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a b s t r a c t

Melatonin, the major secretory product of the pineal gland, not only regulates circadian rhythms, mood,
and sleep but also has actions in neoplastic processes which are being intensively investigated. Mela-
tonin is a promising molecule which considered a differentiating agent in some cancer cells at both
physiological and pharmacological concentrations. It can also reduce invasive and metastatic status
through receptors MT1 and MT2 cytosolic binding sites, including calmodulin and quinone reductase II
enzyme, and nuclear receptors related to orphan members of the superfamily RZR/ROR. Melatonin exerts
oncostatic functions in numerous human malignancies. An increasing number of studies report that
melatonin reduces the invasiveness of several human cancers such as prostate cancer, breast cancer, liver
cancer, oral cancer, lung cancer, ovarian cancer, etc. Moreover, melatonin's oncostatic activities are
exerted through different biological processes including antiproliferative actions, stimulation of anti-
cancer immunity, modulation of the cell cycle, apoptosis, autophagy, the modulation of oncogene
expression, and via antiangiogenic effects. This review focuses on the oncostatic activities of melatonin
that targeted cell cycle control, with special attention to its modulatory effects on the key regulators of
the cell cycle, apoptosis, and telomerase activity.

© 2022 Published by Elsevier B.V.
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1. Introduction

Melatonin (N-acetyl-5-methoxytryptamine), a hormone made
by tryptophan metabolism, is produced in the pineal gland and
many other organs [1]. This molecule has a crucial performance in
the regulation of circadian rhythms, mood, sleep, etc. [2]. The
synthetic procedure via tryptophan metabolism is controlled by
enzymes including arylalkylamine nacetyltransferase (AA-NAT)
and hydroxyindol-O-methylteransferase (HIOMT). After the syn-
thesis of melatonin in the pineal gland, it is released into the blood
and cerebrospinal fluid. Afterward, it exerts the regulatory actions
throughout the organism in response to seasonal patterns and
circadian rhythms [3,4] with maximal secretion occurring at night.
The pineal melatonin rhythm has an important role in modulations
circadian rhythms, which are regulated by the hypothalamic su-
prachiasmatic nucleus (SCN) [3]. The environmental light-dark
cycle plays a critical role in the synchronization of the SCN; the
retinas, the intrinsically photoreceptive retina ganglion cell
(ipRGC), contain the photopigment, melanopsin, which response
most intensely to blue light, which connected to the SCN via the
retinohypothalamic tract central and peripheral sympathetic fibers
connect the SCN to the pineal gland where the melatonin biosyn-
thesis regulates by releasing of norepinephrine (NE). The following
activation of the pineal b-adrenergic receptors by NE, 3՛,5՛-cyclic
adenosine monophosphate (cAMP) level increases, which induces
the biosynthesis and release of melatonin [5]. The physiological
function of melatonin goes beyond circadian rhythms and sleep.
Interest in this indole has increased because it is related to a variety
of physiological and pathophysiological processes. The process
involved includes its antioxidant function, immune modulation,
and its oncostatic activity [6e9]. The possible relationship between
melatonin metabolism and neoplastic processes has been inten-
sively investigated. Melatonin exerts oncostatic functions in
numerous human malignancies including those of the breast, the
ovaries, the prostate, the skin, liver, etc. [10,11]. The anticancer
functions of melatonin have been examined at many different
levels. Disruption of melatonin's circadian rhythm by performing
regular night shift work enhances the risk of certain malignancies.
Melatonin exerts oncostatic effects on tumors from a broad range of
origins in experimental models by suppressing tumor cell prolif-
eration. These data accentuate the significance of endogenous
melatonin as an anticancer agent. New anticancer function of
melatonin involves multiple mechanisms: direct pro-apoptotic
actions, antioxidant actions, decreasing the uptake of growth fac-
tors involved in tumor growth signaling pathways, increasing
45
immunosurveillance, and anti-angiogenic effects [12]. Recently, a
great deal of investigations has addressed the effects of melatonin
on the cell cycle and key components of the cell cycle. It has been
postulated that another mechanism concerning the anticancer ef-
fects of melatonin includes the suppression of the cell cycle as well
as the suppression of cell cycle activators. This review focuses on
the oncostatic activities of melatonin through cell cycle control
with special attention to its modulatory effects on the key regula-
tors of the cell cycle, apoptosis, and telomerase activity.

2. Melatonin receptors

The melatonin's complex effects in regulating several numbers
of physiological processes are in part, related to receptors including
those in the membrane (MT1 known as Mel1a and MT2 known as
Mel1b), cytosolic binding sites, such as calmodulin and quinone
reductase II enzyme (which was previously called MT3), and nu-
clear binding corresponding to orphanmembers of the superfamily
RZR/ROR [13]. These receptors are coupled directly or indirectly
with multiple and different signal transductions cascades and,
therefore, lead to inhibitory cancer cell responses. The types of
melatonin receptors, their mechanisms, and their cellular effects
are summarized in Table 1. In addition to the receptor-mediated
process by which melatonin reduces cancer cell growth and me-
tastases, it also has receptor-independent actions which likely
interfere with cancer cell proliferation and migration [14].

3. Mechanisms of the anticancer effects of melatonin

The oncostatic effects of melatonin have been thoroughly
investigated for some cancer types but much less so for other tu-
mors [8,15e18]. The potential mechanisms by which melatonin
negatively impacts cancer cells have been widely discussed. Owing
to a broad range of actions of melatonin, these mechanisms are also
varied.

3.1. Regulation of estrogen metabolism

The anticancer functions of melatonin are apparent in hormone-
dependent tumors and are well-known in malignancies of the
prostate or the ovaries and, especially in mammary glands [19,20].
The anti-estrogenic function of melatonin is involved in its onco-
static actions in hormone-dependent mammary cancer. Owing to
its capability of interacting with the estrogen receptor, melatonin is
now known as a selective estrogen receptormodulator (SERM) [21].



Table 1
Types of melatonin receptors, their mechanisms, and their cellular effects.

Melatonin
receptors

Tissue distribution Coupled-G protein Effectors Melatonin
insensitiveness

Affinity to
melatonin

Physiological
responses

Ref

MT1 Brain Cerebellum, hippocampus, substantial nigra,
ventral tegmental area, nucleus acumens,
caudate-putamen, SCN, meninges, pituitary,
Pars Tuberalis

Gia2
Gia3
Gaq
Gas
Gaz
Ga16
Gbg

Y AC
[ PI
[ Ca2þ
[ AA
[Y

MEK/
ERK
Y cGMP

Long-term exposure of
MT1 led to melatonin
insensitive

Higher Inhibition of
neuronal
firing
Cardiac
vessels
constriction

[172,173]

Cardiovascular
system

blood vessels, aorta, and heart

Kidney Nephrons, proximal tubules
Other tissues Immune system, testes, ovary, skin, liver,

adrenal cortex, placenta, breast, retina, pancreas
spleen, retina, lymphocytes

MT2 Brain Cerebellum, SCN G1
G4

Y AC
[ PI
Y cGMP

Long-term exposure of
MT2 led to melatonin
insensitive

Lower The phase
shift of
circadian
rhythm
Inhibition of
cardiac
vessels
constriction
Inhibition of
dopamine
release

[174]
Cardiovascular
system

Blood vessels

Kidney Nephrons
Other tissues Lung, granulosa cells, immune cells, duodenum,

adipocytes, melanocytes, eccrine sweat glands.

MT3 Liver, kidneys, heart, adipose tissue, brain, retina, melanocytes,
keratinocytes, fibroblasts.

Quinone reductase
2 (QR2), belongs to
a group of
reductases

[ PI Altered melatonin
levels are related to the
changes in the activity
of QR2

N/A Detoxification
Enzyme
regulation

[173,175]

RZR/ROR RZRa, RORa, RORa2, and RZRb bind to melatonin Nuclear receptors N/A N/A N/A Immune
modulation
Antioxidant
enzyme
regulation

[176,177]
RZRb Neuronal tissues, retina
RZRa Adipose tissue, the liver, human blood

leukocytes, testes and cartilage
RZR/RORa. Thymus and spleen of mice, hair follicles,

epidermal melanocytes, epidermal
keratinocytes, dermal fibroblasts and
melanomas

SNC, suprachiasmatic nucleus of the hypothalamus; AC, adenylyl cyclase; PI, phosphoinositide hydrolysis; AA, arachidonic acid.
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The anti-estrogenic potential of melatonin is associated with its
ability to reduce estrogen receptor (ER)-a expression, and more
importantly, to block the binding of the estrogen-ER complex to the
estrogen response element (ERE) on DNA [22]. Given that mela-
tonin signaling through its receptors results in cAMP reduction and
also as decreased intracellular level of cAMP is an activation signal
for ERa, it is suggested that a reduction inmelatonin-induced cAMP
concentration is one of the mechanisms bywhichmelatonin causes
a drop in the estrogen-induced ERa transcriptional activity [23].
Another possible mechanism is melatonin's ability to bind to
calmodulin (CaM) with the inactivation of the Ca2þ/CaM complex
[24]. CaM also facilitates the E2eER complex binding to the ERE.
Hence, the inactivation of CaM signaling by melatonin interacts
with the estrogen-signaling pathway [24]. In addition, melatonin
inhibits the expression and the activity of three important enzymes
that contribute to estrogen synthesis and transformation, including
estrogen sulfatase, P450 aromatase, and 17b-HSD type 1 [25].
Melatonin has capability to stimulate the expression of estrogen
sulfotransferase, the enzyme responsible for the inactivation of the
estrogen [26]. In this context, melatonin behaves as a selective
estrogen enzyme modulator (SEEM) [25]. Clearly, melatonin is the
unique agent which shares both SERM and SEEM properties.
3.2. Inhibition of telomerase activity

Activation of telomerase, a specialized ribonucleoprotein DNA
polymerase, is a major factor in carcinogenesis in most human
cancers [27]. Telomeres are nucleoprotein segments on the termi-
nals of linear eukaryotic chromosomes. The telomeres are
46
shortened with each cell division, making the chromosome
vulnerable to damage [28]. In most progressive cancers, telomerase
expression is upregulated to maintain telomere lengths; hence, the
cancer cells are protected from death [28]. Melatonin inhibits
telomerase activity in cancer cells in vivo; melatonin also reduces
the expression of telomerase reverse transcriptase (TERT) in the
mRNA subunit. This subunit is essential for the activity of telome-
rase and serves as an indicator of telomerase activation [27,29].
Also, the inhibitory effects of melatonin on telomerase activity are
stimulated by both endogenous estrogens)17b-estradiol) and
exogenous agents with estrogenic activity in estrogen-dependent
tumors [30]. For example, the metallosterogen, cadmium, stimu-
lates telomerase activity in cancer cells.
3.3. Pro-oxidant properties

One of the most significant features of melatonin related to its
oncostatic function is its ability to scavenge free radicals as well as
stimulate potent antioxidative enzymes, such as glutathione
peroxidase, reductase, superoxide dismutase, and catalase, and the
reduction of pro-oxidants [31]. In several recent research, this
feature has been widely proved the carcinogenesis which induced
by agents causing oxidative damage, in consequence, melatonin
exerts protective effects [32,33]. Melatonin could effectively
detoxify various reactive oxygen and nitrogen species, including
the superoxide anion radical, hydroxyl radical, peroxynitrite anion,
hydrogen peroxide, and nitric oxide [6]. Owing to this feature,
melatonin has been variously used as an adjuvant in the chemo and
radiotherapy treatments of cancer.
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3.4. Inhibition of angiogenesis

Angiogenesis is one of the central players in the development
and progression, and, more importantly, metastatic cancer [34].
Therefore, the suppression of this process is considered an impor-
tant cancer treatment strategy [34]. Melatonin has direct and in-
direct anti-angiogenic functions [35e40]. Its direct anti-angiogenic
functions are related to its inhibitory actions on the vascular-
endothelial growth factor (VEGF) and endothelin-1 (ET-1)
[35,39,41,42]. Melatonin also exerts indirect anti-angiogenic effects
by suppressing some tumor growth factors; such as EGF and IGF,
with strong mitogenic and angiogenesis stimulatory functions and
also scavenging free radicals that stabilize the hypoxia-inducible
factor HIF-1a [40,43,44].

3.5. Inhibition of metastasis

Melatonin reduces the invasiveness of human cancers including
breast cancer [45e48], prostate cancer [49], liver cancer [43,50],
oral cancer [51], lung cancer [52], ovarian cancer [53], etc. [54,55].
The anti-metastatic effects ofmelatonin are achieved by an increase
in the expression of cell surface adhesionmolecules E-cadherin, b1-
integrin, and occludin, the downregulation of integrin molecules,
reduction in the expression or activity of the matrix metal-
loproteinase, inhibition of the cytoskeleton rearrangement, induc-
tion of epithelial to mesenchymal transition, and angiogenesis
suppression [54]. More importantly, overexpression of the MT1
receptor can cause an increase in the anti-invasive response of
cancer cells to melatonin. It is suppressed by luzindole (an MT1/
MT2 receptor antagonist), hence indicating that these effects are
related to the binding of melatonin to its receptors [5].

3.6. Enhance in immune response

In addition to the pineal gland, other organs such as bone
marrow, thymus, and lymphocytes, all of which are involved in the
modulation of the immune response, are also potential sources for
melatonin [56]. Interestingly, in contrast to endogenous melatonin,
which inhibits cellular and humoral immunity, exogenous mela-
tonin strongly induces the production of monocytes, natural killer
cells, and leukocytes as well as the synthesis and the release of
cytokines, including interleukin (IL)-2, IL-6, IL-12, and interferon-g,
and the tumor necrosis factor-a (TNFa) [57]. Since activation of the
immune system is another means to explain the anti-tumor
response to melatonin. Thus, melatonin, as an immune-
enhancing agent, can be a good candidate as a therapeutic strat-
egy for inhibiting cancer [58].

3.7. Epigenetic regulation

The term epigenetic is related to the study of heritable alter-
ations in the gene expression that happen due to the lack of
changes in the genome sequence [59]. These include the covalent
modification of bases in the DNA [60]. Several important groups of
enzymes that cause epigenetic changes in the levels of DNA and
histones are DNA methyltransferases (DNMTs) and histone modi-
fication enzymes (histone deacetylases and histone methyl-
transferases([60,61]. Epigenetic changes are now accepted as
additional mechanisms that modulate cell proliferation as a critical
part of the neoplastic process [62,63]. Melatonin remarkably en-
hances the mRNA expression of several HDAC isoforms, including
HDAC3, HDAC5, and HDAC7. Melatonin also increases histone H3
acetylation in the C17.2 neural stem cells, histone H3 and H4
acetylation in mice, and human SH-SY5Y neuroblastoma cells
[64,65]. Long-term treatment with melatonin stimulates histone
47
hyperacetylation in rat the brain, therefore, suggesting a role in the
epigenetic regulation for this agent [66]. The increased HADC
mRNA levels likely demonstrate a compensatory feedback mecha-
nism following melatonin-stimulated histone hyperacetylation
[64]. Indeed, melatonin plays a substantial role in themodulation of
histone acetylation-deacetylation. The members of retinoid Z re-
ceptor (RZR)/retinoid acid receptor-linked orphan receptor (ROR), a
subclass of nuclear receptors, are correlatedwithMelatonin [67,68].
It can be assumed that the epigenetic effects of melatonin are
exerted through interaction with RORs, which act in the formation
of chromatin remodeling complexes with histone acetylase activity
[69]. Protein kinase C, activated by the MT1 receptor or via a direct
effect of melatonin, leads to mitogen-activated protein kinase/
extracellular signal-regulated kinase (MAPK/ERK) activation and,
consequently, histone acetylation [64,70,71]. In addition, melatonin
can induce histone acetylation by phosphorylation/activation of
histone acetyltransferases, such as p300 following the phosphor-
ylation/activation of the PI3/Akt pathway [72,73].

4. Melatonin in the regulation of the cell cycle

4.1. Induction of cell cycle delay and arrest

The possible relationships between melatonin metabolism and
neoplastic processes have been intensively investigated. The un-
derlying mechanism bywhich melatonin suppresses tumor growth
is not completely understood. Therefore, many researchers have
taken a particular interest in the evaluation of the involvement of
melatonin in the tumor cell cycle control as well as the regulation of
the important cell cycle-related proteins. Cos et al. [74] showed that
melatonin's antiproliferative effect in breast cancer was exerted on
the G1 phase of the cell cycle, whichmakes a transition delay in the
S phase. The melatonin (10�9 M) treatment of MCF-7 breast cancer
cell lines resulted in G1/S cell cycle arrest. In this study, the authors
proved that melatonin increased the duration of the cell cycle of
MCF-7 cells in a significant manner [75]. This observation supports
the notion that melatonin exerts its antitumor effect at least in part,
through a cell-cycle-specific mechanism by delaying the entry of
MCF-7 cells into mitosis [75]. In human melanoma SK-MEL-1 cells,
melatonin caused cell cycle arrest in the G1 phase [76]. By inves-
tigating the exact mechanism of the melatonin oncostatic function
in melanoma, the general G-coupled receptor inhibitor and
pertussis toxin revealed that these antagonisms could not prevent
melatonin-induced cell growth arrest, suggesting a mechanism
independent of G-coupled membrane receptors [76]. The p38
mitogen-activated protein kinase (p38 MAPK) signaling pathway
has a crucial function and role in cell growth inhibition by mela-
tonin [76]. Liu et al. demonstrated that melatonin delayed cell
proliferation by inducing G1 and G2/M phase arrest in the human
osteoblastic cell line hFOB 1.19 [77] and these inhibitory effects are
mediated by the ERK signaling pathway [78]. Marelli et al. [79]
examined the growth-inhibitory activity of melatonin on human
androgen-independent DU 145 prostate cancer cells. They reported
that melatonin at physiological doses significantly suppressed DU
145-cell proliferation through the induction of cell cycle interrup-
tion by causing the accumulation of cells in the G0/G1 phase.
Similar results were demonstrated for the prostate cancer LNCaP
cell lines. Moretti et al. [80] showed that melatonin at nanomolar
concentrations significantly inhibited the proliferation of LNCaP
cells. Moreover, it affected cell cycle distribution to induce an
accumulation of cells in G0/G1 and a reduction of cell number in the
S phase. Thus, melatonin exerted direct antiproliferative action on
androgen-dependent prostate cancer cells. Membrane receptors
were not involved in the oncostatic action of melatonin in either
cell line [79,80]. In contrast to these studies, the inhibitory effects of
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melatonin on the proliferation of the human choriocarcinoma JAr
cells as well as the proliferation and induction of GI/S cell cycle
transitionwere reported to be MT2melatonin receptor-dependent;
the selective MT2 melatonin receptor ligand and 4-phenyl-2-
propionamidotetraline (4-P-PDOT) were found to not only exert
concentration-dependent anti-proliferative actions on cancer cells
but also additive effects by melatonin in inhibiting JAr cell prolif-
eration [81]. In hepatocarcinoma cell lines such as Bel7402 and
SMMC-7721, melatonin treatment resulted in cell cycle arrest in the
G0/G1 phase through the downregulation of p-AKT and c-myc [82].
However, in the hepatocarcinoma HepG2 cell line, melatonin
induced cell cycle arrest in the G2/M phase via the upregulation of
JNK 1,-2, -3, and p38, members of theMAPK family [83]. In addition,
in the B65 rat dopaminergic neuroblastoma cells, melatonin
increased the percentage of cells in the G1-phase of the cell cycle
[84]. Several reports also indicated that melatonin may not act as a
crucial role in the growth of cancer cells, including those of PC3
prostate cancer cells [85], K562 human leukemia cell line [86],
A549 lung cancer cells [87], HeLa cervical cancer cells [88], MG-63
osteosarcoma cell line [88], and TK6 lymphoblastoid cell lines [88].
An explanation for these seemingly divergent findings has not been
provided.

4.2. Suppression of cyclin-dependent kinases

Strongly coordinated and organized collaboration between
cyclin-dependent kinases (CDK), CDK inhibitors (CDI), and cyclins
are necessary for the progression through the cell cycle phases (G0/
G1, S, G2, and M) [89]. The CDK family includes serine/threonine
kinases with a specific catalytic core and more than 21 members
identified [90]. Based on the sequence of the kinase domain, CDKs
belong to the CMGC group of kinases (named after the initials of
certain members such as CDK-like kinases, glycogen synthase
kinase-3 beta (Gsk3b), mitogen-activated protein kinases (MAPKs),
and the dual-specificity tyrosine-regulated kinase (DYRK) family)
[91]. In contrast to MAPKs, in which docking sites are separated
from the catalytic sites confer substrate specificity to the enzyme;
the specificity and catalytic activity of CDKs depend upon separate
protein subunits, called cyclins. Cyclins provide additional se-
quences required for enzymatic activity [91]. Sequential activation
and inactivation of the four distinct members of the CDK family
involved in the cell cycle regulation, including CDK4 and CDK6
(during G1), CDK2 (during G1 and S), and CDK1 (during G2 and M),
ensure the continuity of the cell cycle [90]. Melatonin exerts a
potent inhibitory action on the cell cycle, mainly through the
suppression of the expression and also inactivation of the CDKs. In
ovarian cancer, melatonin delayed the growth of cancer cells in the
G1 phase via the downregulation of the CDK2/4 gene expression.
Melatonin treatment of ovarian cancer cell lines resulted in a sig-
nificant drop in themRNA and the protein levels of the CDKs, which
supported the contention that melatonin may irreversibly arrest
the growth of ovarian cancer cells [92]. A similar finding was re-
ported by Liu et al. [77] who showed that 1 mM melatonin could
downregulate the expression of CDK4 (related to the G1 phase) and
CDK1 (related to G2/M phase) in both protein and mRNA levels in a
time-dependent manner. Moreover, there were no significant dif-
ferences in the levels of CDK2 related to the G1/S transition and the
S phase in the hFOB osteosarcoma cell lines [77]. In a later study, the
authors reported that the prevention of ERK activation involved a
melatonin-induced delay in cell growth in the hFOB cell lines by
downregulating the expression of CDK4 and CDK1; this inhibitory
effect was potentially mediated via the ERK but not the p38, JNK, or
the Akt pathways [78]. Melatonin was also found to inhibit osteo-
sarcoma cell line MG-63 proliferation in a dose-dependent and
time-dependent manner via the downregulation of CDK4 and
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CDK1 [93]. The effects of melatonin on the cell cycle regulatory
proteins and the proliferative activity in the mouse model of
diethylnitrosamine (DEN)-induced hepatocellular carcinoma were
evaluated by Sanchez et al. [94]. They observed that in melatonin
plus DEN-treated animals, the expression levels of CDK4 and CDK6
were significantly lowered, but were increased by the highest dose
of melatonin used in this study (10 mg/kg). Melatonin was also
reported to inhibit the expression levels of CDK4/6 in hep-
atocarcinoma cell lines [82], CDK2 in neuroblastoma cells [84], and
CDK4 in non-small lung cancer cells [95].

4.3. Downregulation of cyclins

Cyclins, a family of approximately 30 proteins, are structurally
characterized by the presence of a cyclin box, which is a domain of
five a-helices with 100 amino acid residues [96]. The presence of
two cyclin boxes, one carboxy-terminal box for the proper folding
of the cyclin, and an aminoterminal box for binding to CDK, are
common features in many cyclins [96]. In addition, the sequence
similarity between cyclins is far less than CDKs. In opposition to
CDKs, in which their levels remain stable, cyclins are degraded or
synthesized during the cell cycle [97,98]. Cyclin D, including D1, D2,
and D3 subtypes are the first members of the cyclin family that
sense the mitogenic signals and hence activate CDK4 and CDK6 in
the G1 phase [99]. Similarly, the G1/S transition is achieved via the
activation of CDK2 by cyclin E1 and E2. During the S phase, cyclin A
is degraded and replaced by cyclin E proteins, which leads to the
transition from the S phase to mitosis and; finally at the end of the
G2 phase, CDK2 interacts with the cyclin B [99]. Melatonin is an
oncostatic agent in part due to the exertion of potent anticancer
effects through the negative regulation of certain intracellular ef-
fectors, such as cell cycle-related gene expression, especially
cyclins. Cyclin molecules are targeted by melatonin to inhibit the
proliferation of tumor cells. For example, Hong et al. [100]
demonstrated that melatonin was a potential chemotherapeutic
agent for the treatment of colon cancer, the effects of which were
mediated by marked attenuation of E� and A-type cyclins. They
showed that melatonin, at a concentration of 10 mM, reduced the
expression of cyclin A and cyclin E, but did not affect cyclin D or
cyclin B expression. In osteosarcoma, the melatonin's inhibitory
effect was reported to be related to the downregulation of cyclin D1
and cyclin B1 [93]. Melatonin showed a dramatic inhibition effect
on human osteosarcoma cell proliferation in a dose-dependent and
time-dependent manner; this inhibition involved the attenuation
of major cell cycle regulators, including cyclin D1 and cyclin B1
[77,93]. The same authors reported, the prevention of ERK activa-
tion by the PD98059 (a selective inhibitor of MEK that disrupts
downstream activation of ERK) involved a melatonin-induced
downregulation of the cyclin in the osteoblastic cell line. They
found that the combination of PD98059 and melatonin could
synergistically increase the action of either agent alone [78]. Cini
et al. [101] reported that the molecular basis for melatonin-induced
oncostatic effects was the transcriptional inhibition of the cyclin D1
expression. Due to the key role of the cyclin D1 protein in G1 to S
cell cycle transition, it mediates the steroid-dependent growth of
both normal and malignant mammary epithelial cells. The results
also showed that the suppression of cyclin D1 by estradiol could
represent a key molecular event for the cytostatic effect of mela-
tonin in breast cancer cell lines. They found that the melatonin
completely abolished the growth advantage exerted by estradiol,
while the transfection of the pcDNA3cycD1 plasmid, bearing the
human cyclin D1 open reading frame, in turn, completely abolished
the antiproliferative activity of melatonin. In this case, melatonin
returned the number of cells in the S phase as observed after the
addition of only estradiol. Hence, the reinduction of cyclin D1
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expression in estradiol-treated cancer cells was abundant to pre-
vent proliferative inhibition. The complex molecular events arising
between estradiol addition and the cell cycle stimulation of cancer
cells have been demonstrated by melatonin. The induction of the
cyclin D1 expression is key step at which melatonin acted to pre-
vent growth-promoting activity of estradiol. Downregulation of the
cyclin D1 was also reported to be a mechanism underlying the
antiproliferative activity of melatonin in B65 rat dopaminergic
neuroblastoma cells [84]. R€ogelsperger et al. [102] reported that not
only cyclin D1 but also MT1 and the estrogen sulfotransferase
SULT1E1 were targeted for the oncostatic action of melatonin in
human breast cancer. In prostate cancer, melatonin treatment is
associated with further decreases in tumor incidence and growth
rate in nude castrated mice. Melatonin and 2-iodomelatonin (a
melatonin receptor agonist) attenuated EGF-stimulated rises in
cancer cell proliferation and cyclin D1 levels [103]. The mechanism
of the antiproliferative effects of melatonin in prostate cancer
involved inhibition of the growth of prostate tumors with
remarkable decreases in the expression of PCNA, cyclin A, and PSA
in the tumors [104]. Employing melatonin as an interesting mole-
cule in controlling cancer development is increasing due to the
clinical observations which suggest that melatonin enhances the
chemotherapies' efficacies when used in adjuvant settings leading
to diminishing side effects [13]. For example, melatonin was re-
ported to enhance the anti-tumor effect of sorafenib in hep-
atocarcinoma [82], gemcitabine in pancreatic ductal
adenocarcinoma [105], all-trans retinoic acid and somatostatin in
breast cancer [106], doxorubicin in lung cancer [87], and gefitinib in
non-small-cell lung cancer cells [95] along with the down-
regulation of cyclin D1, A, and B.
4.4. Upregulation of CDK inhibitors

CDKs activities are regulated by their association with two
families of inhibitors including INK4 proteins (p16INK4A,
p15INK4B, p18INK4C, and p19INK4D), and the Cip and Kip families
(p21CIP1, p27KIP1, and p57KIP2). INK4 inhibitors are responsible
for the suppression of CDK4 and CDK6 by blocking their associa-
tions with D-type cyclins, whereas Cip and Kip inhibitors suppress
the kinase activity of CDK2 and CDK1. CKIs generally function as
tumor-suppressors via the restriction of the uncontrolled CDK ac-
tivity and through the creation of an additional burden on malig-
nant transformation. Melatonin induces the expression of these
tumor suppressors. Carbajo-Pescador et al. [107] showed that
melatonin induced inhibition on cell proliferation through an
alteration in the cell cycle, with an increase in the number of cells in
the G2/M phase, and a significant rise in the S phase cell. These
increases were achieved with a significant induction in the
expression of the p21 protein, which negatively regulated cell cycle
progression. In breast cancer, melatonin decreased cell prolifera-
tion through an augmentation in the p21wafl expression [108].
Hong et al. [100] suggested that melatonin is a promising chemo-
therapeutic agent for the treatment of colorectal cancer; the po-
tential effects of melatonin are mediated by the regulation of both
cell proliferation and cell death in cancer cells. Melatonin increased
the expression of p16 and p21 and thereby inhibited the cell cycle.
The inhibitory effects of melatonin on ovarian cancer cell lines were
also demonstrated to be mediated by a significant increase in the
expression levels of p27KIP1 [92]. The stimulatory effects of
melatonin treatment on the p27KIP1 expressionwere also reported
in hepatocarcinoma [82,109], breast cancer [110], prostate cancer
[111e113], fibroblast-like synoviocyte [114], hippocampal cells
[115], and ovarian follicles [116].
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4.5. Upregulation of p53

P53 is an important tumor suppressor gene with a substantial
function incell cycle regulationthrough the inductionofG0/G1arrest.
The p53 protein increases the expression of the p21, which inhibits
CDKs, and, therefore, leads to a suppression of the phosphorylation of
the retinoblastoma protein (Rb) and subsequent cell cycle arrest.
Many studies have investigated the effects ofmelatonin treatment on
the p53 expression and phosphorylation in cancer cells. Mediavilla
et al. [108], reported that the concentrationof p53protein in theMCF-
7 cells after their incubation in the presence of 1 nM melatonin
showedasignificant increase in theexpressionof thisnuclearprotein.
The expression of p21 protein in cells also increased with melatonin
treatment. Kim et al. [117] showed that melatonin elevated the ex-
pressions of p53, p21, and p27, and hence induced apoptosis in
prostate cancer cell lines. Treatment with specific inhibitors of JNK/
p38 MAPK demonstrated that the p53-dependent induction of JNK/
p38MAPKdirectly participates in apoptosis induced bymelatonin. In
the animal model of hepatoma and also in H22 cell lines, the anti-
tumor effects of melatoninweremediated by a rise in the expression
levels of p53 [118,119]. In cervical and endometrial cancer cells, Hong
et al. [120] showed that at a physiological concentration ofmelatonin
(1nM), cellproliferationwasdecreased,mediatedbyacell cyclearrest
through an increase in the p21 expression, which was mediated by
p53.Xuet al. [121] achieved similar results inwhichmelatonin led toa
reductionof tumorvolumeandweight ingastric cancer-bearingmice.
Furthermore, melatonin showed a reduction in the Bcl-2 expression
and an increase in the expression of Bax, p53, and p21 in the tumor
tissue. The results proved thatmelatonin activated p53 by promoting
its accumulation and phosphorylation at Ser15 [122]. This effect
resulted in the p53-dependent reduction of cell proliferation and the
ability to form colonies in breast cancer cell lines. Melatonin has also
the ability to prevent DNA damage accumulation in both normal and
transformedcellswhich requires the efficientphosphorylationof p53
at Ser-15 residue. By employing PD98059 and SB202190, two specific
inhibitors of p38 MAPK activity, p53 phosphorylation at Ser-15 was
abolished. As a consequence, the melatonin-induced prevention of
DNAdamagewas impaired. Santoro et al. have been emphasized that
the activation of the p53 tumor-suppressor pathwaymay be a critical
mediator in the anticancer activity of melatonin [122,123]. Addi-
tionally, p53 acetylation is essential for the stabilization and the
activation for driving cells to apoptosis/growth inhibition. P53 acet-
ylation is mediated by the overexpression of p300, leading to cell
growth arrest by increasing p21 expression. Proietti et al. [124]
demonstrated that melatonin drastically downregulated MDM2,
which acts as an E3 ubiquitin ligase, promoting the proteasome-
dependent p53 degradation, and the inhibited MDM2 shuttling into
the nucleus.Melatonin not only induced increases in both theMDMX
and p300 levels but also showed simultaneously decreasing Sirt1, a
specific inhibitor of p300 activity. As a result, melatonin-treated cells
demonstrate significantly higher values of both p53 and acetylated
p53. Therefore, melatonin enhanced p53 acetylation by modulating
theMDM2/MDMX/p300pathway.Moreover, the effects ofmelatonin
on thep53phosphorylationand activationwere receptor-dependent.
Santoro et al. [125] showed that melatonin triggered p53 phosphor-
ylation through the activation of MT1 and MT2 (as melatonin re-
ceptors). Therefore, both chemical inhibition by specific inhibitors
such as luzindole and selective gene silencing of the receptors
impaired the functionofmelatonin in triggeringp38phosphorylation
and accumulation, consequently, they cause an inhibition of p53
phosphorylation. This was accompanied by a decrease in perfor-
mance of melatonin in preventing DNA damage and reducing cell
proliferation (see Figs. 1 and 2).
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5. Melatonin and modulation of apoptosis

In addition to the anti-apoptotic role of melatonin in normal
cells, its pro-apoptotic effects in many tumor cells have been
extensively studied. Since the amplification of natural and
pharmacologically-induced-apoptotic processes are a significant
therapeutic feature in cancer treatment, it is not surprising that
combination therapy, which integrates conventional therapies with
natural molecules to increase their antineoplastic efficacy, has
attracted increasing attention. Owing to its pleiotropic functions at
physiological and molecular levels, melatonin occupies a promi-
nent position among these compounds. An increasing body of data
has demonstrated the significant anticancer effects of melatonin
through the induction of major apoptosis pathways in various
Table 2
The functions of melatonin in potentiating the cytotoxic efficacy of various chemotherap

Cancer type Concentrations Chemotherapeutic
drug

Target genes

Lung
adenocarcinoma

1e5 mM Cisplatin Caspases-3/7

Ewing sarcoma
cancer

50 mMe1 mM Vincristine
ifosfamide

Caspase-3, -8, -9, Bid

Ovarian cancer 0e2 mM Cisplatin P90RSK, HSP27, pERK
Caspase-3, PARP

Hepatoma 10�8-10�5 M Doxorubicin Bax Caspase-3 Bcl-2

Rat pancreatic
tumor

1 mM 5-FU, cisplatin,
doxorubicin

N/A

Prostate cancer 1 mM Doxorubicin,
docetaxel,
etoposide

Bcl-2, TRAF-2, hrTNF-alpha,
TNF

Hepatocellular
carcinoma

10�3 M Doxorubicin P-AKT, Survivin, CHOP

Glioma 1 mM TRAIL Bcl-2, survivin, Akt

Cervical cancer 1 mM 5-FU, cisplatin,
doxorubicin

Caspase-3

Non-Small-Cell
Lung Cancer

0e10 mM Gefitinib Caspase-3, Bcl-2, Bcl-xL and
survivin, p-EGFR, pAKT

Hepatocellular
carcinoma

0-10�3 mM Tunicamycin CHOP Bcl-2/Bax, COX-2

Breast cancer 1 mM Tunicamycin COX-2, p65, p38 Bim

Leukemia 0.01e10 mM Puromycin Bcl-2, bcl-xL, caspase-3,
PARP, p-AMPK

Pancreatic ductal
adenocarcinoma

3 mM Gemcitabine Cyclin D1, MMP-2, MMP-9,
CXCR-4, Bcl-xL, VEGF-C, IkB-
a

Hepatocellular
carcinoma

1 mM Sorafenib Mitofusin-2, PARP and BAX

Colon cancer 1 mM 5-FU Cyclin D1, cyclin E2, CDK2
and CD, K4 PARP, caspase-7,
caspase-9

Hepatocellular
carcinoma

1 mM Cisplatin Bcl-2, p-IKKa/b, NF-kB p50/
p65, COX-2, PARP, caspase-9

Lung Cancer,
Laryngeal
Cancer

0.1 mM or
1.0 mM

Doxorubicin N/A

Breast Cancer 0.3 mM Doxorubicin TRPV1, caspases-3, -9, PARP

colon cancer 1.0 mM Flavone Bcl-XL

Natural products
promyelocytic

leukemia
1.0 mM Hydrogen

peroxide
Caspases-3, -8, -9

Breast Cancer 1 nM Vitamin D3 TGFb-1, Smad4, Akt, MDM2

Breast cancer 2 mM Arsenic trioxide Redd1, JNK, and p38, PARP,
Survivin, Bax, and Bcl-2.
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tumor cells (Table 3). For example, in leukemia HL-60 cell lines, it
was reported that melatonin promoted apoptotic events, such as
the depolarization of the mitochondrial membrane, the activation
of caspases, and the induction of the permeability transition pore
[126]. Concerning the stimulatory role of melatonin in the
apoptosis of HL-60 cells, it was found that the melatonin treatment
of cancer cells resulted in a significant rise in the expression levels
of caspase-3 and -9 as major mediators of apoptotic cell death
[126,127]. Melatonin's role in the stimulation of apoptosis is not
limited to the activation of caspases. Other studies showed that
melatonin induces the activation of several members of the Bcl-2
family, such as Bid and Bax in HL-60 cells and this subsequently
results in the release of cytochrome c from mitochondria
[126,128,129]. Melatonin as a tumor suppressor stimulates
eutic agents and natural products.

Major finding Ref.

Combination therapy enhanced the apoptotic cell populations through
lifting up mitochondrial membrane depolarization, caspases-3/7 activation,
and cell cycle arrest induction

[178]

Melatonin exerts a synergistic antitumor effect with chemotherapeutic
drugs on Ewing sarcoma cancer cells through potentiation of the extrinsic
apoptotic pathway

[179]

Melatonin augments cisplatin-induced apoptosis through the inactivation of
ERK/p90RSK/HSP27 cascade

[180]

When combined with Doxorubicin, melatonin substantially increased the
effects of cell growth inhibition and cell apoptosis

[181]

Melatonin enhances chemotherapy-induced cytotoxicity and apoptosis [182]

Melatonin increased the sensitivity of prostate cancer cells to apoptosis [183]

Melatonin reduces ER stress-induced resistance to doxorubicin in human
hepatocellular carcinoma cells via down-regulating the PI3K/AKT pathway

[184]

Melatonin overcome glioma cell resistance to TRAIL through a PKC/Akt
depending on the mechanism

[185]

Melatonin makes sensitive human cervical cancer HeLa cells to cisplatin-
induced cytotoxicity and apoptosis

[186]

Melatonin acts as a potent chemotherapeutic agent by sensitizing to gefitinib
TKI-resistant H1975 cells

[95]

Melatonin makes sensitive human hepatoma cells to ER stress-induced
apoptosis through down-regulating COX-2 expression, increasing the levels
of CHOP, and decreasing the Bcl-2/Bax ratio

[187]

Melatonin augments antitumor effect via up-regulation of Bim expression
and down-regulation of COX-2 expression

[188]

Melatonin potentiates puromycin-induced apoptosis with caspase-3 and
AMPK activation

[189]

Melatonin overcomes gemcitabine resistance by abrogating nuclear factor-
jB activation

[105]

Melatonin increases the sensitivity of human hepatocellular carcinoma cells
to sorafenib through induction of apoptosis

[190]

Melatonin synergizes the chemotherapeutic effect of 5-fluorouracil in colon
cancer through suppressing PI3K/AKT and NF kB/iNOS signaling pathways

[191]

Melatonin makes sensitive the cisplatin-mediated growth suppression of
cells by inactivating of NF-kB/COX-2 and AP-2b/hTERT signaling

[82]

Melatonin intensified cytotoxicity of Doxorubicin, significantly decreasing
cell numbers and promoting apoptosis

[192]

Melatonin sensitizes the effects of doxorubicin by activation of TRPV1 and
apoptosis

[193]

Melatonin potentiates flavone-induced apoptosis in human colon cancer
cells via increasing the level of glycolytic end products

[194]

Melatonin enhances hydrogen peroxide-induced apoptosis through
enhancing mitochondrial disruption

[195]

Melatonin and vitamin D3 synergistically down-regulate Akt and MDM2
leading to TGFb-1-dependent apoptosis

[196]

Melatonin enhances -induced cell death through sustained upregulation of
expression in cells

[197]
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apoptosis in other ways as well. For example, in RAMOS-1
lymphoblastic cells, melatonin reduced the mitochondrial trans-
membrane potential which triggered the mitochondrial transition
pore and led to the release of cytochrome c, promoting the
apoptotic cascade, and reducing the induction of the proto-
oncogene Bcl-2 [127]. In addition, in an in vitro study using MDA-
MB-361 breast cancer cells; it was found that in addition to the
release of cytochrome c and stimulation of caspase-3 and -9,
melatonin enhanced the expression of the Apaf-1 protein. Apaf-1 is
a signaling protein that has an important function in the activation
of caspase-9 in the presence of cytochrome c, subsequently leading
to the induction of apoptosis [130,131]. Despite extensive studies on
the role of melatonin in the induction of apoptosis, the signaling
pathway through which melatonin induces apoptosis, has not been
extensively studied. In prostate cancer cells (LNCaP), it was
demonstrated that melatonin caused the activation of two major
mammalian mitogen-activated protein kinases (MAPK), including
p38, and extracellular signal-regulated kinase (ERK), thereby trig-
gering apoptosis in cancer cells. Activation of p38 and the ERK
pathway increase apoptotic proteins including Bax and Bad, and
subsequently cytochrome c and caspase-9, while decreasing the
anti-apoptotic proteins Bcl-2 [132,133]. Three members of the
MAPK family, including JNK 1, -2, and -3, were up-regulated by
melatonin treatment in hepatocarcinoma HepG2 cells. It has been
well known that the activation of the JNK signaling pathway is a
regular mediator of cell death and induces apoptosis in the hepatic
cell. This upregulated the expression of the pro-apoptotic Bcl-2
family, such as Bax, subsequently leads to the releasing of cyto-
chrome c and the activation of caspase-8 and -9 [83,134]. After the
Table 3
The effects on melatonin in apoptosis induction in various cancers.

Cancer type Melatonin
Concentration.

Target genes Major finding

Hepatoma Survivin, XIAP, COX-2 and AKT Melatonin overco
AKT-dependent

Colorectal cancer 0.1e2 mM CaMKII, histone H3, bcl-2, bax,
caspase-3,

Melatonin can ind
inactivation

Gastric cancer 4 mM P38, JNK, ERK, caspase-3, Bax
bcl-2, p65

Melatonin induce
inhibiting the nuc
and JNK

Ovarian cancer 200 mg/100 g P53, BAX, caspase-3, Bcl-2,
survivin

Melatonin induce
proteins

Hepatoblastoma 50e2000 mM Bim, FoxO3a Melatonin can ind
translocation and

Breast cancer 1 mM P53, p73, MDM2, caspases-9,
-7, -6, PARP, Bcl-2, Bax, AIF

Two separate apo
independent resp
caspase-7

Lung
adenocarcinoma

0.5e10 mM HDAC1, histone H3, PUMA,
Bax, PCNA, Bcl2

HDAC1 inhibition
oxidative stress a

Neuroblastoma
cancer

1 mM Caspase-3 Melatonin induce
activation

Prostate cancer 0e3 mM Caspase-3, Bax, cytochrome c,
Bcl-2, p38, JNK

Melatonin induce

Pancreatic
carcinoma

10�8 -10�12 M Bcl-2/Bax, caspase-9 Melatonin can ind

Cholangiocarcinoma 0.5e2 mM Caspase-3, -7 Melatonin can ind
oxygen species-m

Lung
adenocarcinoma

1 pM to
10 mM

Caspase-3, -7 High melatonin co
of lipids, nucleic a

Leukemia 0.5e1 mM Caspase-3, -9, Bax/Bcl-2 Melatonin can red
regulation of Bax/

Lymphoma 0.5e2 mM Caspase 3, PARP, BCL2, MCL1 Melatonin can inh
Lymphoma 2 mM Bcl-2, caspase-3 Melatonin provok
Breast cancer 1 mM COX-2, p300, Akt, Apaf-1, Melatonin inhibit

p300, Akt, and Ap
Gastric cancer 0.02 M Caspase-3 Melatonin can inh

promotes apoptos

MDM2, murine double minute 2; PARP, poly ADP ribose polymerase; AIF, apoptotic induc
cox-2, cyclooxygenase-2; JNK, c-Jun N-terminal kinases; HDAC1, Histone Deacetylase 1.
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exposure of HepG2 cells to melatonin, melatonin induces apoptosis
through an increase in the expression of the pro-apoptotic protein
Bim, mediated by the activation and the nuclear translocation of
the FoxO3a transcription factor. Melatonin stabilizes the phos-
phorylation of FoxO3a in serine/threonine sites and subsequently
modulates nuclear localization. Therefore, FoxO3a exerts tumor
suppressor functions through the enhanced transcription of pro-
apoptotic genes such as the Bim and the Fas ligand [135]. Mela-
tonin also overcomes apoptosis resistance in HepG2 cells by tar-
geting Survivin and XIAP through the COX-2/PI3K/AKT signaling
pathway. It is proven that the inhibitor of apoptosis protein (IAPs)
families, such as c-IAP-1, c-IAP-2, Survivin, and XIAP perform crit-
ical functions in the development of apoptosis resistance. The
overexpression of the IAPs family is related to the COX-2 expres-
sion; COX-2 is chronically overexpressed in many cancers and has
been shown to upregulate PI3K/AKT signaling. It is well known that
the activation of PI3K/AKT plays a critical role in resistance to
apoptosis by increasing the cellular levels of Survivin and XIAP
[136e138]. Melatonin was reported to overcome apoptosis resis-
tance by lowering the expression of COX-2 [139]. In addition, during
the definition of the signaling pathways involved in the stimulatory
effects of melatonin on apoptosis, it was shown that melatonin
decreased cell viability and increased apoptosis in SGC7901 gastric
cancer cells. This finding suggested that melatonin inhibited the
translocation of NF-kB to the nucleus [140]. In a study that was
performed on the colorectal cancer cell line (LoVo cells), it became
apparent that melatonin played an important role in controlling
apoptosis via the epigenetic alternation in cancer cells. Histone
deacetylases (HDACs) have an important role to play in epigenetic
Ref.

mes apoptosis resistance by targeting Survivin, XIAP, and is COX-2/PI3K/ [139]

uce apoptosis of cells through HDAC4 nuclear import mediated via CaMKII [141]

d apoptosis via activating the caspase-dependent apoptotic pathway and
lear translocation of NF-kB p65, these processes are regulated through p38

[198]

d apoptosis by modulating the expression levels of pro- and anti-apoptotic [199]

uce apoptosis by upregulating of Bim that mediated through nuclear
activation of the FoxO3a

[135]

ptotic processes are triggered by melatonin: an early, TGFb1 and caspase-
onse, and a late apoptotic TGFb1-dependent process in which activated-

[200]

by melatonin leads to suppression cancer cells through induction of
nd activation of apoptotic pathways

[201]

d apoptosis through the classical pathway, which involves caspase-3 [202]

s apoptotic death via p38 and JNK pathways [132]

uce pro-apoptotic pathways via interaction with the Mel-1 A/B receptors [203]

uce apoptosis in cholangiocarcinoma cell lines via activating the reactive
ediated mitochondrial pathway

[204]

ncentration exerted anti-cancer effects via changing biomolecular structure
cids and proteins, supporting its enhancement of apoptotic induction.

[205]

uce the viability of cancer cells by induction of apoptosis primarily via
Bcl-2 expression.

[129]

ibit cell proliferation and can induce caspase activation and apoptosis [206]
es cell death by mitochondrial-dependent apoptotic pathway activation [127]
s the proliferation and induction of apoptosis through modulation of COX-2,
af-1 signaling

[130]

ibit cell proliferation, colony formation and migration efficiency, and it
is

[207]

ing factor; MCL1, myeloid leukemia 1 XIAP, X-linked inhibitor of apoptosis protein;
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modulation by the deacetylation of histone or non-histone sub-
strates [138]. Melatonin indirectly induced the dephosphorylation
and the nuclear translocation of HDAC4. This indirect effect medi-
ated the Ca2þ/calmodulin-dependent protein kinase II alpha
(CaMKIIa). Hence, melatonin inhibited HDAC4 phosphorylation by
CaMKIIa, reduced the phosphorylation of HDACs, leading to nuclear
translocation of the enzyme, and removing the acetyl group from
the histone comprising the nucleosome. This deacetylation plays an
important role in the transcriptional repression of anti-apoptotic
proteins such as Bcl-2 [141]. Melatonin is functionally important
in the induction of apoptosis but this effect can be significantly
Fig. 1. The schematic view of the cell cycle regulation via melatonin. Melatonin ca
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amplified when melatonin is combined with other substances.
Kahweol (coffee-specific furan diterpene) in combination with
melatonin induces apoptosis via another means. Kahweol exhibits
wide anti-carcinogenic, anti-inflammatory, and antitumor proper-
ties. The co-treatment of Caki cells with melatonin and Kahweol
lead to the endoplasmic reticulum (ER) mediated induction of
apoptosis and increases in the C/EBP homologous protein (CHOP)
expression which acts in the upstream of PUMA and stimulates the
induction of this protein. Thus, melatonin synergistically enhanced
Kahweol-mediated apoptosis by PUMA upregulation; however, the
single treatment of Caki cells with melatonin or Kahweol did not
n inhibit many of the factors that contribute to the progress of the cell cycle.
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induce ER stress [102,142]. Finally, the combination of melatonin
and 5-fluorouracil (5-FU), a chemotherapeutic agent that inhibits
thymidylate synthase, dramatically enhanced caspase activation by
5-FU [143]. These findings provide new insights for the treatment
of cancer based on a combination of substances or drugs (Table 2)..
6. Melatonin and autophagy

Autophagy or cellular self-digestion is a cellular process that
plays an important function in protein and organelle degradation. It
is necessary for the protection of cellular hemostasis and the co-
ordination of cellular responses to stress. There are three kinds of
autophagy including macroautophagy, microautophagy, and
chaperone-mediated autophagy. Among these, macroautophagy is
thought to be the dominant type of autophagy. Limitations in nu-
trients, such as amino acids, growth factors, oxygen, and energy, are
involved in autophagy induction. Autophagic defects have been
implicated in various diseases including neurodegeneration, aging,
infection, and cancer [144]. The role of autophagy in cancer is
complex; it contributes to tumor suppression during cancer
development through the promotion of cell death but also appears
to be oncogenic because of cell death prevention [145,146]. Mela-
tonin has an important function in themodulation of autophagy via
the targeting of multiple proteins involved in autophagy; however,
its exact function in the regulation of autophagy is poorly under-
stood. Any alteration in this degradative system leads to the
intracellular accumulation of misfolded proteins or damaged or-
ganelles, thereby leading to pathological malignancy and diseases.
Multiple proteins are involved in the development and the pro-
gression of autophagy. Melatonin treatment of various cell lines
affects these proteins and accordingly leads to autophagy. The
mammalian target of the rapamycin complex 1 (mTORC1) is an
important potential inhibitor of autophagy in all eukaryotes
Fig. 2. The schematic represents shows that melatonin can inhibit telomerase activity throu
endogenous and exogenous estrogens.
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[147e149]. mTORC1 inhibits the autophagy-initiating ULK complex
by phosphorylating complex components, including autophagy-
related gene 13 (ATG13); ULK1/2, the ULK1 complex (including
ULK1, Atg13, FIP200, Atg101) is also activated and translocated to a
specific domain of the endoplasmic reticulum that initiates auto-
phagosome formation [150]. The inhibition of phosphorylation by
mTOR can induce autophagy. Melatonin inhibits phosphorylation
of the ULK1/2 complex protein through the mTOR signaling
pathway [151,152]. Microtubule-associated protein 1 light chain 3
(LC3) is also a crucial mediator and effector of autophagy and is
required for autophagosome formation. The treatment of corneal
fibroblast cells with melatonin increased the LC3 II and the LC3
punta formation. Using this mechanism, melatonin could subse-
quently induce autophagy [151,153]. Beclin-1 is a mammalian
ortholog of the yeast autophagy-related gene 6 (Atg6). This factor
has a central role in the induction of autophagy. Beclin-1 has a vital
role in phagosome maturation. This process occurs after binding
Beclin-1 with hVps34/class III phosphatidylinositol-3-kinase
[154,155]. The administration of melatonin increased the expres-
sion of Beclin-1 and subsequently induced autophagy [156,157].
More recently, a study revealed that melatonin synergized with
doxorubicin causes apoptosis of breast cancer cells by reducing the
expression of AMP-activated protein kinase a1 (AMPK a1), which
performs as a necessary survival factor for cancer cells. This
cotreatment-induced decrease in AMPKa1 expression appeared at
the transcriptional level via an autophagy-dependent mechanism
[158,159]. Via these pathways, they are likely major strategies by
which melatonin induces autophagy.
7. Melatonin and mitochondrial

Mitochondria are organelles with multifunctional ability
implicated in basically all cellular activity such as apoptosis,
gh down-regulating hTERT (catalytic subunit of telomerase), this action is facilitated by



Fig. 3. The schematic diagram shows the role of melatonin in the modulation of apoptosis, melatonin exerts pro-apoptotic action in several cell lines by affecting multiple signaling
pathways and proteins.
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autophagy, energy production and glucose metabolism [160]. The
current finding of melatonin in mitochondria of normal cells and its
synthesis in these organelles contribute to restraining ROS defeat as
melatonin instantly scavenges ROS and also promotes antioxidant
enzyme expression [161]. Several studies have demonstrated the
capacity of melatonin to decline damage to key mitochondrial
components including the mitochondrial genome and proteins of
the electron transport chain, which usually occurs under situations
54
of high oxidative stress. By upregulation of SIRT3 as the major
mitochondrial deacetylase, melatonin's promote mitochondrial
superoxide dismutase 2 (SOD2) and its deacetylation signaled
[162].

Melatonin provokes glutathione, a different antioxidant that
diminishes electron leakage from the mitochondrial electron chain.
In combination with sorafenib, melatonin synergistically impeded
the growth of PDAC cells and affected mitochondrial-mediated
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apoptosis through inhibition of the platelet-derived growth factor-
b (PDGFR-b)/STAT3 pathway and MT-mediated STAT-3 [163].

The anti-apoptotic impact of melatonin interrupted with PI3K/
AKT via an intrinsic mitochondrial pathway in a caspase-dependent
way. In line with previous studies, Yang et al. demonstrated that
melatonin treatment reduced cytochrome c release from mito-
chondria and diminished caspase-3 and caspase-9 activation.
Further, melatonin reduces caspase-3 and caspase-9 activities,
which are assembled through the inhibition of both Bax and mPTP
activation. Likewise, melatonin treatment has been described to
repress the activation of caspase-3, which impacts the cell cycle G2/
M phase arrest [164]. Moreover, melatonin can be taken up from
the systemic circulation by mitochondria even can be synthesized
by these organelles.
8. Conclusions

Melatonin has oncostatic activity due to a variety of biological
processes including antiproliferative actions, the stimulation of
anti-cancer immunity, the modulation of the cell cycle, apoptosis,
the modulation of oncogene expression, and antiangiogenic effects.
Melatonin's inhibitory effects have been assessed in many cell
culture lines and experimental animal models [165]. Relative to
breast cancer, studies performed using in the MCF-7 cells have
shown that the use of melatonin in combination with estradiol
inhibits cell proliferation [165]. The stimulation of apoptosis may be
an important strategy for anticancer therapy. Melatonin, alongwith
retinoic acid, inhibits cell growth and decreases the number of cells
via apoptosis activation in MCF-7 hormone-dependent breast
cancer cells [166]. Melatonin, in combination with somatostatin,
not only exerts antiproliferative effects but also enhances apoptosis
of murine colon-38 cancer cells [167]. Many reports have shown
that melatonin modulates the efficacy of chemotherapeutic agents.
The results revealed that melatonin can elevate the antitumor ac-
tivity of tamoxifen in several types of metastatic cancers (hepato-
cellular carcinoma, cervix carcinoma, uterine cancer, pancreatic
cancer, breast cancer, ovarian cancer, and non-small cell lung can-
cer) [168e170]. It was known that the administration of melatonin,
in combinationwith tamoxifen, may affect the clinical regression of
cancer in women with metastatic breast cancer [46]. The clinical
studies of patients with non-small cell lung carcinoma have re-
ported that the use of melatonin along with cisplatin and etoposide
elevates the survival rate by about five years [171]. The evidence is
strong that melatonin can be used as an adjuvant in cancer therapy.
Melatonin is beneficial in cancer therapy, while melatonin may not
adequate as a sole cancer therapy; it seems likely that it would be
highly effective as an adjunctive in cancer treatment.
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