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A B S T R A C T

Our knowledge regarding the implications of melatonin in the therapy of numerous medical conditions, in-
cluding cancer is constantly expanding. Melatonin can variably affect cancer pathology via targeting several key
aspects of any neoplastic condition, including the very onset of carcinogenesis as well as tumor growth, dif-
ferentiation, and dissemination. Numerous studies have examined the effects of melatonin in the context of
various cancers reporting the enhanced efficacy of chemo/radiotherapy in combination with this compound.
Reduced sensitivity and also resistance of cancer cells to antineoplastic agents are common events which might
arise as a result of genomic instability of the malignant cells. Genetic mutations provide numerous mechanisms
for these cells to resist cytotoxic therapies. Melatonin, due to its pleitropic effects, is able to correct these al-
terations in favour of sensitization to antineoplastic agents as evident by increased response to treatment via
modulating the expression and phosphorylation status of drug targets, the reduced clearance of drugs by af-
fecting their metabolism and transport within the body, decreased survival of malignant cells via altering DNA
repair and telomerase activity, and enhanced responsiveness to cell death-associated mechanisms such as
apoptosis and autophagy. These effects are presumably governed by melatonin's interventions in the main signal
transduction pathways such as Akt and MAPK, independent of its antioxidant properties. Possessing such a
signaling altering nature, melatonin can considerably affect the drug-resistance mechanisms employed by the
malignant cells in breast, lung, hepatic, and colon cancers as well as different types of leukemia which are the
subject of the current review.

1. Introduction

The human body encloses trillions of DNA carrying cells. The DNA
instructs the cells to divide and differentiate. Under physiologic con-
ditions, division and differentiation are organized and well-regulated
processes; however, should unsolicited mutations strike the vital re-
gions of the DNA encoding regulatory genes, the instructions of har-
nessed proliferation and differentiation become derailed, leading to an
aberrant proliferation of cells, which ultimately gives rise to the de-
velopment of cancer. In some cases, early detection enables surgical
removal of tumors. However, other therapeutic measures such as
radiotherapy, chemotherapy as well as novel targeted therapies are
generally reserved for disseminating aggressive and metastatic cancers,

generally considered as the cornerstones of cancer therapy. Since the
adoption of these therapeutic measures, they have evolved into curative
options for some cancers. Unfortunately, however, two obstacles have
impeded the achievement of a successful treatment, granting complete
remission: (i) adverse toxicities in the healthy cells and tissues (off-
target hits) and (ii) development of resistance to chemo/radiotherapy.

In general, the resistance of cancer cells can be categorized into
intrinsic resistance and acquired resistance. Almost half of all cancer
cases are resistant to chemotherapy per se, while the majority of the
remaining acquires resistance at some point along the treatment course
[1]. Genomic instability is a well-recognized trait of all cancer cells.
This instability is typically consequent to damages to the DNA repair
system, impaired checkpoints of DNA damage such as the p53 tumor
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suppressor gene, deflected cell cycle checkpoints, and increased loss of
telomeres [2]. Keeping in mind that an individual tumor can approxi-
mately host 109–1012 cells with possibly 105 mutants, cultivation of a
highly heterogeneous population within one tumor is expected to occur.

Variations in the patterns of mutations and epigenetic modifications
in oncogenes, tumor suppressor genes and genes related to the devel-
opment of drug resistance result in the expression of different resistance
components and the down-regulation of elements conferring sensitivity
to external insults [3]. With the presence of multiple clones within a
tumor, cytotoxic therapies such as chemo/radiotherapy fabricate an
evolutionary process of selection, favoring the survival of the fittest
resistant clones and their rapid expansion [4]. To impede the propa-
gation of resistant clones, a successful treatment must be capable of
abating the resistance mechanisms as well as sensitizing the non-re-
sistant cancer cells to cytotoxic therapy. Overcoming such a resistance
can be achieved through the designing of novel multifunctional agents
or by the co-administration of compounds with sensitizing functions.
Undoubtedly, it is advantageous to select a compound with additional
benefits such as (i) selective cytotoxicity on cancer cells, sparing the
healthy cells and tissues, (ii) protection of healthy cells against chemo/
radiotherapy toxicity, (iii) improving the patient's overall condition,
and (iv) increasing the patient's quality of life and extending post-
treatment survival. The extracted data from articles were included and
summarized in Table 1.

2. Melatonin

In the late 1950s, Lerner et al. isolated N-acetyl-5-methoxy-
tryptamine from the bovine pineal tissue. As N-acetyl-5-methoxy-
tryptamine could trigger mela-nin aggregation within the skin mela-
nocytes, and resembled the structure of sero-tonin, the compound was
labeled as “melatonin” [5]. Melatonin holds evolutionary ties to the
most primitive living forms, the cyanobacteria, where it presumably
acted as an essential radical scavenger, thus assisting in the survival of
the organism by quenching the immense free radical content of the
cyanobacteria [6]. As these bacteria, entered eukaryotic cells during
endosymbiosis, their melatonin also participated in the functions of the
eukaryotic cell host. During the course of time, melatonin's functions
have indeed advanced, and at present, encompass complex signaling
pathways and biological and hormonal functions [7].

3. Biosynthesis of melatonin

The pineal gland is an important site of melatonin production in
vertebrates including humans. When a light signal is received by the
retinal cells, it passes through the suprachiasmatic nucleus and then
reaches the pineal gland where melatonin synthesis by the par-
enchymatous cells of the pineal gland is initiated with the conversion of
tryptophan to 5-hydroxytryptophan and then to 5-hydroxytryptamine
or serotonin, which undergoes acetylation by the enzyme aralkyl
amine-N-acetyltransferase (AANAT) yielding N-acetylserotonin.
Finally, N-acetylserotonin is methylated by the rate-limiting enzyme
Acetylserotonin-O-methyltransferase (ASMT/HIOMT) [8], forming the
final structure of melatonin. Melatonin is then released mainly into the
cerebrospinal fluid to lower extents in the bloodstream [9]. The
synthesis and release of pineal melatonin follow a circadian rhythm,
controlled by the circadian pacemakers located in the suprachiasmatic
nucleus (SCN) of the hypothalamus. Likewise, the retina is an extra-
pineal source of melatonin with circadian rhythmicity regulated by the
retinal circadian clock [10]. There are other extra-pineal sources of
melatonin including the immune cells, gastrointestinal (GI) tract, re-
productive tract, skin and the lens [11]. Unlike the pineal melatonin
which is released into the systemic circulation, the functions of extra-
pineal melatonin are primarily localized [12]. An exceptional example
is the GI melatonin. The GI tract is the leading organ possessing the
highest rate of melatonin production and storage as it holds up to 400

times more melatonin than the pineal gland [13]. Under certain cir-
cumstances, this major extra-pineal source releases melatonin into the
systemic circulation and also contributes to the daytime melatonin le-
vels in both healthy and pinealectomized subjects [14].

4. Metabolism of melatonin

In humans, the primary site of melatonin metabolism is within the
liver, where different isoenzymes of the cytochrome P450 (CYP450)
mono‑oxygenases such as CYP1A2, CYP1A1, and to a lesser extent
CYP1B1, hydroxylate melatonin in the C6 position to form 6-OH-mel-
atonin [12], the main metabolite of melatonin [15]. Subsequently, 6-
OH-melatonin is conjugated mainly with sulfate and to some extent
with glucuronide residues, and is then excreted in the urine [16]. Other
less participating cytochromes such as CYP2C19 [15] demethylate
melatonin into N-acetylserotonin [17]. In addition to the hepatic me-
tabolism, non-enzymatic metabolism also occurs in all cells and also
outside the cells via oxidation. Hydroxyl radical scavengers transform
melatonin into cyclic-3-hydroxy melatonin (c3-OH-melatonin) [18]. In
various tissues, especially the brain, metabolites such as N-acetyl-N-
formyl-methoxy-kynuramine (AFMK) and a succeeding N-acetyl-5-
methoxy-kynuramine can be generated by several reactions [19]. Ad-
ditional metabolizing pathways include deacetylation by enzymes such
as melatonin deacetylases or aryl acylamidases, generating 5-methox-
ytryptamine [12].

5. Receptors of melatonin

The means by which melatonin exerts its pleiotropic effects are di-
verse and comprise numerous signaling pathways and biochemical re-
actions. Melatonin engages both receptor-mediated and direct mole-
cular interactions with targets ranging from free radicals to proteins
and lipids involved in the modulation of cellular functions. Melatonin
receptors consist of trans-membrane and nuclear binding proteins.
Membrane receptors of melatonin, MT1, and MT2, belong to G-protein
coupled receptors (GPCR) superfamily carrying seven transmembrane
α-helix domains [20]. The activation of MT receptors typically leads to
Gi-mediated reduction of cAMP and the subsequent decrease in PKA/
CREB signaling. MT1 receptors via activating Gq11increase the cyto-
plasmic calcium content. MT2 receptors can inhibit the formation of
cGMP, while both MT receptors can stimulate the activity of protein
kinase C (PKC) by stimulating PLC-β which in turn involves MAPK/
MEK/ERK and also PI3K/Akt signaling [16]. MT1/2 receptors may play
roles in some of the antitumor actions of melatonin, as they have been
demonstrated to inhibit the uptake of linoleic acid, an essential pro-
moter of tumor growth and progression in hepatoma cells [21]. Cyto-
plasmic binding partners of melatonin include proteins such as the
enzyme quinone oxidoreductase 2, formerly acknowledged as the MT3

receptor [22], as well as calmodulin (CaM), tubulin, and calreticulin
[7]. Nuclear receptors of melatonin belong to the retinoic acid-related
orphan receptors (ROR) family including RORα1, RORα2 and RZRβ
subtypes [23]. Nuclear receptors of melatonin are also involved in gene
regulation. For instance, RORα binding can upregulate the expression
of HIF-1α, an important regulatory protein in hypoxia and oxidative
stress [24]. A crucial property of melatonin regarding its behavior to-
wards malignant cells is its selective cytotoxicity against cancerous
cells; for instance, under “normal conditions” melatonin activates pro-
liferative ERK1/2 and Akt signaling in healthy cells. However, on the
contrary cancer cells treated with melatonin suffer from the loss of
ERK1/2 or Akt which impede their progression and potentially breaks
their resistance to cytotoxic therapies. An interesting finding of a study
regarding the effects of melatonin co-treatment with doxorubicin on
resistant cancer cells [25], which indicates the conditional nature of
melatonin's actions and its selective cytotoxicity towards cancerous
cells, was that the suppression of ERK1/2 and AKT by melatonin, as
seen in MCF-7 tumor cells, was not observed in cardiomyocytes of the
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same animals, and this effect along with further upregulation of SOD2
expression could protect cardiomyocytes from doxorubicin-induced
toxicity [26]. A preliminary explanation for this phenomenon would be
the G-protein switching. A process during which MT1/2, instead of their
typical coupling with Gi (when activated in cancerous cells), preferably
couple to Gs and finally creates opposing effects in healthy and can-
cerous cells. This phenomenon has already been documented for a few
GPCRs notably Calcium-sensing receptor (CaR) which is also a GPCR
normally coupled to Gi. The result of CaR activation in normal cells
(mammary epithelial cells) is the inhibition of the secretion of a specific
protein (SP). On the contrary, when CaR is activated on immortalized
or cancerous cells, the secretion of SP is stimulated. Follow-up experi-
ments revealed that CaR couples with Gi in normal cells, while it
couples with Gs in cancerous cells [27]. This hypothesis and the pos-
sibility that MT receptors couple with other G proteins should be fur-
ther evaluated as it is crucial for proceeding our understanding of the
paradoxical effects of melatonin in healthy vs. cancer cells.

6. Antioxidant capacities of melatonin

Melatonin, along with its primary metabolites, AFMK and AMK,
possess strong antioxidant capabilities. The mechanisms of antioxidant
actions of melatonin are diverse and include direct scavenging of free
radicals such as ROS and RNS, upregulation of cellular antioxidant
defence and the inhibition of pro-oxidant enzymes, reduction of free
radical formation by protecting the mitochondria, chelation of Fe2+/
Fe3+ ions and the subsequent reduction of harmful products of Fenton
reaction [28]. Perhaps the most remarkable trait of melatonin regarding
its effects on oxidative stress is the conditional nature of melatonin
antioxidant activities in a manner that under certain circumstances like
malignancies, melatonin can paradoxically act as a pro-oxidant, indu-
cing oxidative burden on the cells and promoting their death by
apoptosis [29].

7. Melatonin in health and disease

Initially, melatonin was thought of as a mere hormone involved in
the regulation of the circadian and circannual cycles [30]. However, the
apparent omnipresence of melatonin and the relevant receptors [31]
along with their respective biochemical and cellular functions, pro-
moted the status of melatonin from a usual brain hormone to a pleio-
tropic regulatory molecule with potent antioxidant [32] and anti-in-
flammatory [33] effects and involved in DNA repair regulation [34],
regulation of cardiovascular and nervous system functions [35,36],
modulation of the immune system [37,38], senescence [39], metabolic
functions, energy balance [31], anti-cancer [40,41] and cytoprotective
[42] functions that sustains cell survival by actively participating in the
neutralization of oxidative damage [43].

Considering the substantial involvement of melatonin in many
fundamental biological functions, it is anticipated that this molecule
could have beneficial effects in a diverse spectra of disorders. Indeed a
vast number of studies dedicated to the treatment of diseases with
melatonin have consistently obtained promising results. In the central
nervous system, melatonin has been used in treating conditions such as
insomnia [44,45], Alzheimer's disease [46], Parkinson's disease [47],
Huntington's disease [48], Amyotrophic lateral sclerosis [49], migraine
and other disorders with headache manifestations [50], gastrointestinal
diseases such as gastro-esophageal reflux disease (GERD), peptic ulcer
[51,52], irritable bowel syndrome [53], inflammatory bowel disease
[54], and also pancreatitis [55], which have been variably attenuated
by melatonin. Moreover, the efficacy of melatonin treatment is well-
evidenced in metabolic disorders such as obesity and diabetes compli-
cations [16] and in cardiovascular disorders notably hypertension,
myocardial infarction, and coronary heart diseases [56]. Finally, ex-
ploiting melatonin's potent antioxidant and cytoprotective properties
has yielded into exceptional results encompassing protection from

various toxicants such as prescription drugs [57,58], pesticides [59],
poisonous metals [60–62], and numerous other toxins [63].

8. Melatonin and cancer

The earliest evidence of the possibility of associations between
melatonin and cancer were provided by the observations of disturbed
melatonin secretion in cancer patients [64] and increased tumorogen-
esis in pinealectomized animals which were attenuated by exogenous
melatonin administration [65]. Further studies exposed the influence of
night shift work on the higher incidence of cancers such as breast [66],
colorectal [67], endometrial [68] and several others such as ovarian,
prostate, lung, and also gastric cancer [69]. Such observations, along
with findings of lower breast cancer incidence among the blind or vi-
sually impaired women [70,71] or in those with higher urinary mela-
tonin levels [72] connoted melatonin as a key participant in the
etiology and pathology of cancers [73]. The compelling results of recent
studies prompted the International Agency for Research on Cancer to
recognize shift works involving disruption of circadian rhythms as a
probable carcinogen to humans [74].

Melatonin not only reduces the events leading to the formation of
cancer, but also displays powerful oncostatic capabilities via its effects
on cell cycle, apoptosis, oxidative stress, immunostimulation, and
growth signals [40]. These effects can be translated into the ability to
impede the formation, growth, angiogenesis, dedifferentiation, and
metastasis of malignancies such as gastric cancer [75], breast cancer
[76], ovarian cancer [77,78], pancreatic cancer [79,80], colorectal
cancer [81], and prostate cancer [41,82,83]. In addition to the afore-
mentioned carcinogenic effects of disrupted circadian and melatonin
rhythms, intriguing results have been obtained from recent studies
experimenting on the disruption of rhythms using dim light exposure at
night (dLEN). The rationale for using dim light as opposed to bright
light is that dLEN only interferes with melatonin function, while the
normal SCN-driven behaviors such as circadian feeding and drinking
persist [84]. In an in vivo study on rats bearing estrogen receptor
(ERα+) MCF-7 breast cancer xenograft tumors, breaking the normal
light/dark cycle with dLEN increased the tumor development rate,
metabolic activity, and growth rate more than two folds. However,
most interestingly it granted an almost complete intrinsic resistance to
tamoxifen therapy.

9. Mechanisms participating in cancer resistance

A variety of mechanisms collaborate in conferring resistance to
cytotoxic therapies; resistance could either be limited to a particular
class of drug or be developed against chemically dissimilar and func-
tionally unrelated drugs simultaneously, a phenomenon recognized as
multidrug resistance [85]. The best-known examples of such mechan-
isms include: (i) alterations in the drug target, (ii) enhanced rate of drug
efflux from cells, (iii) elevated drug biotransformation, (iv) increased
DNA damage repair, (v) reduced sensitivity to apoptosis and overactive
pro-survival signaling, (vii) dedifferentiation and epithelial-mesench-
ymal transition (EMT), and (viii) distorted autophagy machinery [86].
It is remarkable that a combination of these mechanisms can simulta-
neously occur and in numerous occasions the underlying pathways
involve more than one effect. Thus, the cellular system of resistance
creates a complex nonlinear network, which requires a comprehensive
view for its interpretation. Different mechanisms of drug resistance
have been illustrated in Fig. 1.

9.1. Alterations in drug targets

The efficiency of a drug depends on a strong binding activity to its
target. Alterations in the targets of the drug such as those induced by
mutations or adjustments in their expression patterns could severely
damper the efficacy of a chemotherapeutic agent. Furthermore, the
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alterations could happen at the level of signal transduction pathways
and negate the signaling streams necessary to produce the desired cy-
totoxic effect. These modalities occur in many cases in which tumors
acquire resistance [86].

In perhaps one of the earliest studies on the cancer sensitizing ef-
fects of melatonin, pretreatment of MCF-7 breast cancer cells with
melatonin (232 ng/mL) increased the potency of tamoxifen to inhibit
breast cancer growth more than a hundred times [87]. In another in
vivo study on rats bearing estrogen receptor (ERα+) MCF-7 breast
cancer xenograft tumors [84], interrupting the normal light/dark cycle
with dLEN granted an almost complete intrinsic resistance to tamoxifen
therapy, as well as increased tumor development, metabolic activity,
and growth rate. Rats subjected to dLEN had 24-h plasma melatonin
levels dropped to almost undetectable levels and their tumors showed
elevated estrogen receptor α (ERα) phosphorylation at Ser118 and
Ser167 sites with higher levels of phospho-active ERK1/2, CREB, Akt,
p-SRC, p-FAK, NF-κB/P65, and p-STAT3. However, these characteristics
were abrogated in animals under normal light/dark rhythms (LD 12:12)
and also in rats in the dLEN group supplemented with melatonin at
night. A subsequent study obtained similar results regarding doxor-
ubicin resistance [25]. Suppression of melatonin by dLEN induced the
activity of key factors and signaling pathways involved in tumor growth
and resistance such as EGFR members HER2 and HER3, and down-
stream effectors and pathways such as ERK1/2, PKA, CREB, AKT, and
their regulator kinase, PAK-1, PDK-1, PKC α and δ, RSK2, NF-κB and
STAT3 while restoring melatonin by supplementation suppressed these
factors and overcame the resistance of MCF-7 tumors to doxorubicin.

Yun et al. performed a study regarding the effects of melatonin on
drug-resistant NSCLC cells. Comparing a cell line with active EGFR
responsive to the tyrosine kinase inhibitor (TKI) gefitinib, with cells
harboring a point mutation (T790M) which is responsible for mod-
ifying the ATP-binding pocket of EGFR receptors and consequent re-
sistance to TKIs, they discovered that melatonin selectively reduced the
phosphorylation of EGFR and downstream activation of Akt only in the
cell lines bearing T790M mutations, whereas gefitinib failed to produce
this effect and could only inhibit the non-mutated EGFR. Furthermore,
combining melatonin with gefitinib treatment resulted in a synergistic

inhibition of the cells with mutated EGFR and induced a twofold in-
crease in the number of apoptotic cells, compared to the cells solely
treated with gefitinib or the non-treated cells. These results demon-
strate that in case of resistant conferring mutations such as T790M in
EGFR, which restrict the access of drug to the receptors, melatonin
could re-establish treatment sensitivity by modulating phosphorylation
and activation of receptors [88].

Changes in the expression of estrogen receptors have been asso-
ciated with resistance to tamoxifen therapy. Furthermore, modulation
of ERα, for instance via its phosphorylation at specific residues, reduces
its affinity for tamoxifen and also reduces the DNA binding of tamox-
ifen-bound ERα [89]. Furthermore, it can overturn the effects of ta-
moxifen into agonistic activities [90]. The activities of several kinases
such as Akt, PKA, MAPK, SRC, and PAK-1 have been associated with
tamoxifen resistance via modulation of ER expression or inducing ERα
phosphorylation [91]. Also, overexpression of EGRF/HER2 and the
activation of their downstream signaling pathways, which are asso-
ciated with ER activity, can lead to increased cancer growth and re-
sistance to therapy [92].

The ability of melatonin to modulate the expression of estrogen
receptors in breast cancer tumors [93], as well as to mitigate the al-
terations in the estrogen receptors and the associated signaling path-
ways is an important aspect in counteracting resistance of tumors to
chemotherapies.

9.2. Enhanced drug efflux

The majority of the antineoplastic drugs have intracellular targets.
Hence, these drugs must be able to accumulate inside the cell and reach
a sufficient concentration to be effective. Many resistant cancers exploit
this liability by overexpressing members of the ATP-binding cassette
(ABC) transporters. Numerous members of the ABC transporters are
expressed in the plasma membranes of healthy cells and take part in the
active transport of various compounds from the cell. However, en-
hanced efflux of drugs by members of ABC transporters, especially the
P-glycoprotein (P-gp) also known as multidrug resistance protein 1
(MDR1) or ABCB1, multidrug resistance-associated protein 1 (MRP1),

Fig. 1. Different mechanisms of drug resistance.
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and breast cancer resistance protein (BCRP), is one of the best-known
mechanisms of cancer resistance. These members are overexpressed in
various cancers such as gastrointestinal, lung and breast cancers, and
cancers of hematopoietic origin [3,86]. Different strategies have been
devised to overcome the resistance caused by ABC transporters in-
cluding inhibition of the transporters by drugs such as the L-type cal-
cium channel blocker verapamil or new generation compounds with
high selectivity, depletion of ATP as a necessary substrate for their
activity, and reduction of their expression by modulating underlying
pathways such as the ERK pathway [94,95].

In MCF-7 breast tumor xenografts, exposure to dLEN increased the
levels of BCRP which corresponded with the development of resistance
to doxorubicin; however, in the group receiving melatonin supple-
mentation concomitant with dLEN the levels of BCRP significantly de-
creased [25]. Another study using three brain tumor stem cell lines
(NSC23, NSC7–2, and NCS11) and a malignant glioma cell line, A172,
demonstrated that melatonin in combination with temozolomide,
doxorubicin, or mitoxantrone can increase the toxicities of these drugs,
synergistically. The brain tumor stem cells had higher expressions of
BCRP and MDR1 than glioblastoma cells which explained their re-
sistance to these three chemotherapeutics, but the expressions of MRP1
was similar in all cell lines. Interestingly, melatonin co-incubation de-
creased the mRNA levels and activity of BCRP, but not MDR1 or MRP1,
by enhancing DNA methylation in the promoter region of BCRP gene;
an observation consistent with the synergistic effects [96]. Granzotto
et al. performed a study on the effects of different concentrations of
melatonin ranging from 10 to 2000 pg/mL, alone or in combination
with doxorubicin on MCF-7 breast adenocarcinoma, LoVo colon carci-
noma, and P388 mouse leukemia cancer cell lines along with their
anthracycline-resistant counterparts. In the MCF-7 cell line, a small but
significant decrease in cell growth was observed at 10–100 pg/mL
concentrations, while no concentrations of melatonin could enhance
the cytotoxicity of doxorubicin. However, on the resistant MCF-7 cell
line a modest growth inhibition was achieved by melatonin at the
concentrations of 80 and 2000 pg/mL, while the cytotoxicity of dox-
orubicin was significantly increased following treatment with 100 pg/
mL of melatonin. LoVo cell lines also showed growth inhibition after
treatment with 100 pg/mL of melatonin in case of non-resistant cells
and with 1000–2000 pg/mL in the case of resistant cells. Moreover, a
slight but significant increase of doxorubicin cytotoxicity was observed
at the concentration of 2000 pg/mL. Additionally, 40–80 pg/mL of
melatonin reduced the growth of normal p388 leukemia cell lines with
no enhancement of doxorubicin cytotoxicity at any concentrations
tested, while their resistant counterparts, in addition to responding to
400–1000 pg/mL melatonin alone, displayed a pronounced dose-de-
pendent enhancement of doxorubicin cytotoxicity by 100–200 pg/mL
of melatonin. Furthermore, 10 ng/mL of melatonin increased the in-
tracellular accumulation of doxorubicin in the resistant P388 cells. An
in vivo investigation revealed that the addition of melatonin to dox-
orubicin in mice bearing the resistant P388 cell lines could increase
their survival time compared with sole doxorubicin treatment. With the
exception of P388 cell lines, the modifying effects of melatonin, al-
though significant, were modest [97]. Consistent with these results, it
was recently reported that melatonin enhanced the cytotoxicity of
doxorubicin in regular and resistant LoVo cells expressing high levels of
P-gp; the enhancements were less visible with higher concentrations of
doxorubicin. Also, while the combination of doxorubicin and melatonin
at a concentration of 0.1mM reduced the percentage of resistant cells
expressing P-gp, other combinations of 1mM and 0.1mM melatonin
with varying doxorubicin concentrations increased P-gp expressing
cells, in correlation with increased expression of ABCB1 gene, com-
pared to doxorubicin alone [98]. It seems unlikely that melatonin
contributed to the increased expression of P-gp and ABCB1 gene ex-
pression, as no such increase was seen when using melatonin alone.
Moreover, considering the findings of other studies, it is reasonable to
assume that doxorubicin is responsible for the increased expression of

P-gp. Nevertheless, more studies employing additional cell lines, other
members of the ABC transporters, and combinations of various con-
centrations of melatonin, alone or with chemotherapeutic agents are
required to fully elucidate the impact of melatonin on drug efflux sys-
tems. Moreover, considering that other mechanisms, such as post-
translational modifications, could greatly influence the activity of the
transport systems, the relative effects of melatonin at post-translational
levels should also be clarified.

9.3. Biotransformation and detoxification of drugs

Metabolic activation or deactivation of antineoplastic agents, whe-
ther carried out by organs such as intestine, liver, and kidneys or inside
the tumor cells by metabolizing enzymes and reactive nucleophiles, is
crucial in determining the responsiveness or resistance of tumors to the
therapy. Polymorphisms in genes involved in the biotransformation of
antineoplastic drugs such as members of cytochrome P450 (CYP), ur-
idine diphosphate glucuronosyltransferase (UGT), glutathione S-trans-
ferase (GST) significantly influence the clinical outcome of cancer
therapies [99]. Equally important, tumors can utilize these bio-
transforming enzymes and also reactive nucleophiles such as glu-
tathione to inactivate various drugs [100]. Examples of this include,
deactivation of platinum compounds by high GSH levels in cancer cells
[101], UGT1A1 inactivation of irinotecan, and detoxification of che-
motherapeutics by GST, resulting in resistance to the cytotoxic com-
pounds. Reduction of the GSH levels by pro-oxidant actions of mela-
tonin in tumors has been reported [102]. Furthermore, the study by
Xiang et al. discovered that the dLEN subjected MCF-7 breast tumor
xenografts expressed higher levels of carbonyl reductase 1 (CBR1) and
aldo-keto reductases (AKR) 1C1, 1C2, and 1C3. These reductases are
reportedly implicated in acquired and intrinsic resistance [25]. More-
over, in case of doxorubicin, they increased the conversion of the active
doxorubicin to the almost inactive doxorubicinol. Conversely, mela-
tonin supplementation (~2.5 μg/day) suppressed the levels of CB1 and
AKR1C3 [25]. A study found that melatonin could inhibit the expres-
sion of CYP450 members CYP11A and CYP17; this study should prompt
more exhaustive experiments regarding the effects of melatonin on the
expression profile of CYP members such as CYP2C8, CYP2C9, CYP2C19,
CYP2D6, CYP3A4, and CYP2B6 that are involved in the bio-
transformation of antineoplastic agents [99]. Furthermore, Gradinaru
et al. discovered that oxidative stress could significantly trigger the
expression and activity of detoxifier enzymes such as UGT1A6 and 1A7
in rat cultured astrocytes as an adaptive response. This response,
however, was prevented by melatonin, owing to its potent antioxidant
activities [103]. Since a large number of chemotherapeutics heavily
induce oxidative stress, it is possible that the same scenario could
happen in the course of chemotherapy. In that case, co-treatment with
the indoleamine could counteract the mentioned process, thus pre-
venting the acquisition of resistance.

9.4. DNA damage repair systems

The antineoplastic action of the most chemotherapeutic agents de-
pends on the DNA damage induction in rapidly proliferating cancer
cells. The normal response to DNA damage is either activation of DNA
repair systems or in extreme cases, death via apoptosis. Hence, the
capacity of DNA repair in cancer cells is a major determinant of the
treatment outcome of drugs that induce DNA damage. Evidently, dys-
functions in DNA repair mechanisms are common in cancers which lead
to their reliance on an alternate repair pathway. Such a dependence
provides an opportunity to obstruct the alternate repair system to
specifically render the tumor incapable of DNA damage repair; this
concept is termed “synthetic lethality” [104] [100]. At this susceptible
status, the addition of a DNA damaging agent devastates the sensitized
tumor.

The process of DNA damage repair includes detection of the injury
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by the components of DNA damage response, activation of cell cycle
checkpoints [105], and is based on the type of damage and the initia-
tion of several repair methods such as nucleotide excision repair (NER),
mismatch repair (MMR), base excision repair (BER), and in case of a
double-strand break, homologous recombination (HR) and non-homo-
logous end-joining (NHEJ).

The value of targeting DNA repair systems goes beyond the induc-
tion of synthetic lethality in tumors with repair deficiencies and is also
useful in tumors with intact DNA repair systems since other participants
such as regulators of the cell cycle can be provoked to induce DNA
damage-induced apoptosis [105]. Therefore, a feasible strategy would
be the reduction of DNA damage repair alongside the upregulation of a
central cell cycle regulator, for instance, p53, tempting the cells to
override cell cycle checkpoints which would sensitize the tumors to
DNA damage-induced apoptosis and lead them to a mitotic catastrophe
[105]. Adding a DNA damaging agent would be the final touch, as it
would produce synergistic cytotoxicity.

Melatonin, which is a well-known enhancer of p53 in tumors, has
been recently shown to enhance the reduction of RAD51 and DNA-PKcs,
two members of double-strand DNA break repair and to decrease the
G2M phase arrest at its physiologic concentration (~1 nM), which re-
sults in sensitization of MCF-7 breast cancer cells to ionizing X irra-
diation as seen by significantly higher decrease of cancer cell pro-
liferation [106].

There may exist other components participating in DNA damage
repair. Reportedly, several classes of histone deacetylases (HDACs),
including SIRT1 of the sirtuin family [107,108] are capable of pro-
moting DNA repair. Hence, their inhibition by HDAC inhibitors has
been suggested to be useful in chemosensitization [105]. Interestingly,
melatonin possesses the ability to downregulate SIRT1 and this ability
is in relevance with increased p53 and mitochondrial apoptosis in
tumor cells [102]. In addition to the other consequences of SIRT in-
hibition, it can be presumed that the effects on DNA repair also assist in
the antitumor capabilities of melatonin.

9.5. Cell death by apoptosis

Apoptotic cell death occurs with successive activation of various
degrading enzymes [109]. The majority of antineoplastic agents, in-
cluding irradiation, induce apoptosis in cancer cells. A brief example of
this agents include the antimetabolites, DNA cross-linking agents, in-
tercalating agents, protease inhibitors, topoisomerase 1/2 inhibitors,
taxanes, vinca alkaloids and other agents [110]. This proves the sig-
nificance of apoptosis in chemotherapy. This importance comes at a
price as the resistance to apoptotic cell death has become the hallmark
of cancers. Apoptosis resistance leads to the generation of tumors, their
progression, and resistance to cancer therapies. As we review the pro-
cess of apoptosis, it comes to mind that a large number of proteins and
signaling transducers tightly regulate each step of apoptosis. However,
this is a double-deck sword, as malignant cells can hamper the function
of these regulators to evade death by apoptosis. Since exhaustive re-
views have discussed this subject [111,112], we only provide a brief
overview on some of the best-known mechanisms of cancer resistance
to apoptosis. In general, resistance is acquired when the ratio of anti-
apoptotic to pro-apoptotic factors increase; this can happen at nu-
merous points. These mechanisms include: impaired expression and
function of death receptors such as FasR and DR4/5, deranged transport
of TRAIL receptors (DR4/5) to the cell surface, total loss of expression of
TRAIL receptors, increased expression of decoy death receptors notably
DcR1/2 (it is worthy to note that these DcR1/2 decoy receptors are not
only dysfunctional in inducing apoptosis but could also activate NF-κB,
opposing the entire apoptotic cell death) [113], increased c-FLIP ex-
pression, reduced caspase-8 expression and its phosphorylative deacti-
vation by the Proto-oncogene tyrosine-protein kinase Src, increased
expression of anti-apoptotic Bcl-2 family members, inactivation of pro-
apoptotic Bcl-2 members, loss of Apaf-1, and eccentric expression of

IAPs most importantly XIAP and survivin.
The developing understanding of the mechanisms of apoptosis

evasion and tumor resistance has made this subject an interesting field
for the development of agents that can interfere with the resistance
mechanisms and sensitize malignant cells to death. Judging by the
numerous studies regarding the role of melatonin in the modulation of
apoptosis, it has great potential to be used both in research and clinical
setting. The following section is a review of latest studies regarding the
sensitization of tumors to apoptotic cell death by melatonin.

Studies on numerous cell lines such as human keratinocytes, non-
small cell lung cancer, laryngeal cancer, and hepatoma demonstrate the
enhancement of doxorubicin cytotoxicity by melatonin via enhancing
the apoptotic cell death [114]. Using HepG2 and Bel-7402 cell lines of
hepatoma, Fan et al., observed a significant increase of doxorubicin-
induced growth inhibition and apoptosis. Melatonin concentration of
0.01mM produced the strongest synergy corresponding with reduced
expression of Bcl-2, increased expression of Bax and a rise in activated
caspase-3 level [115]. They further studied the combination of doxor-
ubicin with melatonin using apoptosis-resistant HepG2 and SMMC-
7721 hepatoma cell lines by inducing endoplasmic reticulum (ER)
stress. The results suggested that melatonin increased the doxorubicin-
induced apoptosis possibly via attenuation of ER stress-related AKT
activation and consequently, reduced the expression of survivin, and
increased the levels of CHOP, which is a transcription factor involved in
mediating the ER stress-induced apoptosis and possibly in facilitating
melatonin-induced cancer cells apoptosis through up-regulating PUMA
[116]. Therefore, the normalization of elevated AKT activity re-sensi-
tized the hepatoma cells to doxorubicin [117]. These results are in
accordance with a study showing that melatonin alone could potentiate
apoptosis in hepatoma cells under ER stress [118]. The results suggest
that the down-regulation of COX-2 by melatonin was also involved in
mediating increased CHOP levels and apoptosis, as administrations of
celecoxib as a COX-2 inhibitor produced similar results. COX-2 is a well-
known promoter of cancer and is suggested to confer the apoptosis
resistance of cancers [119]. In fact, it has been shown that the down-
regulation of COX-2 by melatonin, mainly by PI3K/AKT inhibition, is
responsible for the enhancement of apoptosis seen in hepatocellular
carcinoma cells through reducing IAP members survivin and XIAP;
however, there were no changes in other IAP members cIAP-1/2 [120].
Moreover, these results were confirmed by observation of significant
sensitization of four hepatocellular carcinomas (HepG2, Hep3B 2.1–7,
SNU-449, and Bel-7402) to cisplatin by melatonin co-administration.
The reduction of COX-2 and Bcl-2 and apoptosis enhancement as vi-
sualized by the release of Cyt-c and caspase-3 and -9, and PARP clea-
vage, was observed due to the suppression of phosphorylated IKKα/β,
NF-κb P50/P65 nuclear translocation, and at last, the abrogation of P65
subunit binding to COX-2 promoter [121]. Additionally, a similar
apoptosis enhancement by melatonin via the inhibition of NF-κB from
binding to COX-2 promoter has been reported with the colon cancer cell
lines LoVo and SW480 [122]. Induction of p53 might be the underlying
cause of decreased survivin activity as it was declared in a case of sy-
nergistic apoptosis induction in breast cancer cells by melatonin and
arsenic trioxide combination. Other downstream targets of p53 such as
Myc and hTERT were also inhibited, which ultimately resulted in Bcl-2
upregulation and reduction of Bax [123].

In resistant NSCLC H1975 cells bearing a EGFR mutation, melatonin
synergized the effect of gefitinib by the reduction of Akt phosphoryla-
tion, resulting in decreased expression of Bcl-2, Bcl-xL, and survivin,
which in turn increased caspase-3 cleavage and doubled the number of
apoptotic cells. However, the activity of p38 MAPK pathways remained
unaffected [88]. In another study on NSCLC cell lines, melatonin po-
tentiated the effects of a natural compound, berberine, on apoptosis by
increasing Cyt-c release and caspase-9 cleavage, which involved the
inhibition Akt and ERK1/2. These effects were translated into an en-
hanced tumor growth inhibition of lung cancer xenografts, in vivo
[124]. Additionally, activation of AMPK signaling was reported in the

M.H. Asghari et al. Life Sciences 196 (2018) 143–155

150



synergistic apoptosis of human leukemia cells by a melatonin-pur-
omycin combination [125].

It is evident that the modulation of the principal signal transduction
pathways by melatonin is pivotal in apoptosis induction. Inhibition of
GSK3β/Akt and MEK/Erk pathways by melatonin has been demon-
strated to enhance the cytotoxicity of 5-fluorouracil in esophageal
carcinoma [126]. Furthermore, it has been reported that the addition of
melatonin to arsenic trioxide can synergize the induction of apoptotic
death in breast cancer cells via the up-regulation of Redd1, inhibition of
mTOR/S6K and, increased P38/JNK signaling [127]. In Melatonin
combination with cisplatin, the augmented inhibition of ERK and
downstream p90RSK along with HSP27, two negative regulators of
apoptosis, mediate their synergism in driving SK-OV-3 ovarian cancer
cells towards apoptosis. On the contrary, melatonin combination with
cisplatin attenuated cisplatin cytotoxicity in normal ovarian epithelial
cells [128]. However, a study by Cascade-Zapico et al. reported that
although melatonin produced synergistic apoptosis induction in com-
bination with vincristine and ifosfamide on Ewing's carcinoma cells,
neither any of the MAPK pathways including ERK, JNK, and p38her nor
the PKB/Akt pathway were altered during this synergism. Still, mela-
tonin co-treatment significantly increased ROS levels, followed by the
activation of Bid and the caspases −3, −8, and −9, which implies the
contribution of the extrinsic apoptosis pathway [129], which is plau-
sible considering that melatonin induced the expression of Fas/FasL in
Ewing's carcinoma cells [130]. In fact, several other studies employing
cells lines of glioma, AML, ALL, CML, Burkitt's lymphoma, and NSCLC
have also demonstrated a state of sensitization to extrinsic apoptosis via
the induction of Fas/FasL and DR4/5/TRAIL following treatment with
melatonin [131–133]. However, there are inconsistencies regarding the
underlying pathways as the study of NSCLC reported a reduction of Akt
activity and using glioma cell lines also demonstrated Akt inactivation
in addition to PKC inhibition by melatonin while in the study on AML,
ALL, and BL cell lines, increase of phosphorylated Akt levels were re-
ported following melatonin incubations. TRAIL induction by melatonin
is noteworthy regarding the attenuation of apoptosis resistance of hy-
poxic cancer cells and an essential part of this effect relates to the in-
hibition of HIF-1α, which plays a crucial role in tumor survival and
apoptosis resistance under hypoxic conditions [133,134]. Rodriguez-
Garcia et al. reported that melatonin induced neuroendocrine differ-
entiation of prostate cancer cells, which resulted in an increased sen-
sitivity to TRAIL and TNF-α induced apoptosis although the sensitivity
to doxorubicin, docetaxel, and etoposide remained unchanged [135].
As melatonin has been shown to regulate the differentiation status of
various cell, the contribution of this effect to cancer resistance needs to
be further explored.

9.6. Hyperactive telomerase reverse transcriptase

Telomeres in cancer cells are essential for maintaining genomic
stability. Erosion of telomeres, as naturally happens during cell divi-
sion, destabilize the genome and predisposes it to chromosomic fusion
and recognition as sites of DNA damage, which would result in senes-
cence and apoptosis. Therefore, cancer cells with accelerated rates of
division employ human telomerase reverse transcriptase (hTERT) to
mend the diminution of their telomeres. In fact, hTERT which shows
negligible activity in normal human cells is reactivated in over 90% of
cancers [136].

As hTERT was demonstrated to be a crucial factor for tumor growth
and survival, it was scrutinized regarding its possible links to tumor
resistance and its implications were soon unraveled. In fact, it was re-
vealed that telomerase expression is associated with radiotherapy re-
sistance [137] and that decreased hTERT is correlated with sensitiza-
tion of cancer cells to various chemotherapeutic agents. hTERT may
confer resistance to cancer cells via a number of mechanisms. hTERT
translocates to mitochondria where it exerts protective effects possibly
via a reduction of mtDNA damage and ROS generation. Furthermore,

increased co-expression of hTERT and ABC transporters has been re-
ported in melanoma cell lines [138]. The increased expression of hTERT
could also suppress p53-mediated cell death, thus making cells resistant
to DNA damaging agents [139] Additionally, telomerase was reported
to induce resistance to various insults such as ionizing radiation, hy-
drogen peroxide, bleomycin, and etoposide possibly via its telomere
elongating ability [140,141]. Numerous strategies have already been
suggested for the inhibition of hTERT, with the aim of sensitization of
cancers [142] and based on the reports of the studies reviewed so far,
melatonin is also a suppressor of hTERT expression. Futagami et al. first
reported that the combination of melatonin with CDDP decreases
ovarian cancer cell proliferation. They also observed that this combi-
nation could also decrease telomerase activity in OVCAR-3 cell lines
[143]. Later studies reported that the combination of melatonin with
cisplatin on hepatocellular carcinoma and with berberine on NSCLC,
enhance the inhibition of hTERT. This was due to the decreased ex-
pression and activity of AP-2β [121,124], which is a transcription factor
regulating hTERT by binding to its promoter [144].

9.7. Autophagy

Autophagy is a catabolic process in which targets such as macro-
molecules or even organelles, such as mitochondria, undergo lysosomal
degradation [145]. Autophagy plays a dual role regarding the survival
of cancer, while it can promote the survival of cancer cells and increase
their resistance to various insults including chemotherapy, it is also an
alternate means of programmed cell death, which can aid in the elim-
ination of malignant cells. A growing body of studies demonstrates the
role of autophagy induction in resistance to chemotherapy, and as of
now, there are numerous clinical trials of autophagy inhibitor combi-
nations with chemotherapy to increase the responsiveness of cancers
[146]. However, in certain conditions, the contribution of autophagy in
mediating cell death in resistant cancer cells has been noted. One such
example is the growth inhibition and induction of autophagic cell death
in tamoxifen-resistant MCF-7 tumors by a HDAC inhibitor [147]. Rather
similar observations were made In dLEN exposed MCF-7 xenografts,
where the supplementation of melatonin induced autophagy, which
might have contributed to tumor regression [84]. It appears that in-
duction of mitophagy by melatonin is, in part, involved in its po-
tentiation of cancer sensitivity. In fact, melatonin could synergistically
enhance the antineoplastic effects of sorafenib in hepatocellular carci-
noma via mitophagy enhancement, possibly due to increased ROS
generation and mitochondrial depolarization. Addition of melatonin to
sorafenib stimulated the colocalization of mitochondria and lysosomes,
enhanced the expression of PINK1 and Parkin, which are the primary
factors conduction of mitophagy, and reduced the amount of mt-DNA in
treated cells, which display an increased degradation of mitochondria
by mitophagy [148]. Overall, considering the conflicting role of au-
tophagy in cancer besides the fact that melatonin can both enhance and
diminish autophagy and mitophagy depending on the type of cells and
treatment condition, it is not possible to reach a general consensus re-
garding the contribution of modulating autophagy in sensitization or
resistance of cancers, and with respect to type of cancer and sur-
rounding circumstances, future studies are warranted as this subject is
of profound importance. A summary of the mechanisms involved in
drug resistance and the role of melatonin are presented in Fig. 2.

9.8. Glycolysis

It has been quite a long time since Warburg first described in 1956
the respiratory injury of cancer cells and the increase of the so called
fermentation process by these cells to compensate for the cellular en-
ergy defect; a phenomenon referred to as the Warburg effect [149].
Normally within a healthy cell, pyruvate is formed during glycolysis in
the presence of adequate amounts of oxygen where it mostly enters the
mitochondria to dispatch to the tricarboxylic acid (TCA) cycle (aerobic
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glycolysis); while under conditions of oxygen insufficiency, the cells are
mostly inclined to convert pyruvate to lactate (anaerobic glycolysis).
Many cancer cells undergo metabolic reprograming during which the
conversion of pyruvate to lactate is predominantly occurred even in the
presence of oxygen to provide the required components of macro-
molecule synthesis during rapid cancer cell proliferation [150]. Mela-
tonin has been shown to inhibit cancer cell proliferation via several
mechanisms among which the suppression of aerobic glycolysis is ad-
dressed herein. It is been both experimentally and clinically reported
that melatonin supplementation at low doses can affect glucose meta-
bolism via a series of direct and indirect effects. First, it can repress the
Warburg effect in cancer cells as suggested to be mediated by its in-
hibitory effect on p-AKT, a major regulator of aerobic glucose meta-
bolism [151]. Second, we know that melatonin possesses potent anti-
oxidant properties and that the accumulation of reactive oxygen species
(ROS) can trigger HIF-1α activity. On such a basis, melatonin can al-
leviate the HIF-1α induced activation of the Warburg effect in the cell
by scavenging the mitochondrial ROS and thus indirectly reduce the
anaerobic glycolysis which is a survival tool exploited by cancer cells
[152]. Since these effects of melatonin were completely reversed fol-
lowing treatment with the unspecific MT1/MT2 inhibitor S20928, it has
been shown that melatonin exerts the aforementioned effects in a re-
ceptor-dependent manner [151].

10. Concluding remarks

Reports from the studies so far demonstrate that melatonin pos-
sesses the capability to sensitize various cancers, such as breast, lung,
colon, hepatic, and hematologic cancers to the effects of antineoplastic
agents like anthracyclines, alkylating agents, tyrosine kinase inhibitors,
endogenous factors such as TNF-α, TRAIL, and FAS, as well as ionizing
radiation. Melatonin involves a collection of mechanisms in over-
coming resistance and sensitization of cancer cells; (a) modulation of
target receptors of drugs, (b) reduction of cellular clearance of medi-
cations by downregulation of transport mechanisms and metabolizing
enzymes (c) impairment of DNA repair (d) enhancement of

programmed cell death via apoptosis and autophagy (e) modulation of
signal transduction pathways involved in promotion of survival. The
pleiotropic actions of melatonin are particularly valuable since cancer
cells commonly employ multiple mechanisms for their survival and
resistance to therapy. The ability of melatonin to selectively sensitize
cancer cells to cytotoxic therapies while protecting normal cells from
toxicities of such agents, warrant its consideration as a potential ad-
juvant to cancer treatment and further research in this field is en-
couraged.

Acknowledgment

This paper is the outcome of an in-house financially non-supported
study. All authors were involved in the study and writing the article.
MA supervised whole study.

References

[1] T.H. Lippert, H.-J. Ruoff, M. Volm, Current status of methods to assess cancer drug
resistance, Int. J. Med. Sci. 8 (3) (2011) 245–253.

[2] Y. Yao, W. Dai, Genomic instability and cancer, J. Carcinog. Mutagen. 5 (2014)
165.

[3] M.M. Gottesman, Mechanisms of cancer drug resistance, Annu. Rev. Med. 53 (1)
(2002) 615–627.

[4] L.M.F. Merlo, J.W. Pepper, B.J. Reid, C.C. Maley, Cancer as an evolutionary and
ecological process, Nat. Rev. Cancer 6 (12) (2006) 924–935.

[5] A.B. Lerner, J.D. Case, Y. Takahashi, T.H. Lee, W. Mori, Isolation of melatonin, the
pineal gland factor that lightens melanocyteS1, J. Am. Chem. Soc. 80 (10) (1958)
2587.

[6] L.C. Manchester, A. Coto-Montes, J.A. Boga, L.P.H. Andersen, Z. Zhou, A. Galano,
et al., Melatonin: an ancient molecule that makes oxygen metabolically tolerable,
J. Pineal Res. 59 (4) (2015) 403–419.

[7] S.R. Pandiperumal, I. Trakht, V. Srinivasan, D.W. Spence, G.J.M. Maestroni,
N. Zisapel, et al., Physiological effects of melatonin: role of melatonin receptors
and signal transduction pathways, Prog. Neurobiol. 85 (3) (2008) 335–353.

[8] T. Liu, J. Borjigin, N-acetyltransferase is not the rate-limiting enzyme of melatonin
synthesis at night, J. Pineal Res. 39 (1) (2005) 91–96.

[9] H. Tricoire, M. Møller, P. Chemineau, B. Malpaux, Origin of cerebrospinal fluid
melatonin and possible function in the integration of photoperiod, Reprod. Suppl.
61 (2003) 311–321.

[10] G.-X. Ruan, D.-Q. Zhang, T. Zhou, S. Yamazaki, D.G. McMahon, Circadian orga-
nization of the mammalian retina, Proc. Natl. Acad. Sci. 103 (25) (2006)

Fig. 2. Mechanisms involved in drug resistance and the role of melatonin.

M.H. Asghari et al. Life Sciences 196 (2018) 143–155

152

http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0005
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0005
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0010
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0010
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0015
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0015
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0020
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0020
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0025
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0025
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0025
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0030
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0030
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0030
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0035
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0035
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0035
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0040
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0040
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0045
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0045
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0045
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0050
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0050


9703–9708.
[11] D. Acuña-Castroviejo, G. Escames, C. Venegas, M.E. Díaz-Casado, E. Lima-Cabello,

L.C. López, et al., Extrapineal melatonin: sources, regulation, and potential func-
tions, Cell. Mol. Life Sci. 71 (16) (2014) 2997–3025.

[12] S.R. Pandi-Perumal, V. Srinivasan, G.J.M. Maestroni, D.P. Cardinali, B. Poeggeler,
R. Hardeland, Melatonin: nature's most versatile biological signal? FEBS J. 273
(13) (2006) 2813–2838.

[13] G. Huether, The contribution of extrapineal sites of melatonin synthesis to circu-
lating melatonin levels in higher vertebrates, Cell. Mol. Life Sci. 49 (8) (1993)
665–670.

[14] G. Huether, Melatonin synthesis in the gastrointestinal tract and the impact of
nutritional factors on circulating melatonin, Ann. N. Y. Acad. Sci. 719 (1) (1994)
146–158.

[15] G. Facciolá, M. Hidestrand, C. Von Bahr, G. Tybring, Cytochrome P450 isoforms
involved in melatonin metabolism in human liver microsomes, Eur. J. Clin.
Pharmacol. 56 (12) (2001) 881–888.

[16] J.B. Zawilska, D.J. Skene, J. Arendt, Physiology and pharmacology of melatonin in
relation to biological rhythms, Pharmacol. Rep. 61 (3) (2009) 383–410.

[17] X. Ma, J.R. Idle, K.W. Krausz, F.J. Gonzalez, Metabolism of melatonin by human
cytochromes p450, Drug Metab. Dispos. 33 (4) (2005) 489–494.

[18] D.-X. Tan, L.C. Manchester, R.J. Reiter, B.F. Plummer, L.J. Hardies,
S.T. Weintraub, et al., A novel melatonin metabolite, cyclic 3-hydroxymelatonin: a
biomarker of in vivo hydroxyl radical generation, Biochem. Biophys. Res.
Commun. 253 (3) (1998) 614–620.

[19] V. Srinivasan, D. Spence, S. Prandi-Perumal, D. Cardinali, Therapeutic actions of
melatonin in cancer: possible mechanisms, Integr. Cancer Ther. 7 (3) (2008)
189–203.

[20] M.L. Dubocovich, M. Markowska, Functional MT1 and MT2 melatonin receptors in
mammals, Endocrine 27 (2) (2005) 101–110.

[21] D. Blask, L. Sauer, R. Dauchy, E. Holowachuk, M. Ruhoff, New actions of mela-
tonin on tumor metabolism and growth, Neurosignals 8 (1–2) (1999) 49–55.

[22] O. Nosjean, M. Ferro, F. Cogé, P. Beauverger, J.-M. Henlin, F. Lefoulon, et al.,
Identification of the melatonin-binding site MT 3 as the quinone reductase 2, J.
Biol. Chem. 275 (40) (2000) 31311–31317.

[23] C. Carlberg, Gene regulation by melatonin, Ann. N. Y. Acad. Sci. 917 (1) (2000)
387–396.

[24] R. Hardeland, Melatonin: signaling mechanisms of a pleiotropic agent, Biofactors
35 (2) (2009) 183–192.

[25] S. Xiang, R.T. Dauchy, A. Hauch, L. Mao, L. Yuan, M.A. Wren, et al., Doxorubicin
resistance in breast cancer is driven by light at night-induced disruption of the
circadian melatonin signal, J. Pineal Res. 59 (1) (2015) 60–69.

[26] G.L. Klement, D. Goukassian, L. Hlatky, J. Carrozza, J.P. Morgan, X. Yan, Cancer
therapy targeting the HER2-PI3K pathway: potential impact on the heart, Front.
Pharmacol. 3 (2012).

[27] R. Mamillapalli, J. VanHouten, W. Zawalich, J. Wysolmerski, Switching of G-
protein usage by the calcium-sensing receptor reverses its effect on parathyroid
hormone-related protein secretion in normal versus malignant breast cells, J. Biol.
Chem. 283 (36) (2008) 24435–24447.

[28] R.J. Reiter, J.C. Mayo, D. Tan, R.M. Sainz, M. Alatorre-Jimenez, L. Qin, Melatonin
as an antioxidant: under promises but over delivers, J. Pineal Res. 61 (3) (2016)
253–278.

[29] H. Zhang, Y. Zhang, Melatonin: a well-documented antioxidant with conditional
pro-oxidant actions, J. Pineal Res. 57 (2) (2014) 131–146.

[30] R.J. Wurtman, J. Axelrod, L.S. Phillips, Melatonin synthesis in thepineal gland:
control by light, Science 80 (3595) (1963) 1071–1073.

[31] J. Barrenetxe, P. Delagrange, J.A. Martinez, Physiological and metabolic functions
of melatonin, J. Physiol. Biochem. 60 (1) (2004) 61–72.

[32] B. Poeggeler, S. Saarela, R.J. Reiter, D. Tan, L. Chen, L.C. Manchester, et al.,
Melatonin—a highly potent endogenous radical scavenger and electron donor:
new aspects of the oxidation chemistry of this indole accessed in vitro, Ann. N. Y.
Acad. Sci. 738 (1) (1994) 419–420.

[33] G. Tahan, R. Gramignoli, F. Marongiu, S. Aktolga, A. Cetinkaya, V. Tahan, et al.,
Melatonin expresses powerful anti-inflammatory and antioxidant activities re-
sulting in complete improvement of acetic-acid-induced colitis in rats, Dig. Dis.
Sci. 56 (3) (2011) 715–720.

[34] M. Majidinia, A. Sadeghpour, S. Mehrzadi, R.J. Reiter, N. Khatami, B. Yousefi,
Melatonin: a pleiotropic molecule that modulates DNA damage response and re-
pair pathways, J. Pineal Res. 63 (1) (2017) 1–16.

[35] O. Pechanova, L. Paulis, F. Simko, Peripheral and central effects of melatonin on
blood pressure regulation, Int. J. Mol. Sci. 15 (10) (2014) 17920–17937.

[36] X. Yu, Z. Li, H. Zheng, J. Ho, M.T.V. Chan, W.K.K. Wu, Protective roles of mela-
tonin in central nervous system diseases by regulation of neural stem cells, Cell
Prolif. 50 (2) (2017) e12323.

[37] J.R. Calvo, C. González-Yanes, M.D. Maldonado, The role of melatonin in the cells
of the innate immunity: a review, J. Pineal Res. 55 (2) (2013) 103–120.

[38] W. Ren, G. Liu, S. Chen, J. Yin, J. Wang, B. Tan, et al., Melatonin signaling in T
cells: functions and applications, J. Pineal Res. 62 (3) (2017) e12394.

[39] M. Karasek, Melatonin, human aging, and age-related diseases, Exp. Gerontol. 39
(11) (2004) 1723–1729.

[40] A. Panzer, M. Viljoen, The validity of melatonin as an oncostatic agent, J. Pineal
Res. 22 (4) (1997) 184–202.

[41] R.J. Reiter, S.A. Rosales-Corral, D.X. Tan, D. Acuna-Castroviejo, L. Qin, S.F. Yang,
et al., Melatonin, a full service anti-cancer agent: inhibition of initiation, pro-
gression and metastasis, Int. J. Mol. Sci. 18 (2017).

[42] A. Das, A. Belagodu, R.J. Reiter, S.K. Ray, N.L. Banik, Cytoprotective effects of
melatonin on C6 astroglial cells exposed to glutamate excitotoxicity and oxidative

stress, J. Pineal Res. 45 (2) (2008) 117–124.
[43] A. Galano, D.X. Tan, R.J. Reiter, Melatonin as a natural ally against oxidative

stress: a physicochemical examination, J. Pineal Res. 51 (1) (2011) 1–16.
[44] O.T. Dolberg, S. Hirschmann, L. Grunhaus, Melatonin for the treatment of sleep

disturbances in major depressive disorder, Am. J. Psychiatry 155 (8) (1998)
1119–1121.

[45] I.V. Zhdanova, R.J. Wurtman, M.M. Regan, J.A. Taylor, J.P. Shi, O.U. Leclair,
Melatonin treatment for age-related insomnia, J. Clin. Endocrinol. Metab. 86 (10)
(2001) 4727–4730.

[46] D.P. Cardinali, L.I. Brusco, C. Liberczuk, A.M. Furio, The use of melatonin in
Alzheimer's disease, Neuro Endocrinol. Lett. 23 (2002) 20–23.

[47] J.C. Mayo, R.M. Sainz, D.-X. Tan, I. Antolín, C. Rodríguez, R.J. Reiter, Melatonin
and Parkinson's disease, Endocrine 27 (2) (2005) 169–178.

[48] X. Wang, The antiapoptotic activity of melatonin in neurodegenerative diseases,
CNS Neurosci. Ther. 15 (4) (2009) 345–357.

[49] J.H. Weishaupt, C. Bartels, E. Pölking, J. Dietrich, G. Rohde, B. Poeggeler, et al.,
Reduced oxidative damage in ALS by high-dose enteral melatonin treatment, J.
Pineal Res. 41 (4) (2006) 313–323.

[50] M.F.P. Peres, M.R. Masruha, E. Zukerman, C.A. Moreira-Filho, E.A. Cavalheiro,
Potential therapeutic use of melatonin in migraine and other headache disorders,
Expert Opin. Investig. Drugs 15 (4) (2006) 367–375.

[51] I. Brzozowska, M. Strzalka, D. Drozdowicz, S. J Konturek, T. Brzozowski,
Mechanisms of esophageal protection, gastroprotection and ulcer healing by
melatonin. Implications for the therapeutic use of melatonin in gastroesophageal
reflux disease (GERD) and peptic ulcer disease, Curr. Pharm. Des. 20 (30) (2014)
4807–4815.

[52] D. Bandyopadhyay, A. Bandyopadhyay, P.K. Das, R.J. Reiter, Melatonin protects
against gastric ulceration and increases the efficacy of ranitidine and omeprazole
in reducing gastric damage, J. Pineal Res. 33 (1) (2002) 1–7.

[53] S. Mozaffari, R. Rahimi, M. Abdollahi, Implications of melatonin therapy in irri-
table bowel syndrome: a systematic review, Curr. Pharm. Des. 16 (33) (2010)
3646–3655.

[54] S. Mozaffari, M. Abdollahi, Melatonin, a promising supplement in inflammatory
bowel disease: a comprehensive review of evidences, Curr. Pharm. Des. 17 (38)
(2011) 4372–4378.

[55] J. Jaworek, A. Leja-Szpak, J. Bonior, K. Nawrot, R. Tomaszewska, J. Stachura,
et al., Protective effect of melatonin and its precursor L-tryptophan on acute
pancreatitis induced by caerulein overstimulation or ischemia/reperfusion, J.
Pineal Res. 34 (1) (2003) 40–52.

[56] E.J. Sanchez-Barcelo, M.D. Mediavilla, D.X. Tan, R.J. Reiter, Clinical uses of
melatonin: evaluation of human trials, Curr. Med. Chem. 17 (19) (2010)
2070–2095.

[57] R.J. Reiter, D. Tan, R.M. Sainz, J.C. Mayo, S. Lopez-Burillo, Melatonin: reducing
the toxicity and increasing the efficacy of drugs, J. Pharm. Pharmacol. 54 (10)
(2002) 1299–1321.

[58] E. Ghobadi, M. Moloudizargari, M.H. Asghari, M. Abdollahi, The mechanisms of
cyclophosphamide-induced testicular toxicity and the protective agents, Expert
Opin. Drug Metab. Toxicol. 13 (5) (2017) 525–536.

[59] M.H. Asghari, M. Moloudizargari, H. Bahadar, M. Abdollahi, A review of the
protective effect of melatonin in pesticide-induced toxicity, Expert Opin. Drug
Metab. Toxicol. 13 (5) (2017) 545–554.

[60] A. Romero, E. Ramos, C. de Los Ríos, J. Egea, J. del Pino, R.J. Reiter, A review of
metal-catalyzed molecular damage: protection by melatonin, J. Pineal Res. 56 (4)
(2014) 343–370.

[61] M.H. Asghari, M. Abdollahi, M.R. Oliveira, S.M. Nabavi, A review of the protective
role of melatonin during phosphine-induced cardiotoxicity: focus on mitochon-
drial dysfunction, oxidative stress and apoptosis, J. Pharm. Pharmacol. 69 (3)
(2017) 236–243.

[62] M.H. Asghari, M. Moloudizargari, M. Baeeri, A. Baghaei, M. Rahimifard, R. Solgi,
et al., On the mechanisms of melatonin in protection of aluminum phosphide
cardiotoxicity, Arch. Toxicol. (2017) 1–12.

[63] R. J Reiter, L. C Manchester, D.-X. Tan, Neurotoxins: free radical mechanisms and
melatonin protection, Curr. Neuropharmacol. 8 (3) (2010) 194–210.

[64] C. Bartsch, H. Bartsch, S.-H. Flüchter, A. Attanasio, D. Gupta, Evidence for mod-
ulation of melatonin secretion in men with benign and malignant tumors of the
prostate: relationship with the pituitary hormones, J. Pineal Res. 2 (2) (1985)
121–132.

[65] L. Tamarkin, M. Cohen, D. Roselle, C. Reichert, M. Lippman, B. Chabner,
Melatonin Inhibition and Pinealectomy Enhancement of 7, 12-Dimethylbenz (a)
Anthracene-induced Mammary Tumors in the Rat, AACR, 1981.

[66] S. Davis, D.K. Mirick, R.G. Stevens, Night shift work, light at night, and risk of
breast cancer, J. Natl. Cancer Inst. 93 (20) (2001) 1557–1562.

[67] E.S. Schernhammer, F. Laden, F.E. Speizer, W.C. Willett, D.J. Hunter, I. Kawachi,
et al., Night-shift work and risk of colorectal cancer in the nurses' health study, J.
Natl. Cancer Inst. 95 (11) (2003) 825–828.

[68] A.N. Viswanathan, S.E. Hankinson, E.S. Schernhammer, Night shift work and the
risk of endometrial cancer, Cancer Res. 67 (21) (2007) 10618–10622.

[69] A. Salavaty, Carcinogenic effects of circadian disruption: an epigenetic viewpoint,
Chin. J. Cancer 34 (3) (2015) 38.

[70] M.P. Coleman, R.J. Reiter, Breast cancer, blindness and melatonin, Eur. J. Cancer
28 (2–3) (1992) 501–503.

[71] J. Kliukiene, T. Tynes, A. Andersen, Risk of breast cancer among Norwegian
women with visual impairment, Br. J. Cancer 84 (3) (2001) 397.

[72] E.S. Schernhammer, S.E. Hankinson, Urinary melatonin levels and breast cancer
risk, J. Natl. Cancer Inst. 97 (14) (2005) 1084–1087.

[73] A. Korkmaz, E.J. Sanchez-Barcelo, D.X. Tan, R.J. Reiter, Role of melatonin in the

M.H. Asghari et al. Life Sciences 196 (2018) 143–155

153

http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0050
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0055
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0055
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0055
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0060
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0060
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0060
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0065
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0065
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0065
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0070
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0070
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0070
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0075
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0075
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0075
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0080
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0080
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0085
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0085
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0090
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0090
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0090
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0090
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0095
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0095
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0095
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0100
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0100
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0105
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0105
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0110
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0110
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0110
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0115
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0115
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0120
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0120
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0125
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0125
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0125
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0130
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0130
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0130
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0135
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0135
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0135
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0135
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0140
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0140
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0140
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0145
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0145
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0150
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0150
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0155
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0155
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0160
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0160
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0160
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0160
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0165
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0165
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0165
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0165
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0170
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0170
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0170
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0175
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0175
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0180
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0180
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0180
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0185
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0185
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0190
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0190
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0195
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0195
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0200
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0200
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0205
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0205
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0205
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0210
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0210
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0210
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0215
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0215
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0220
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0220
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0220
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0225
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0225
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0225
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0230
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0230
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0235
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0235
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0240
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0240
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0245
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0245
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0245
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0250
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0250
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0250
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0255
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0255
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0255
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0255
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0255
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0260
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0260
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0260
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0265
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0265
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0265
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0270
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0270
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0270
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0275
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0275
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0275
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0275
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0280
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0280
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0280
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0285
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0285
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0285
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0290
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0290
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0290
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0295
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0295
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0295
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0300
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0300
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0300
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0305
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0305
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0305
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0305
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0310
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0310
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0310
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0315
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0315
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0320
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0320
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0320
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0320
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0325
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0325
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0325
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0330
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0330
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0335
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0335
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0335
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0340
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0340
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0345
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0345
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0350
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0350
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0355
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0355
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0360
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0360
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0365


epigenetic regulation of breast cancer, Breast Cancer Res. Treat. 115 (1) (2009)
13–27.

[74] C. Savvidis, M. Koutsilieris, Circadian rhythm disruption in cancer biology, Mol.
Med. 18 (1) (2012) 1249.

[75] M.H. Asghari, M. Moloudizargari, E. Ghobadi, M. Fallah, M. Abdollahi, Melatonin
as a multifunctional anti-cancer molecule: implications in gastric cancer, Life Sci.
185 (2017) 38–45.

[76] S. Cos, R. Fern, M.D. Mediavilla, Melatonin and mammary cancer: a short review,
Endocr. Relat. Cancer 10 (2) (2003) 153–159.

[77] L.G.A. Chuffa, B.A. Fioruci-Fontanelli, L.O. Mendes, W.J. Fávaro, P.F.F. Pinheiro,
M. Martinez, et al., Characterization of chemically induced ovarian carcinomas in
an ethanol-preferring rat model: influence of long-term melatonin treatment, PLoS
One 8 (12) (2013) e81676.

[78] L.G.A. Chuffa, M.S. Alves, M. Martinez, I.C.C. Camargo, P.F.F. Pinheiro,
R.F. Domeniconi, et al., Apoptosis is triggered by melatonin in an in vivo model of
ovarian carcinoma, Endocr. Relat. Cancer 23 (2) (2016) 65–76.

[79] J.F. Ruiz-Rabelo, R. Vázquez, M.D. Perea, A. Cruz, R. González, A. Romero, et al.,
Beneficial properties of melatonin in an experimental model of pancreatic cancer,
J. Pineal Res. 43 (3) (2007) 270–275.

[80] A. Leja-Szpak, J. Jaworek, P. Pierzchalski, R.J. Reiter, Melatonin induces pro-
apoptotic signaling pathway in human pancreatic carcinoma cells (PANC-1), J.
Pineal Res. 49 (3) (2010) 248–255.

[81] J. Wei, W. Li, L. Zhou, Q. Lu, W. He, Melatonin induces apoptosis of colorectal
cancer cells through HDAC4 nuclear import mediated by CaMKII inactivation, J.
Pineal Res. 58 (4) (2015) 429–438.

[82] S.W.F. Siu, K.W. Lau, P.C. Tam, S.Y.W. Shiu, Melatonin and prostate cancer cell
proliferation: interplay with castration, epidermal growth factor, and androgen
sensitivity, Prostate 52 (2) (2002) 106–122.

[83] R. Moretti, M. Marelli, R. Maggi, D. Dondi, M. Motta, P. Limonta, Antiproliferative
action of melatonin on human prostate cancer LNCaP cells, Oncol. Rep. 7 (2)
(2000) 347–398.

[84] R.T. Dauchy, S. Xiang, L. Mao, S. Brimer, M.A. Wren, L. Yuan, et al., Circadian and
melatonin disruption by exposure to light at night drives intrinsic resistance to
tamoxifen therapy in breast cancer, Cancer Res. 74 (15) (2014) 4099–4110.

[85] M.F. Ullah, Cancer multidrug resistance (MDR): a major impediment to effective
chemotherapy, Asian Pac. J. Cancer Prev. 9 (1) (2008) 1–6.

[86] G. Housman, S. Byler, S. Heerboth, K. Lapinska, M. Longacre, N. Snyder, et al.,
Drug resistance in cancer: an overview, Cancer 6 (3) (2014) 1769–1792.

[87] S.T. Wilson, D.E. Blask, A.M. Lemus-Wilson, Melatonin augments the sensitivity of
MCF-7 human breast cancer cells to tamoxifen in vitro, J. Clin. Endocrinol. Metab.
75 (2) (1992) 669–670.

[88] M. Yun, E.-O.O. Kim, D. Lee, J.J.-H.H. Kim, J.J.-H.H. Kim, H. Lee, et al., Melatonin
sensitizes H1975 non-small-cell lung cancer cells harboring a T790M-targeted
epidermal growth factor receptor mutation to the tyrosine kinase inhibitor gefi-
tinib, Cell. Physiol. Biochem. 34 (3) (2014) 865–872.

[89] V.S. Likhite, F. Stossi, K. Kim, B.S. Katzenellenbogen, J.A. Katzenellenbogen,
Kinase-specific phosphorylation of the estrogen receptor changes receptor inter-
actions with ligand, deoxyribonucleic acid, and coregulators associated with al-
terations in estrogen and tamoxifen activity, Mol. Endocrinol. 20 (12) (2006)
3120–3132.

[90] R.S. Thomas, N. Sarwar, F. Phoenix, R.C. Coombes, S. Ali, Phosphorylation at
serines 104 and 106 by Erk1/2 MAPK is important for estrogen receptor-α activity,
J. Mol. Endocrinol. 40 (4) (2008) 173–184.

[91] R. Viedma-Rodríguez, L. Baiza-Gutman, F. Salamanca-Gómez, M. Diaz-Zaragoza,
G. Martínez-Hernández, R. Ruiz Esparza-Garrido, et al., Mechanisms associated
with resistance to tamoxifen in estrogen receptor-positive breast cancer, Oncol.
Rep. 32 (1) (2014) 3–15.

[92] R.B. Riggins, R.S. Schrecengost, M.S. Guerrero, A.H. Bouton, Pathways to ta-
moxifen resistance, Cancer Lett. 256 (1) (2007) 1–24.

[93] T.M. MOLIS, M.R. WALTERS, S.M. HILL, Melatonin modulation of estrogen-re-
ceptor expression in mcf-7 human breast-cancer cells, Int. J. Oncol. 3 (4) (1993)
687–694.

[94] R. Callaghan, F. Luk, M. Bebawy, Inhibition of the multidrug resistance P-glyco-
protein: time for a change of strategy? Drug Metab. Dispos. 42 (4) (2014)
623–631.

[95] E.V. Batrakova, S. Li, W.F. Elmquist, D.W. Miller, V.Y. Alakhov, A.V. Kabanov,
Mechanism of sensitization of MDR cancer cells by Pluronic block copolymers:
selective energy depletion, Br. J. Cancer 85 (12) (2001) 1987.

[96] V. Martin, A.M. Sanchez-Sanchez, F. Herrera, C. Gomez-Manzano, J. Fueyo,
M.A. Alvarez-Vega, et al., Melatonin-induced methylation of the ABCG2/BCRP
promoter as a novel mechanism to overcome multidrug resistance in brain tumour
stem cells, Br. J. Cancer 108 (10) (2013) 2005.

[97] M. Granzotto, V. Rapozzi, G. Decorti, T. Giraldi, Effects of melatonin on doxor-
ubicin cytotoxicity in sensitive and pleiotropically resistant tumor cells, J. Pineal
Res. 31 (3) (2001) 206–213.

[98] M. Fic, A. Gomulkiewicz, J. Grzegrzolka, M. Podhorska-Okolow, M. Zabel,
P. Dziegiel, et al., The impact of melatonin on colon cancer cells' resistance to
doxorubicin in an in vitro study, Int. J. Mol. Sci. 18 (7) (2017) 1396.

[99] T.M. Bosch, I. Meijerman, J.H. Beijnen, J.H.M. Schellens, Genetic polymorphisms
of drug-metabolising enzymes and drug transporters in the chemotherapeutic
treatment of cancer, Clin. Pharmacokinet. 45 (3) (2006) 253–285.

[100] C. Holohan, S. Van Schaeybroeck, D.B. Longley, P.G. Johnston, Cancer drug re-
sistance: an evolving paradigm, Nat. Rev. Cancer 13 (10) (2013) 714–726.

[101] C. Meijer, N.H. Mulder, H. Timmer-Bosscha, W.J. Sluiter, G.J. Meersma, E.G.E. de
Vries, Relationship of cellular glutathione to the cytotoxicity and resistance of
seven platinum compounds, Cancer Res. 52 (24) (1992) 6885–6889.

[102] Y. Cheng, L. Cai, P. Jiang, J. Wang, C. Gao, H. Feng, et al., SIRT1 inhibition by
melatonin exerts antitumor activity in human osteosarcoma cells, Eur. J.
Pharmacol. 715 (1) (2013) 219–229.

[103] D. Gradinaru, A.-L. Minn, Y. Artur, A. Minn, J.-M. Heydel, Effect of oxidative stress
on UDP-glucuronosyltransferases in rat astrocytes, Toxicol. Lett. 213 (3) (2012)
316–324.

[104] W.G. Kaelin Jr, The concept of synthetic lethality in the context of anticancer
therapy, Nat. Rev. Cancer 5 (9) (2005) 689.

[105] P. Bouwman, J. Jonkers, The effects of deregulated DNA damage signalling on
cancer chemotherapy response and resistance, Nat. Rev. Cancer 12 (9) (2012) 587.

[106] C. Alonso-González, A. González, C. Martínez-Campa, J. Gómez-Arozamena,
S. Cos, Melatonin sensitizes human breast cancer cells to ionizing radiation by
downregulating proteins involved in double-strand DNA break repair, J. Pineal
Res. 58 (2) (2015) 189–197.

[107] T. Yamamori, J. DeRicco, A. Naqvi, T.A. Hoffman, I. Mattagajasingh, K. Kasuno,
et al., SIRT1 deacetylates APE1 and regulates cellular base excision repair, Nucleic
Acids Res. 38 (3) (2009) 832–845.

[108] W. Fan, J. Luo, SIRT1 regulates UV-induced DNA repair through deacetylating
XPA, Mol. Cell 39 (2) (2010) 247–258.

[109] S. Elmore, Apoptosis: a review of programmed cell death, Toxicol. Pathol. 35 (4)
(2007) 495–516.

[110] S.H. Kaufmann, W.C. Earnshaw, Induction of apoptosis by cancer chemotherapy,
Exp. Cell Res. 256 (1) (2000) 42–49.

[111] S. Fulda, Tumor resistance to apoptosis, Int. J. Cancer 124 (3) (2009) 511–515.
[112] F.H. Igney, P.H. Krammer, Death and anti-death: tumour resistance to apoptosis,

Nat. Rev. Cancer 2 (4) (2002) 277.
[113] S. Kang, S.-Y. Park, H.-J. Lee, Y.H. Yoo, TRAIL upregulates decoy receptor 1 and

mediates resistance to apoptosis in insulin-secreting INS-1 cells, Biochem. Biophys.
Res. Commun. 396 (3) (2010) 731–735.

[114] M. Fic, M. Podhorska-Okolow, P. Dziegiel, E. Gebarowska, T. Wysocka, M. Drag-
Zalesinska, et al., Effect of melatonin on cytotoxicity of doxorubicin toward se-
lected cell lines (human keratinocytes, lung cancer cell line A-549, laryngeal
cancer cell line Hep-2), In Vivo 21 (3) (2007) 513–518.

[115] L.-L.L. Fan, G.-P.P. Sun, W. Wei, Z.-G.G. Wang, L. Ge, W.-Z.Z. Fu, et al., Melatonin
and doxorubicin synergistically induce cell apoptosis in human hepatoma cell
lines, World J Gastroenterol: WJG 16 (12) (2010) 1473.

[116] H.J. Um, J. Park, T.K. Kwon, Melatonin sensitizes Caki renal cancer cells to kah-
weol-induced apoptosis through CHOP-mediated up-regulation of PUMA, J. Pineal
Res. 50 (4) (2011) 359–366.

[117] L. Fan, G. Sun, T. Ma, F. Zhong, Y. Lei, X. Li, et al., Melatonin reverses tunica-
mycin-induced endoplasmic reticulum stress in human hepatocellular carcinoma
cells and improves cytotoxic response to doxorubicin by increasing CHOP and
decreasing Survivin, J. Pineal Res. 55 (2) (2013) 184–194.

[118] L. Zha, L. Fan, G. Sun, H. Wang, T. Ma, F. Zhong, et al., Melatonin sensitizes
human hepatoma cells to endoplasmic reticulum stress–induced apoptosis, J.
Pineal Res. 52 (3) (2012) 322–331.

[119] B. Liu, L. Qu, S. Yan, Cyclooxygenase-2 promotes tumor growth and suppresses
tumor immunity, Cancer Cell Int. 15 (1) (2015) 106.

[120] L. Fan, G. Sun, T. Ma, F. Zhong, W. Wei, Melatonin overcomes apoptosis resistance
in human hepatocellular carcinoma by targeting survivin and XIAP, J. Pineal Res.
55 (2) (2013) 174–183.

[121] J. Hao, Z. Li, C. Zhang, W. Yu, Z. Tang, Y. Li, et al., Targeting NF-κB/AP-2β sig-
naling to enhance antitumor activity of cisplatin by melatonin in hepatocellular
carcinoma cells, Am. J. Cancer Res. 7 (1) (2017) 13.

[122] J. Wang, W. Guo, W. Chen, W. Yu, Y. Tian, L. Fu, et al., Melatonin potentiates the
antiproliferative and pro-apoptotic effects of ursolic acid in colon cancer cells by
modulating multiple signaling pathways, J. Pineal Res. 54 (4) (2013) 406–416.

[123] E. Nooshinfar, D. Bashash, A. Safaroghli-Azar, S. Bayati, M. Rezaei-Tavirani,
S.H. Ghaffari, et al., Melatonin promotes ATO-induced apoptosis in MCF-7 cells:
proposing novel therapeutic potential for breast cancer, Biomed Pharmacother 83
(2016) 456–465.

[124] J.-J. Lu, L. Fu, Z. Tang, C. Zhang, L. Qin, J. Wang, et al., Melatonin inhibits AP-2β/
hTERT, NF-κB/COX-2 and Akt/ERK and activates caspase/Cyto C signaling to
enhance the antitumor activity of berberine in lung cancer cells, Oncotarget 7 (3)
(2016) 2985.

[125] W. Koh, S. Jeong, H. Lee, H. Ryu, E. Lee, K.S. Ahn, et al., Melatonin promotes
puromycin-induced apoptosis with activation of caspase-3 and 5′-adenosine
monophosphate-activated kinase-alpha in human leukemia HL-60 cells, J. Pineal
Res. 50 (4) (2011) 367–373.

[126] Y.X. Lu, D.L. Chen, D.S. Wang, L.Z. Chen, H.Y. Mo, H. Sheng, et al., Melatonin
enhances sensitivity to fluorouracil in oesophageal squamous cell carcinoma
through inhibition of Erk and Akt pathway, Cell Death Dis. 7 (10) (2016) e2432.

[127] S.-M. Yun, S.H. Woo, S.T. Oh, S.-E. Hong, T.-B. Choe, S.-K. Ye, et al., Melatonin
enhances arsenic trioxide-induced cell death via sustained upregulation of Redd1
expression in breast cancer cells, Mol. Cell. Endocrinol. 422 (2016) 64–73.

[128] J. Kim, S. Jeong, B. Kim, S. Yun, D.Y. Choi, S. Kim, Melatonin synergistically
enhances cisplatin-induced apoptosis via the dephosphorylation of ERK/p90 ri-
bosomal S6 kinase/heat shock protein 27 in SK-OV-3 cells, J. Pineal Res. 52 (2)
(2012) 244–252.

[129] S. Casado-Zapico, J. Rodriguez-Blanco, G. García-Santos, V. Martín, A.M. Sánchez-
Sánchez, I. Antolín, et al., Synergistic antitumor effect of melatonin with several
chemotherapeutic drugs on human Ewing sarcoma cancer cells: potentiation of the
extrinsic apoptotic pathway, J. Pineal Res. 48 (1) (2010) 72–80.

[130] G. García-Santos, V. Martin, J. Rodríguez-Blanco, F. Herrera, S. Casado-Zapico,
A.M. Sánchez-Sánchez, et al., Fas/Fas ligand regulation mediates cell death in
human Ewing's sarcoma cells treated with melatonin, Br. J. Cancer 106 (7) (2012)

M.H. Asghari et al. Life Sciences 196 (2018) 143–155

154

http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0365
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0365
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0370
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0370
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0375
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0375
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0375
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0380
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0380
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0385
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0385
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0385
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0385
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0390
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0390
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0390
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0395
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0395
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0395
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0400
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0400
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0400
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0405
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0405
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0405
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0410
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0410
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0410
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0415
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0415
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0415
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0420
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0420
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0420
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0425
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0425
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0430
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0430
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0435
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0435
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0435
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0440
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0440
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0440
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0440
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0445
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0445
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0445
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0445
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0445
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0450
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0450
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0450
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0455
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0455
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0455
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0455
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0460
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0460
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0465
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0465
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0465
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0470
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0470
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0470
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0475
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0475
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0475
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0480
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0480
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0480
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0480
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0485
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0485
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0485
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0490
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0490
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0490
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0495
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0495
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0495
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0500
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0500
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0505
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0505
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0505
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0510
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0510
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0510
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0515
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0515
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0515
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0520
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0520
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0525
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0525
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0530
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0530
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0530
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0530
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0535
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0535
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0535
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0540
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0540
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0545
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0545
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0550
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0550
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0555
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0560
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0560
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0565
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0565
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0565
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0570
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0570
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0570
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0570
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0575
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0575
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0575
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0580
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0580
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0580
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0585
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0585
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0585
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0585
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0590
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0590
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0590
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0595
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0595
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0600
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0600
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0600
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0605
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0605
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0605
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0610
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0610
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0610
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0615
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0615
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0615
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0615
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0620
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0620
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0620
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0620
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0625
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0625
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0625
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0625
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0630
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0630
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0630
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0635
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0635
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0635
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0640
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0640
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0640
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0640
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0645
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0645
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0645
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0645
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0650
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0650
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0650


1288.
[131] V. Martín, G. García-Santos, J. Rodriguez-Blanco, S. Casado-Zapico, A. Sanchez-

Sanchez, I. Antolín, et al., Melatonin sensitizes human malignant glioma cells
against TRAIL-induced cell death, Cancer Lett. 287 (2) (2010) 216–223.

[132] S. Casado-Zapico, V. Martín, G. García-Santos, J. Rodríguez-Blanco, A.M. Sánchez-
Sánchez, E. Luño, et al., Regulation of the expression of death receptors and their
ligands by melatonin in haematological cancer cell lines and in leukaemia cells
from patients, J. Pineal Res. 50 (3) (2011) 345–355.

[133] Y.-J.J. Lee, J.-H.H. Lee, J.-H.H. Moon, S.-Y.Y. Park, Overcoming hypoxic-re-
sistance of tumor cells to TRAIL-induced apoptosis through melatonin, Int. J. Mol.
Sci. 15 (7) (2014) 11941–11956.

[134] M. Kilic, H. Kasperczyk, S. Fulda, K.M. Debatin, Role of hypoxia inducible factor-1
alpha in modulation of apoptosis resistance, Oncogene 26 (14) (2007) 2027.

[135] A. Rodriguez-Garcia, J.C. Mayo, D. Hevia, I. Quiros-Gonzalez, M. Navarro,
R.M. Sainz, Phenotypic changes caused by melatonin increased sensitivity of
prostate cancer cells to cytokine-induced apoptosis, J. Pineal Res. 54 (1) (2013)
33–45.

[136] M.A. Jafri, S.A. Ansari, M.H. Alqahtani, J.W. Shay, Roles of telomeres and telo-
merase in cancer, and advances in telomerase-targeted therapies, Genome Med. 8
(1) (2016) 69.

[137] J.-S. Shin, T. Foo, A. Hong, M. Zhang, T. Lum, M.J. Solomon, et al., Telomerase
expression as a predictive marker of radiotherapy response in rectal cancer,
Pathology 44 (3) (2012) 209–215.

[138] G.I. Keshet, I. Goldstein, O. Itzhaki, K. Cesarkas, L. Shenhav, A. Yakirevitch, et al.,
MDR1 expression identifies human melanoma stem cells, Biochem. Biophys. Res.
Commun. 368 (4) (2008) 930–936.

[139] X. Jin, S. Beck, Y.-W. Sohn, J.-K. Kim, S.-H. Kim, J. Yin, et al., Human telomerase
catalytic subunit (hTERT) suppresses p53-mediated anti-apoptotic response via
induction of basic fibroblast growth factor, Exp. Mol. Med. 42 (8) (2010) 574–582.

[140] M.A. Rubio, A.R. Davalos, J. Campisi, Telomere length mediates the effects of
telomerase on the cellular response to genotoxic stress, Exp. Cell Res. 298 (1)
(2004) 17–27.

[141] N. Lipinska, A. Romaniuk, A. Paszel-Jaworska, E. Toton, P. Kopczynski, B. Rubis,
Telomerase and drug resistance in cancer, Cell. Mol. Life Sci. (2017) 1–12.

[142] H. Holysz, N. Lipinska, A. Paszel-Jaworska, B. Rubis, Telomerase as a useful target

in cancer fighting—the breast cancer case, Tumor Biol. 34 (3) (2013) 1371–1380.
[143] M. Futagami, S. Sato, T. Sakamoto, Y. Yokoyama, Y. Saito, Effects of melatonin on

the proliferation and cis-diamminedichloroplatinum (CDDP) sensitivity of cul-
tured human ovarian cancer cells, Gynecol. Oncol. 82 (3) (2001) 544–549.

[144] W.-G. Deng, G. Jayachandran, G. Wu, K. Xu, J.A. Roth, L. Ji, Tumor-specific ac-
tivation of human telomerase reverses transcriptase promoter activity by acti-
vating enhancer-binding protein-2β in human lung cancer cells, J. Biol. Chem. 282
(36) (2007) 26460–26470.

[145] M. Moloudizargari, M.H. Asghari, E. Ghobadi, M. Fallah, S. Rasouli, M. Abdollahi,
Autophagy, its mechanisms and regulation: implications in neurodegenerative
diseases, Ageing Res. Rev. 40 (2017) 64–74.

[146] X. Sui, R. Chen, Z. Wang, Z. Huang, N. Kong, Autophagy and chemotherapy re-
sistance: a promising therapeutic target for cancer treatment, Cell Death Dis. 4
(10) (2013) e838.

[147] Y.J. Lee, A.J. Won, J. Lee, J.H. Jung, S. Yoon, B.M. Lee, et al., Molecular me-
chanism of SAHA on regulation of autophagic cell death in tamoxifen-resistant
MCF-7 breast cancer cells, Int. J. Med. Sci. 9 (10) (2012) 881.

[148] N. Prieto-Domínguez, R. Ordóñez, A. Fernández, C. Méndez-Blanco, A. Baulies,
C. Garcia-Ruiz, et al., Melatonin-induced increase in sensitivity of human hepa-
tocellular carcinoma cells to sorafenib is associated with reactive oxygen species
production and mitophagy, J. Pineal Res. 61 (3) (2016) 396–407.

[149] O. Warburg, On the origin of cancer cells, Science 123 (1956) 309–314.
[150] P. Garrido, F.G. Osorio, J. Morán, E. Cabello, A. Alonso, J.M. Freije, C. González,

Loss of GLUT4 induces metabolic reprogramming and impairs viability of breast
cancer cells, J. Cell. Physiol. 230 (2015) 191–198.

[151] L. Mao, R.T. Dauchy, D.E. Blassssk, E.M. Dauchy, L.M. Slakey, S. Brimer, L. Yuan,
S. Xiang, A. Hauch, K. Smith, T. Frasch, Melatonin suppression of aerobic glyco-
lysis (Warburg effect), survival signalling and metastasis in human leiomyo-
sarcoma, J. Pineal Res. 60 (2016) 167–177.

[152] J. Vriend, R.J. Reiter, Melatonin and the von Hippel–Lindau/HIF-1 oxygen sensing
mechanism: a review, Biochim. Biophys. Acta 1865 (2016) 176–183.

[153] J.H. Jung, E.J. Sohn, E.A. Shin, D. Lee, B. Kim, D.B. Jung, J.H. Kim, et al.,
Melatonin suppresses the expression of 45S preribosomal RNA and upstream
binding factor and enhances the antitumor activity of puromycin in MDA-MB-231
breast cancer cells, Evid. Based Complement. Alternat. Med. 2013 (2013).

M.H. Asghari et al. Life Sciences 196 (2018) 143–155

155

http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0650
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0655
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0655
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0655
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0660
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0660
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0660
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0660
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0665
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0665
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0665
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0670
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0670
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0675
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0675
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0675
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0675
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0680
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0680
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0680
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0685
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0685
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0685
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0690
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0690
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0690
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0695
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0695
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0695
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0700
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0700
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0700
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0705
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0705
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0710
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0710
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0715
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0715
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0715
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0720
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0720
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0720
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0720
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0725
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0725
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0725
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0730
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0730
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0730
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0735
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0735
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0735
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0740
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0740
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0740
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0740
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0745
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0750
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0750
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0750
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0755
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0755
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0755
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0755
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0760
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf0760
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf2264
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf2264
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf2264
http://refhub.elsevier.com/S0024-3205(18)30030-4/rf2264

	Does the use of melatonin overcome drug resistance in cancer chemotherapy?
	Introduction
	Melatonin
	Biosynthesis of melatonin
	Metabolism of melatonin
	Receptors of melatonin
	Antioxidant capacities of melatonin
	Melatonin in health and disease
	Melatonin and cancer
	Mechanisms participating in cancer resistance
	Alterations in drug targets
	Enhanced drug efflux
	Biotransformation and detoxification of drugs
	DNA damage repair systems
	Cell death by apoptosis
	Hyperactive telomerase reverse transcriptase
	Autophagy
	Glycolysis

	Concluding remarks
	Acknowledgment
	References




