERa is calmodulin.’®> The ERa binds to
calmodulin and thereby exerts multiple modes of action
and pleiotropic effects on cancer cells.'®*'** Melatonin
acts as an antagonist of calmodulin, preventing growing
effects on MCEF-7 cells, more importantly depending
on the ERa/ERP ratio.'®>!% The rising ERa/ERp ratio,
the greater the antiproliferative effects of melatonin, as

Ovaries

\ Estrogen
/.

_estrogen metabolites |

Figure 3. Mechanism of the functions of melatonin on telomerase activity mediated by estrogen-related signaling. There are two general
pathways in which melatonin affects estrogen levels including direct actions via estradiol receptors, enzymes, cell cycle arrest, and
antioxidant effects which influence telomerase activity. Melatonin indirectly can reduce circulation levels of estrogen implicated by
interfering in the pituitary-hypothalamic axis and subsequently ovary endocrines.'+° TERT: Telomerase reverse transcriptase; TR:

Telomerase RNA.
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under such conditions the MCF-7 cells reacted far more
to cellular melatonin treatments.'®'®” In fact, melatonin
inhibits the calmodulin by binding to it, which reduces
the ER’s affinity for its ligand, and melatonin by binding
to the melatonin receptors in the nucleus without the need
for phosphorylation of ER destabilizes the complex E2-
ER-ERE." This could be highly dependent on the ratio of
levels of binding melatonin to MT-1 receptor to affect the
ER-related signaling pathways.'

Molis et al.*® have reported that melatonin can reduce ER
mRNA expression levels at physiological concentrations
(10°M),independent of estrogen levels and without directly
attaching to the ER in the MCF-7 cell line. In addition, it
was found that melatonin effects are mostly related to the
transcription compartment of related molecular events.'s®

A study in human MCEF-7 cells showed that melatonin
alone cannot affect TERT mRNA expression. The activating
effects of E2 or metalloestrogen (cadmium) are necessary
for this process.'®'”® Cadmium binds to estrogen receptors
that can act like estrogen.'”! The TERT transcription could
be inhibited by melatonin while interacting with either E2
or cadmium. Another factor on which the anti-neoplastic
effects of melatonin are dependent in breast cancer cells
is the status of ERa expression. Because the melatonin
exhibited an important contribution to inhibiting E2 and
cadmium-induced transcription only in the case of ERa-
related transcripts and not those of the ER(.!”> Because the
specific amino acid residue that is present in the ERa is the
factor that binds cadmium to it. These amino acids include
histidine524, cysteine381, cysteine447, aspartic acid538
and glutamic acid523."”

Different enzymes are involved in estrogen synthesis."*>'*
Aromatase, estrone sulfatase, 17p- hydroxysteroid
dehydrogenase type 1, and estrone sulfotransferase
are enzymes regulated, inhibited, or stimulated by
physiological concentrations of melatonin, thus affecting
the estrogen production in human MCEF-7 cells.'”>'"
Thereby the melatonin anticancer effects become primarily
noticeable in an estrogen-dependent manner.">*'””

The effects of melatonin on the cell cycle and cellular
proliferation

Telomerase activity is profoundly involved in the different
cell cycle phases.'”® The ratio between hTERT and hTR is
variable dependent on the stage of a cell cycle. During the
G1 and G2 phases, there is distinct intranuclear anatomy
of hTR and hTERT. In the case of the S phase, however,
these two subunits have different distributions such that
there exist common intranuclear sites.'”” Consequently,
telomerase is activating and involved in inducing the S
phase and synthetizes the telomere, particularly occurring
in the mid-S.”®® This is apparent that the G1 phase is an
important point of the cell cycle in which the cell can
choose two pathways. Extracellular signals dictate which
path to take. Passing from the GI1 phase to the S phase
for DNA replication or entering to GO phase to stop cell
division.!”>!8"182 Delay in G1-S duration and inhibition

of cell proliferation might be done by melatonin."?*!3!8
Therefore, it can be concluded that telomere synthesis is
delayed by the presence of melatonin. An in vitro study has
shown that melatonin has no effect whenever estradiol is
added to the clonogenic soft agar culture.'® This indicates
a very strong effect of estradiol, and the interesting part of
which is that estradiol itself is inhibited by melatonin."*
In the other in vitro study, it was found that melatonin
treatment at physiological concentrations increased 15%
cell cycle duration in MCEF-7 cells prolonging the interphase
of cell cycle vs. untreated cells.”> Melatonin affects the
G phase and raises the ratio of cells in G1. Tamoxifen
(estrogen antagonist) inhibits the functions of estradiol
and changes the cell kinetics in a dose-dependent manner,
in which melatonin can help tamoxifen and potentiate its
effect. Therefore, the entry from the G phase to the S phase
of the cell cycle is delayed (Figure 4).

As a result, melatonin hinders breast cancer growth both
by counteracting the effects of estradiol on the cell cycle
and by directly affecting the G phase (delayed in telomere
synthesis).*¢?218518 Moreover, during the S phase, the
physiological doses of melatonin (1InM) are capable to
inhibit the synthesis of the DNA by regulating thymidine
kinase activity (the main enzyme that produces thymidine)
in human MCEF-7 cells (Figure 4); this is, therefore, another
reason to put off proliferation.*t

Other mechanisms regarding the impact of melatonin
on the cell cycle include the induction of the regulatory
proteins of the cell cycle, such as the P53 tumor suppressor
protein.'®® The P53, one of the most important regulators of
the cell cycle, delays entry into the S phase of the cell cycle
and reduces the cyclin A expression.”®®'® Physiological
doses of melatonin increase P53 through nuclear receptors
in human MCEF-7 cells.'®

Regulatory
protein
Thymidine
kinase

M
Cell cycle

Figure 4. Melatonin and telomere length during the cell cycle.
Melatonin can delay G1-S duration, increases telomerase activity
and the duration of telomere lengthening. Melatonin directly might
increase the proportion of cells in G1. Melatonin delays the entry
into S phase by affecting the activity of the enzyme involved in
the production of DNA (thymidine kinase) as well as by inducing
specific proteins.”%78 M: Mitosis; G1: Gap1; G2: Gap2; S:
Synthesis.
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Melatonin, growth factors, and telomeres

The relationship between telomere length, telomerase, and
growth factors (Figure 5) has been investigated in a cross-
sectional study on elderly men conducted by Move "rare-
Skrtic et al.™® There was a direct relationship between
leukocyte telomere length (which may represent the
telomere length in other tissues) and serum concentrations
of insulin-like growth factor-I (IGF-I), which may be due
to the anti-inflammatory effects of IGF-I binding proteins
or repressing IGF-1-related telomerase activity. Tu et al.'!
using cord blood mononuclear cells found that IGF-I
was able to help PHA increase the h-TERT and affect
the telomerase activity. The IGF-I is required for S phase
entry and affects the telomeres."”> All of this demonstrates
the profound effect of IGF-1 on telomerase and telomere
length.””" Some studies have suggested that melatonin
can reduce IGF-I concentrations, but these studies are
inconclusive. Vriend et al.' in a study in hamsters showed
that the injection of melatonin for 10 weeks could increase
IGF-I, which may be related to the enhancement of
serotonin in the hypothalamus and brainstem. An in vitro
study on human granulosa cells conducted by Schaeffer et
al.®* showed that melatonin (0.01-10 ug/ml) was able to
increase the secretion of IGF-1. Based on these results,
melatonin might increase the IGF-1-related rates of
angiogenesis and tumor growth. On the other hand, Kos-
Kudla et al."> who studied breast cancer (stage II) patients
found that the IGF-I and melatonin in plasma have an
inverse relationships. Also, a study of human breast
cancer MCEF-7 cells by Ishido et al.'® showed that 10"°M
of melatonin temporarily hinders the collective effects of
IGF-I and bisphenol A on cell proliferation. It seems that
more experiments are needed in this area.

Vascular endothelial growth factor (VEGF) and
telomerase have a very close and complex relationship, that
may lead to the advanced processing of angiogenesis.'”’”
Telomerase activity and KWTERT gene expression are
increased by VEGE."”® Also, h\TERT enhances the expression
of the VEGF gene."” Melatonin inhibits the function of
VEGF by affecting the cell cycle, inducing apoptosis, and
arranging the formation of VEGE Pharmacological doses
(ImM) of melatonin can reduce VEGF gene expression
in human MCF-7 cells.*® As melatonin decreases the
angiogenesis process, and as hypoxia develops, tumor
cells become accustomed to a lack of oxygen such that
the hypoxia-inducible factor-la (HIF-1a) protein helps
promote tumors by regulating genes involved in the
angiogenesis and cell cycle, such as VEGF and cdc25a.20' 2%
Melatonin has also been demonstrated to downregulate
this process by reducing the HIF-1a protein levels.?**

Epidermal growth factor receptors (EGFR) include four
types of human epidermal growth factor receptor family
(HER1, HER2, HER3, and HER4) and mediate cell growth
by their intracellular tyrosine kinase activity.””® Excessive
expression of EGFR receptors is associated with increased
tumor size, invasion, and angiogenesis in breast cancer.*
A regulatory pathway of EGFR affects the telomerase. The

EGF enhances the expression of the h-TERT gene directly.*””
In a population with endometrial carcinoma, blood
concentrations of EGF showed a negative relationship with
melatonin levels. Melatonin might exhibit an inhibitory
effect on EGF-induced growth,® which is not related
to the antiestrogenic properties of melatonin. The exact
antiproliferative mechanism of melatonin with growth
factor involvement is not precisely known yet, but it is
distinct that melatonin may reduce or prevent an increase
in EGFR.2%

In human epidermal growth factor receptor 2 (HER2)-
positive cells, h-TERT gene expression is increased.?'**!!
It was shown that patients with positive HER2 breast
cancer have a longer telomere length than those carrying
HER2 negative tumors.” An in vivo study in rats with
ovarian cancer found that the administration of melatonin
(200 pg/100 g body weight/day) for 60 days led to HER2
reductions.’ Decreased HER2 gene expression by
melatonin was also found in another study that investigated
HER?2 in transgenic mice suffering mammary cancer (by
20 mg/l melatonin).””® Therefore, while melatonin can
inhibit telomerase and even affect telomere-related HER2
expressions, telomere could be supposed to influence
HER-2 levels of synthesis. Given the available information
one can conclude that there is a tide association between
melatonin and HER2 expressing breast tumors that would
be mediated by telomere length.

Antioxidant effects of melatonin on telomeres

The telomeric structure is rich in guanine, and guanine is
highly sensitive to oxidation and redox, thus facilitating
the process of telomere shortening.** In vitro studies of
human WI-38 fibroblasts and in vivo studies in Wistar
rats have reported that telomere length is reduced by the
effects of oxidative stress.*'**"” Therefore, oxidative stress
is a potential risk factor for telomere-related shortened
human lifespan.?'® Furthermore, it has been suggested that
oxidative stress is a risk factor for metabolic syndrome that
might be mediated by telomere shortening processes.*” A
case-control study found a positive relationship between
the telomere length and antioxidant agents in the serum of
US adults.**® Another study showed that women who took
few vitamins C, E, or beta-carotene had shorter telomere
lengths and were at a higher risk of breast cancer.?*
The use of antioxidants can indirectly prevent telomere
shortening.*

Melatonin and its metabolites not only play important
roles in protecting against free radicals (direct effect) but
also possess anti-oxidative action (indirect effect).””® The
indole ring (electron conferment), and methoxy and acyl
groups in melatonin structure are prominent in detoxifying
radicals or radical-affected byproducts.?*** DNA damage
is caused by various radicals, and the accumulation of
mutations and DNA breakages leads to carcinogenesis.*”
The presence of melatonin is important for preventing the
damage caused by hydroxyl radical.”® DNA damage can
be reduced by the administration of pharmacological and
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Figure 5. Function of melatonin on telomerase through effects on growth factors and their receptors. Melatonin has different effects on
IGF-1-related signaling.'® The reducing effects of melatonin on EGFR,?°® HER2,?'2 and VEGF?*° can dependently contribute to telomerase
activity and telomere length.'%¢2°7 HIF-1a can indirectly affect telomerase activity mediated by VEGF."* IGF-1: insulin-like growth factor-1;
EGFR: Epidermal growth factor receptors; HER2: human epidermal growth factor receptor 2; VEGF: Vascular endothelial growth factor;
HIF-1a: hypoxia-inducible factor-1a; TERT: Telomerase reverse transcriptase; TR: Telomerase RNA.

physiological levels of melatonin in rats.”**** Melatonin is
an antioxidant and also has amphiphilic characteristics.?*
Many antioxidants show their radical scavenging effects by
their actions on glutathione. Melatonin can strengthen this
antioxidant network, the antioxidant effects of melatonin
are individually effective to detoxify radicals as well. "%
Melatonin can increase the activity of antioxidant
enzymes via different pathways (Figure 6). Melatonin
synergizes with sirtuin-3 to improve the transcription
of enzymes that dismute or catalyze the detoxification
of radicals (free radicals) from the mitochondria and
cytosol, respectively. Since mitochondrial sirtuin-3 levels
are elevated by melatonin, it could raise manganese
superoxide dismutase (MnSOD; antioxidant enzyme)
levels.?** In vivo, high dose or physiological levels of
melatonin enhance glutathione peroxidase (GSH-Px)
and superoxide dismutases (SOD) activity in several

o 25

tissues. Likewise, in rats with pinealectomy, the amount
of GSH-Px activity decreases.”**” A study by Sewerynek
et al.”® observed that in lipopolysaccharide- (LPS) treated
rats, the administration of 4 mg/kg melatonin could
increase total glutathione (tGSH) concentrations and
reduce oxidized glutathione (GSSG) by stimulating the
activities of glutamylcysteine synthase and glutathione
reductase. Therefore, melatonin can enhance antioxidant
enzymes (SODs and GSH-Px) by regulating their gene
expression”® and subsequently ponder the antioxidant
pool in favor of the antioxidant defense system.** For
this purpose, according to neuronal cell line studies,
melatonin even at nanomolar concentrations (= 1 nM),
leads to new protein synthesis.”** Melatonin is likely to
affect transcription factors through MT1/MT2 receptors
as well as second messengers (cAMP, phospholipase C, or
calcium concentration) and provoke the MAPK pathway.

Melatonin ¢ --!~.. metabolites
MnSoOD
—

e
Regulati

ggl;m S Mitochondria
expression

et GSH-Px
S0D

Figure 6. The antioxidant activity of melatonin. Melatonin and its metabolites can reduce free radicals. Melatonin induces the gene
expression of antioxidant enzymes mediated by sirtuin-3.233240241 MnSOD: Manganese superoxide dismutase; GSH-Px: glutathione

peroxidase; SOD: superoxide dismutases; SIRT3: sirtuin-3.
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Accordingly, it could be suggested that it is involved in
regulating gene expression of the antioxidant enzymes.*”
N1-acetyl-N2-formyl-5-methoxykynuramine  (AFMK),
N1-acetyl-5-methoxykynuramine (AMK), and cyclic
3-hydroxymelatonin (30HM) are melatonin metabolites
that can reduce free radicals.?*? The performance of these
metabolites depends on the polarity or non-polarity of the
environment and also the type of free radical.** In many
conditions, AFMK has a poor capability of eliminating free
radicals. The 30HM and AMK are more efficient, and they
also work faster to remove the free radicals.*** Overall, the
antioxidant effects of melatonin could potentially diminish
oxidative stress as stimuli of telomere shortening.

Conclusion

Melatonin is a metabolite that may be derived from dietary
sources, and restore telomere length in cancer cells. The
transactivity of telomerase is a tumorigenic feature that
could be linked to tumor metabolism, estrogen signaling,
growth factors in the microenvironment, and early or late
cell cycle arrest in breast cancer. This review represented
melatonin as a potent antioxidant attenuating oxidative
stress-related telomere shortening which isakey contributor
to cancer prevention. Melatonin shows significant impacts
on repressing biological signaling pathways promoting
tumor growth and becoming resistant to cancer treatment
in breast cancer cells, utmost mediated by regulating
the telomerase transactivity. Melatonin administration,
according to experimental evidence, demonstrated
pharmacogenomic effects on breast carcinogenesis, most
notable was interacting with telomerase activity, which is
promising for breast cancer treatment.
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