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Figure 1. Melatonin biosynthetic pathway. TPH: tryptophan hydroxylase; AAAD: aromatic L-amino acid
Figure
1. Melatonin biosynthetic pathway. TPH: tryptophan hydroxylase; AAAD: aromatic L-amino acid
decarboxylase;
AANAT:
arylalkylamine
N-acetyltransferase;
ASMT:
acetylserotonin
decarboxylase; AANAT: arylalkylamine N-acetyltransferase; ASMT: acetylserotonin O-methyltransferase.
O-methyltransferase.
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The relationship between melatonin and cancer has been investigated during the last 80 years and
several epidemiological studies support the anticancer activities of this hormone [9,10]. Experimental
studies showed that the normally elevated levels of melatonin at night help in the organization of
homeostatic metabolic rhythms of targeted organs and systems [11]. Accordingly, circadian rhythm
disruption could be one of the contributing factors in cancer development and progression [12].
Cancer is the second cause of death globally and recent reports have revealed that by 2025,
an increase of 19.3 million new cases per year is expected [13]. A study in USA estimated 1,685,210
new cancer cases and 595,690 cancer deaths in 2016 [14].
Surgery, radiotherapy and chemotherapy are the main conventional anticancer therapies.
However, the limited efficacy of these therapies and their serious side effects have encouraged the
search for new anticancer agents based on natural products and herbal extracts as single therapies or
in combination with other agents [15–19].
The concept of cancer hallmarks was first proposed in 2000 by Hanahan and Weinberg.
The hallmarks summarized the biological capabilities required by cells to start the conversion
process from normal cells to cancer cells [20]. In 2000, Hanahan and Weinberg proposed six hallmarks.
These hallmarks were expanded to eight in 2011 by the same scientists. The eight hallmarks are: sustained
proliferation, growth suppression evasion, tissue invasion and metastasis, replicative immortality,
angiogenesis induction, cell death resistance, altered cellular energetics, and immune evasion [21].
During the last decades, many studies have explained the anticancer activities of melatonin.
This hormone can exert its anticancer effect through receptor-dependent and receptor-independent
mechanisms [10]. Melatonin has two types of receptors that belong to the G-protein superfamily
and are involved in mediating the anticancer effect by inhibiting linoleic acid uptake [22]. The
receptor-independent anticancer effects of melatonin involve diverse mechanisms including apoptosis
induction, angiogenesis inhibition, immune evasion, and altered cancer metabolism [23,24]. Additionally,
melatonin was used as adjuvant therapy to augment the anticancer effects of different agents [25–27].
1.1. Melatonin Metabolism
The liver is the main site for circulating melatonin metabolism. The first step is mediated
by cytochrome P450 mono-oxygenases and involves hydroxylation of melatonin in the C6 position.
This step is followed by conjugation of the product with sulfate to produce 6-sulfatoxymelatonin [28].
Melatonin metabolism also involves non-enzymatic reactions taking place in all cells and
extra-cellularly. In these reactions, melatonin is converted to cyclic-3-hydroxymelatonin after
scavenging 2 hydroxyl radicals. In non-hepatic tissue, N1 -acetyl-N2 -formyl-5-methoxykynuramine
(AFMK) is the central metabolite of melatonin oxidation. The next step in this pathway (kynuric
pathway) is the conversion of AFMK to AMK (N1 -acetyl-5-methoxykynuramine) [22].
1.2. The Light/Dark Cycle and Regulation of Melatonin Release
Pineal melatonin production is regulated by the daily light/dark cycle. High concentrations of
melatonin are produced at night and levels decrease during the day. The link between the pineal gland
and light starts in the retina which receives light and send signals through the retinohypothalamic
tract to the suprachiasmatic nucleus which is a circadian oscillator in the brain [29]. From the
suprachiasmatic nucleus, fibers pass through the paraventricular nucleus, medial forebrain bundle,
reticular formation and finally terminate in the spinal cord. From the spinal cord, fibers project to the
superior cervical ganglion which sends postganglionic neurons to fibers innervating the pineal gland
and regulating the process of melatonin production [30]. During the light hours of the day, neurons
in the suprachiasmatic nucleus are highly activated and send inhibitory signals to the pineal gland.
At night, the suprachiasmatic nucleus is inhibited and no inhibitory signals are sent to the pineal gland
which in turn starts melatonin production [31].
The blood levels of melatonin are controlled by the rate of synthesis and the rate of peripheral
degradation (mainly in the liver) [32]. Exposure to light and disruption of the blood melatonin levels is
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associated with many diseases, including cancer [33]. Serum melatonin levels ≤39.5 pg/mL causes a
15-fold increase in breast cancer risk compared with subjects with higher serum levels of melatonin [34].
In another study, high levels of melatonin’s primary metabolite 6-sulphatoxymelatonin (aMT6s) in
urine is associated with a lower risk of breast cancer [35]. In men, levels of urinary aMT6s below the
median increase the risk of prostate cancer 4-fold compared with subjects having normal levels [36].
Additionally, high serum melatonin levels are associated with low prostate cancer incidence [37].
A similar association for ovarian cancer was also observed in women [38].
The objective of this review is to summarize the research on the anticancer effects of melatonin
and to discuss the mechanisms activated by this hormone to inhibit each cancer hallmark.
2. Melatonin and Cancer Hallmarks
2.1. Role of Melatonin in Genomic Instability
Genomic instability is one of the critical steps in cancer initiation and progression. It provides a
selective growth advantage for cancer cells over neighboring cells [13]. Throughout the cell cycle of
normal cells, the integrity of the genome is protected by checkpoints. During cancer development,
the presence of aneuploidy nuclei (having an abnormal number of chromosomes) indicates the
failure of one or more of these cell cycle check points [39]. Cell cycle check points are regulated
by proteins that either encourage (oncogene products) or inhibit cell division (tumor suppressor gene
products). The activity of these proteins is normally altered in cancer cells to encourage uncontrolled
cell growth [15]. Five targets were suggested to alter genomic instability. These targets are: DNA
damage prevention, stimulation of DNA repair system, deficient DNA repair targeting, targeting
impaired clustering of centrosome, and telomerase activity inhibition [13].
The antioxidant activity of melatonin can protect against DNA damage either by scavenging
reactive oxygen species or by stimulating the DNA repair system. In one study, melatonin (50 µM) and
its direct metabolite N1 -acetyl-N2 -formyl-5-methoxykynuramine caused a reduction in DNA damage
induced by exposure to hydrogen peroxide. Additionally, this treatment caused chemical inactivation
of hydrogen peroxide preventing its damaging effects [40]. In another study, melatonin protect against
UV radiation damage by enhancing gene expression of antioxidative enzymes and preventing the
formation of 8-hydroxy-20 -deoxyguanosine (DNA-base-oxidized intermediate) [41]. Radiation-induced
oral mucositis was inhibited in rats treated with melatonin (45 mg/day) for 21 days [42]. Further
analysis showed that melatonin (at 100 mg/kg) reduces X-ray irradiation-induced DNA damage
by upregulation the expression of DNA repair genes (Ogg1, Apex1, and Xrcc1) [43]. Additionally,
pretreatment of irradiated rats with melatonin can ameliorate the oxidative damage induced by
ionizing radiation [44]. In another study melatonin promoted porcine somatic cell nuclear transfer
by protecting embryonic cells from oxidative stress-induced DNA damage [45]. Such protective
effect of melatonin was also observed against bisphenol A [46], formaldehyde [47], and phenytoin
sodium-induced DNA damage [48].
Recent studies summarize the DNA protective mechanisms of melatonin as an indirect antioxidant
agent. These mechanisms include: enhancing the activity of mitochondrial electron transport chain,
pro-oxidative enzymes inhibition, augmentation of other antioxidant agents activity, glutathione
synthesis stimulation, and antioxidant enzymes protection and activation [49]. Normalizing
mitochondrial function was also investigated to target cancer cells. A decrease in ATP production and
viability was observed in breast cancer MCF-7 cells after treatment with melatonin [50]. More analysis
of the role of melatonin in mitochondrial function showed an up-regulation in complex III activity after
treatment with the main melatonin catabolite 6-hydroxymelatonin (6-OHM). Additionally, melatonin
and its main metabolite (6-OHM) can induce cell death in breast MCF-7 and leukemic HL-60 cells
by increasing the production of reactive oxygen species (ROS) including H2 O2 [51]. Furthermore,
the combination of melatonin and rapamycin induced changes in mitochondrial functions that resulted
in increased ROS, apoptosis and mitophagy [52]. Similarly, melatonin can reduce liver damage by
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recovering mitochondrial mitophagy [53]. The combined effect of these mechanisms makes melatonin
an important agent to protect DNA from oxidative stress.
DNA repair system was also evaluated as a target for melatonin. In one study, melatonin enhanced
DNA repair capacity in MCF-7 (breast cancer) and HCT-15 (colon cancer) cell lines by affecting genes
involved in DNA damage responsive pathways [54]. Such activation in the DNA repair system was
also reported for melatonin against DNA damage induced by hydrogen peroxide [40].
Telomerase is an enzyme involved in telomere elongation during cell division. The activity of
this enzyme is essential for cancer cells as these cells have the capacity for sustained cell division and
DNA replication. The effect of melatonin on telomerase activity was studied in vitro and on nude
mice transplanted with MCF-7 xenograft. Results of this study showed a significant dose-dependent
inhibition of telomerase activity in vivo and in vitro [55]. Additionally, melatonin delays ovarian aging
by inhibiting telomerase activity [56].
2.2. Role of Melatonin in Sustained Proliferative Signaling
Cancer development and progression is directly associated with the ability of sustained
proliferation. This is manifested by the presence of altered expression of proteins and signaling
pathways related to cell cycle in cancer cells. Different signaling pathways were suggested as
targets to inhibit sustained proliferation in cancer. These pathways include: signaling pathways
of hypoxia-inducible factor-1 (HIF-1), NF-κB s, PI3K/Akt, insulin-like growth factor receptor (IGF-1R),
cyclin-dependent kinases (CDKs), and estrogen receptor signaling [13]. The effect of melatonin on
most of these signaling pathways was evaluated by different studies.
HIF-1 is a heterodimer that responds to changes in oxygen levels. Under low oxygen concentration,
this molecule enters the nucleus and stimulates the transcription of many genes responsible for tumor
aggressiveness [57]. A recent study showed a reduction in HIF-1 levels after melatonin treatment in
serous papillary ovarian carcinoma of ethanol-preferring rats [58]. The antioxidant activity of melatonin
against reactive oxygen species caused destabilization of HIF-1α protein levels and suppresses its
transcriptional activity in the HCT116 human colon cancer cells [59].
Further analysis of melatonin’s destabilizing effect against HIF-1α revealed the involvement of
phingosine kinase 1 (SPHK1) which is a new HIF-1α modulator. Melatonin reduces SPHK1 activity in
PC-3 prostate cancer cells under hypoxic condition. Additionally, melatonin inhibits the Akt/glycogen
synthase kinase-3β (GSK-3β) signaling pathway which stabilizes HIF-1α [60]. Similar HIF-1 inhibitory
effects of melatonin were observed in other cancer models, including pancreatic ductal cells, cervical
cancer, and lung cancer [61]. Melatonin was also effective through HIF-1 inhibition [62].
Nuclear factor-kappaB (NF-κB) is a family of transcription factors involved in many cellular
pathways leading to inflammation and immune response [63]. An anti-inflammatory response of
melatonin was reported by NF-κB inhibition [64]. Also melatonin inhibited the nuclear translocation of
NF-κB to enhance the anticancer effect of berberine against lung cancer [65]. Additionally, melatonin
mediated NF-κB inhibition prevented motility and invasiveness in HepG2 liver cancer cells [66] and
protected against cyclophosphamide-induced urinary bladder injury [67].
Phosphoinositide 3-kinase (PI3Ks) is a family of lipid kinases that is involved in regulation of
many cellular mechanisms including cell proliferation and differentiation [68]. Several studies reported
the inhibitory effect of melatonin on PI3K signaling pathway. The proliferation of MDA-MB-361 breast
cancer cells was suppressed after melatonin treatment through inhibition of PI3K/Akt signaling
pathway [69]. A combination of melatonin with vitamin D3 caused inhibition in proliferation of MCF-7
breast cancer cells by downregulation of Akt expression [70]. Additionally, melatonin combined with
endoplasmic reticulum stress-inducers (thapsigargin or tunicamycin) caused cell death in melanoma
cells by inhibiting the PI3K/Akt/mTOR pathway [71].
Cyclin-dependent kinases (CDKs) are enzymes essential for cell division and transcription.
They are serine/threonine kinases that are important for cancer progression [72]. The inhibitory
effect of melatonin on CDKs was explored in several studies. In one study, melatonin (at millimolar
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concentrations) inhibited the proliferation of rat dopaminergic neuroblastoma cells by suppressing the
progression of the G1-phase. This suppression was mediated by inhibiting the transcriptional activity
of cyclins and CDKs [73]. Downregulation of cyclin D1, CDK4, cyclin B1 and CDK1 was reported as
antiproliferative mechanism of melatonin against human osteosarcoma cell proliferation [74]. Cyclin D1
was also inhibited after treating breast cancer cells with melatonin [75].
The role of estrogen in mammary cancer development is well studied. The hormone may stimulate
the proliferation of mammary cancer cells through stimulation of estrogen receptors. This stimulation
can propagate the number of mutations induced by different carcinogens [76]. Catechol-estrogens are
estrogenic metabolites that have direct mutagenic effect on DNA through generation of free radicals
after oxidation of these metabolites [77]. Melatonin can alter the effect of estrogen in three different
ways: (1) Inhibition of steroid synthesis by gonads; (2) downregulation of the synthesis of enzymes
involved in androgen synthesis such as aromatase; (3) binding with estrogen receptor to inhibit its
stimulatory effect [78].
2.3. Role of Melatonin in Evasion of Anti-Growth Signaling
Evasion of antigrowth signals is an essential step for cancer cells to continue to proliferate. Cancer
cells need to inhibit tumor suppressor genes that are responsible for antigrowth signals. Mutations
in tumor suppressor genes were observed in cancer cells with the most frequently mutated tumor
suppressor gene is p53 followed by phosphatase and tensin homolog (PTEN), adenomatous polyposis
coli (APC), ataxia-telangiectasia mutated (ATM), breast cancer gene2 (BRCA2), Von Hippel-Lindau
(VHL), retinoblastoma (RB), cyclin-dependent kinase inhibitor 2A (CDKN2A), breast cancer gene2
(BRCA1) and Wilms tumor (WT1). Mutant p53 was reported in more than 50% of all tumors [13].
The expression of p53, BRCA1, BRCA2 was increased in breast cancer cells after treatment with
melatonin [79]. Further analysis of the effect of melatonin revealed the ability of this hormone to
induce phosphorylation of p53 at Ser-15 causing proliferation inhibition and prevention of DNA
damage accumulation [80]. Increased p53 expression was also observed in prostate cancer cells
following treatment with melatonin [81].
2.4. Role of Melatonin in Resistance to Apoptosis
Cancer cells can evade apoptosis by overexpressing anti-apoptotic proteins that inhibit the
process of apoptosis. Several pathways are responsible for apoptosis evasion in cancer. Overexpression
of molecules that resist apoptosis is a main strategy used by cancer cells to avoid apoptosis [13].
B-cell lymphoma-2 (Bcl-2) family has an important role in apoptosis resistance. Treatment of pancreatic
cancer cells with melatonin caused an induction of apoptosis mediated by down-regulation of Bcl-2
and up-regulation of Bax (pro-apoptotic protein) [82]. Modulation of Bcl-2/Bax was also reported as a
mechanism of apoptosis induction by melatonin against human pancreatic carcinoma cells [83]. Similar
results were obtained for human myeloid leukemia cells treated with melatonin which inhibit the
progression from G1 to S phase of the cell cycle by Bax up-regulation and Bcl-2 down-regulation [84].
Additionally, treatment of ovarian cancer cells with melatonin decreased cell proliferation by increasing
the number of cells in G1 phase and decreasing the number of cells in S phase [52].). Other studies
have explored various targets of melatonin to induce apoptosis. These targets include upregulation of
pro-apoptotic (p53, Bax, total and cleaved caspase-3) and anti-apoptotic (Bcl-2 and survivin) proteins
in addition to downregulation of cyclin dependent kinases [34,85]. The apoptosis induction effect of
melatonin was also reported in other cancer models including human hepatoma [86], murine gastric
cancer [87], and prostate cancer [81].
2.5. Role of Melatonin in Replicative Immortality
Replicative immortality is the ability of cells to divide continuously. This capacity is a characteristic
feature for cancer cells that can undergo unlimited cycles of cell division. This process can be repressed
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by inhibiting different targets including telomerase, mammalian target of rapamycin (mTOR), CDK4/6,
CDK 1/2/5/9, Akt and PI3K [13].
The effect of melatonin on CDKs and Akt/PI3K pathways were discussed in a previous section
(sustained proliferation signaling). Telomerase is a specialized DNA polymerase that extends the ends
of shortening chromosomes in dividing cells. Without the activity of this enzyme, the chromosomes
will be unstable and most types of cancer depend on activation of telomerase to maintain continuous
cell division [88]. Exposure of breast cancer cells to increasing concentrations of melatonin caused a
dose-dependent decrease in telomerase activity in vitro and in vivo [89]. In another study, melatonin
receptor agonists inhibited the expression of human catalytic subunit of telomerase [90]. Furthermore,
combination of melatonin with cis-diamminedichloroplatinum inhibited human ovarian cancer by
lowering telomerase activity. This inhibition was significantly higher than that observed in single
treatment groups [91]. Additionallytelomerase inhibition was also reported in more recent studies [92].
The importance of the PI3K/AKT/mTOR signaling pathway was reported in different cancer
types and its activation is associated with advanced tumor stage and poor prognosis [93]. Mammalian
target of rapamycin (mTOR) is a serine-threonine protein kinase that is involved in regulation of
many physiological pathways, including cell growth, proliferation, metabolism, protein synthesis,
and autophagy [94]. Treatment of tumor bearing rats with melatonin for 60 days resulted in reduction
in tumor size associated with decreased levels of mTOR compared with the negative control [95].
In another study, melatonin in combination with arsenic trioxide inhibited human breast cancer cells by
reducing mTOR expression in treated cells [96]. In another study, melatonin combined with rapamycin
suppressed AKT/mTOR pathway in head and neck cancers [52]. Additionally, melatonin decreased
H2 O2 -induced phosphorylation of mTOR in hepatoma cells [97].
2.6. Role of Melatonin in Tumor Dysregulated Metabolism
Increased glucose uptake and lactate production (the Warburg effect) is a characteristic feature
of many cancer cells [98]. To achieve this altered metabolism, active oncogenes and inactive
tumor suppressor genes in cancer cells resulted in a change in the expression and activity of
several components in glucose and glutamate metabolism. Several glycolytic enzymes are key
regulators for cancer dysregulated metabolism. Enzymes like hexokinase2 (HK2), 6-phosphofructo2-kinase/fructose-2,6-biphosphatase 3(PFKFB3) and pyruvate kinase isoform M2 (PKM2) are suitable
targets to inhibit cancer metabolism [13].
Several transcriptional factors are involved in the establishment of the Warburg effect in cancer
cells. Hypoxia-inducible factor 1 (HIF1) is one of these factors and it enhances the expression of
most glycolytic enzymes and glucose transporters. HIF1 also upregulates expression of pyruvate
dehydrogenase kinases (PDKs) which inactivates pyruvate dehydrogenase by phosphorylation.
Inactive pyruvate dehydrogenase will stop the conversion of pyruvate to acetyl-CoA and increase
lactate production [98]. Melatonin has an inhibitory effect on HIF1 which in turn inhibit the altered
metabolism of cancer. In the previous section (sustained proliferative signaling) the inhibition of HIF1
by melatonin was discussed [57–62].
Another metabolic regulator of cancer metabolism is MYC oncogene. Overexpression of MYC
in cancer cells cause upregulation of many genes including glycolytic enzymes, PDK1, lactate
dehydrogenase, and glucose transporters [99]. Lactate dehydrogenase inhibition and a reduction in
lactate were observed in different cell lines after treatment with melatonin [100]. Downregulation of
MYC oncogene and upregulation of pro-apoptotic genes (BAD and BAX) were observed in breast
cancer cells treated with melatonin [101]. Additionally, combination of melatonin and sorafenib cause
down-regulation of MYC oncogene in hepatocellular carcinoma [102].
2.7. Role of Melatonin in Tumor-Promoting Inflammation
The link between chronic inflammation and cancer development was reported in previous
studies [103,104]. Inflammation can directly contribute to carcinogenesis by generating different
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carcinogenic products including reactive oxygen species and reactive nitrogen species which can induce
DNA damage and cancer development [105]. Many factors are important targets that can be modulated to
control inflammation damaging effects. These factors include cyclooxygenase-2 (COX-2), NF-κB, tumor
necrosis factor alpha (TNF-α), and inducible nitric oxide synthase (iNOS) [13]. Melatonin (10 mg/Kg)
was used to treat chronic bowel inflammation in rat models of colitis. Results showed a decrease in the
inflammation mediated by local inhibition of iNOS and COX-2 expression in colonic mucosa [106].
Further testing revealed that melatonin inhibition of iNOS and COX-2 is through suppressing of p52
acetylation, binding, and transactivation [107]. In another study, melatonin inhibited both COX-2
expression and NF-κB activation in murine macrophage-like cells [108]. The up-regulation in the
expression of the proapoptotic protein Bim and down-regulation of COX-2 expression were reported
as a mechanism of action of melatonin to inhibit in human breast carcinoma MDA-MB-231 cells [109].
2.8. Role of Melatonin in Angiogenesis Inhibition
Angiogenesis (blood vessel formation) is an essential process in cancer development and
progression as it provides dividing cells with the oxygen and nutrients needed to sustain cell
division [110]. Tumor cells stimulate angiogenesis by activating angiogenic factors and inhibiting
factors that stop angiogenesis [111]. The main angiogenic factors include vascular endothelial growth
factor (VEGF), platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and hepatocyte
growth factor (HGF) [112]. The expression of VEGFR-2 and micro-vessels density was inhibited in
mice treated with melatonin [113]. Disruption of tumor blood vessels formation was also observed in
renal adenocarcinoma mouse model treated with melatonin [114]. The inhibitory effect of melatonin
on serum VEGF levels was reported in previous studies [115,116]. A clinical study showed that oral
administration of melatonin reduced serum VEGF levels in patients having cancer metastasis [117].
Additionally, the level of secreted VEGF and its mRNA were decreased in pancreatic carcinoma cells
treated with melatonin for 24 h [118]. The inhibitory effect of melatonin on VEGF was also observed
in MCF-7 breast cancer cell line and glioblastoma cells [119,120]. Melatonin was also successful in
augmenting the antiangiogenic activity of other agents used to inhibit VEGF expression. In one study
a combination consisting of melatonin and Propionibacterium acnes showed reduction in VEGF serum
levels and regression in tumor size in mice bearing breast carcinoma [27]. Additionally, combination
of melatonin with pitvastatin caused 42% reduction in the levels of VEGF in the combination group
compared with pitvastatin single therapy in rats with breast cancer [121].
Endothelial cell migration, invasion, and tube formation are essential steps in angiogenesis [116].
The effect of melatonin on endothelial cell migration, invasion and tube formation was evaluated
in many studies. Melatonin caused a 32% inhibition in cell migration of human umbilical vein
endothelial cells (HUVEC) and 50% inhibition in cell invasion and tube formation [122]. The reduction
in migration and invasion of HepG2 cells was achieved after treatment with 1 mM melatonin for
48 h [115]. Further analysis of the mechanism of action of melatonin in inhibition of cell migration
and invasion revealed that the action of this hormone involves inactivation of MMP-2 and MMP-9 in
addition to down-regulation of p38 signaling pathway [123]. Additionally, melatonin inhibits hypoxia
induced cell migration by inhibiting ERK/Rac1 pathway [124]. Another mechanism of angiogenesis
suppression of melatonin is mediated by the inhibition of endothelin-1 which is a peptide produced by
solid tumors to promote proliferation, metastasis, and angiogenesis [125].
2.9. Role of Melatonin in Tissue Invasion and Metastasis
The highest percentage of cancer mortality is reported in patients with metastatic cancers [126].
Cancer metastasis requires many steps, including loss of cell-cell contact, tissue invasion, intravasation,
transport around the body, extravasation at the secondary site and establishment of a secondary tumor [127].
The disruption of cell–cell adhesion enables cancer cells to leave the primary tumor mass
and invade surrounding tissue. Tight junctions, adherens junctions, gap junctions, desmosomes,
and hemidesmosomes are the main cell-cell adhesion molecules [128]. Previous studies showed
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that melatonin has an inhibitory effect on invasive properties of cancer by altering the expression
of tight and adherens junction proteins. E-cadherin is an important protein in tight junctions and
its low expression was observed in metastatic cancers [129]. Increased E-cadherin expression was
observed in breast cancer cells treated with melatonin [130]. A recent study provided additional details
about the mechanism of action of melatonin in upregulating E-cadherin expression. Interference
in the interaction between C/EBPβ and NF-κB is induced by melatonin and caused upregulation
in E-cadherin expression [131]. Occludin is a trans-membrane protein present in tight junctions
and is essential for normal function of this adhesion molecule [132]. The migration of human lung
adenocarcinoma cell line A549 was inhibited after treatment with melatonin. This inhibition is
mediated by upregulation of occludin expression [133]. Another example of molecules involved in
metastasis is integrin. Integrin is a glycoprotein involves in linking the intracellular actin cytoskeleton
with the extracellular matrix. Treatment of glioma cells with melatonin inhibited their invasion by
modulating integrin expression [134]. Additionally, the in vitro invasive capacity of breast cancer cells
was inhibited by melatonin through alteration of integrin expression [130].
Epithelial–mesenchymal transition (EMT) is an important step in cancer metastasis. During this
process, cancer cells lose their adhesion to neighboring cells and become migratory [128]. Interference
with NF-κB signaling pathway was reported as a mechanism of action of melatonin to inhibit EMT [113].
Vimentin is a cytoskeletal protein that is important for cell migration and maintenance of mesenchymal
phenotype [135]. Treatment of breast cancer cells with melatonin caused a decrease in the expression
of vimentin and inhibition of cell migration [136].
2.10. Role of Melatonin in Tumor Associated Immune Evasion
Cancer cells can escape from the immune system using different mechanisms including activation
of regulatory cells, defective antigen presentation, immune suppression, and immune deviation [13].
The role of melatonin in activation of anticancer immune response was explored in different studies.
Murine foregastric carcinoma cells were treated in vitro and in vivo with melatonin. In this study,
melatonin caused dose dependent inhibition of tumor weight and volume and decreased the number
of regulatory T cells infiltration. Also the expression of regulatory protein Foxp3 in regulatory T cells
was inhibited by melatonin [137]. A shift in the immune response toward Th1 anticancer response
was observed in tumor bearing mice treated with melatonin [27]. Similar results were observed when
melatonin combined with thymoquinone to treat breast cancer in mice [25]. Additionally, melatonin
potentiates the antitumor effect of IL-2 against melanoma [138]. In this study, an increase in the number
of monocytes and natural killer cells was observed within 7–14 days of melatonin treatment [139].
Also the production of inflammatory cytokines was increased in monocytes and macrophages treated
with melatonin [140]. Reactive oxygen species production and enhanced phagocytic activity were also
reported in macrophages treated with melatonin [141].
Natural killer (NK) cells have an important role in the control of virally infected and cancer cells.
Administration of melatonin increases NK cells number and activity [142]. This increase in the number
of NK cells is a result of melatonin activation of T helper cells to produce several cytokines including
IL-2, IL-6, IL-12 and interferon gamma (IFN-γ) [143]. T lymphocytes have melatonin receptors which
explain the effect of melatonin on these cells to produce different cytokines that activate various cells
including NK [144].
2.11. Melatonin Contradictory Effects
A large number of studies have proved the anticancer effects of melatonin. However, dual effects
of this hormone were also reported. Such effects can be observed in the generation and inhibition of
oxidative stress. The contribution of ROS in cancer development was studied extensively. Increased
mutation rate, growth receptors activation, enhanced oncogenesis signaling, and angiogenesis
promotion were observed in cells exposed to high ROS [145]. On the other hand, oxidative stress
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can inhibit cancer cell survival by induction of DNA damage, telomeres shortening, and oxidation of
biological molecules [146].
Melatonin is very effective antioxidant by directly quench free radicals, production of active
scavenger
metabolites,
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Fischer, T.W.; Kleszczyński, K.; Hardkop, L.H.; Kruse, N.; Zillikens, D. Melatonin enhances antioxidative
enzyme gene expression (CAT, GPx, SOD), prevents their UVR-induced depletion, and protects against the
formation of DNA damage (8-hydroxy-20 -deoxyguanosine) in ex vivo human skin. J. Pineal Res. 2013, 54,
303–312. [CrossRef] [PubMed]
Ortiz, F.; Acuña-Castroviejo, D.; Doerrier, C.; Dayoub, J.C.; López, L.C.; Venegas, C.; García, J.A.; López, A.;
Volt, H.; Luna-Sánchez, M.; et al. Melatonin blunts the mitochondrial/NLRP3 connection and protects
against radiation-induced oral mucositis. J. Pineal Res. 2015, 58, 34–49. [CrossRef] [PubMed]
Rezapoor, S.; Shirazi, A.; Abbasi, S.; Bazzaz, J.T.; Izadi, P.; Rezaeejam, H.; Valizadeh, M.;
Soleimani-Mohammadi, F.; Najafi, M. Modulation of radiation-induced base excision repair pathway gene
expression by melatonin. J. Med. Phys. 2017, 42, 245–250. [PubMed]
Ghobadi, A.; Shirazi, A.; Najafi, M.; Kahkesh, M.H.; Rezapoor, S. Melatonin ameliorates radiation-induced
oxidative stress at targeted and nontargeted lung tissue. J. Med. Phys. 2017, 42, 241–244. [PubMed]
Liang, S.; Jin, Y.X.; Yuan, B.; Zhang, J.B.; Kim, N.H. Melatonin enhances the developmental competence
of porcine somatic cell nuclear transfer embryos by preventing DNA damage induced by oxidative stress.
Sci. Rep. 2017, 7, 11114. [CrossRef] [PubMed]
Wu, H.J.; Liu, C.; Duan, W.X.; Xu, S.C.; He, M.D.; Chen, C.H.; Wang, Y.; Zhou, Z.; Yu, Z.P.; Zhang, L.; et al.
Melatonin ameliorates bisphenol A-induced DNA damage in the germ cells of adult male rats. Mutat. Res.
Genet. Toxicol. Environ. Mutagen. 2013, 752, 57–67. [CrossRef] [PubMed]
Aydemir, S.; Akgun, S.G.; Beceren, A.; Yuksel, M.; Kumas, M.; Erdogan, N.; Sardas, S.; Omurtag, G.Z.
Melatonin ameliorates oxidative DNA damage and protects against formaldehyde-induced oxidative stress
in rats. Int. J. Clin. Exp. Med. 2017, 10, 6250–6261.
Erenberk, U.; Dundaroz, R.; Gok, O.; Uysal, O.; Agus, S.; Yuksel, A.; Yilmaz, B.; Kilic, U. Melatonin attenuates
phenytoin sodium-induced DNA damage. Drug Chem. Toxicol. 2014, 37, 233–239. [CrossRef] [PubMed]
Reiter, R.J.; Mayo, J.C.; Tan, D.X.; Sainz, R.M.; Alatorre-Jimenez, M.; Qin, L. Melatonin as an antioxidant:
Under promises but over delivers. J. Pineal Res. 2016, 61, 253–278. [CrossRef] [PubMed]
Scott, A.E.; Cosma, G.N.; Frank, A.A.; Wells, R.L.; Gardner, H.S., Jr. Disruption of mitochondrial respiration
by melatonin in MCF-7 cells. Toxicol. Appl. Pharmacol. 2001, 171, 149–156. [CrossRef] [PubMed]
Proietti, S.; Cucina, A.; Minini, M.; Bizzarri, M. Melatonin, mitochondria, and the cancer cell. Cell. Mol.
Life Sci. 2017, 74, 4015–4025. [CrossRef] [PubMed]
Shen, Y.Q.; Guerra-Librero, A.; Fernandez-Gil, B.I.; Florido, J.; García-López, S.; Martinez-Ruiz, L.;
Mendivil-Perez, M.; Soto-Mercado, V.; Acuña-Castroviejo, D.; Ortega-Arellano, H.; et al. Combination
of melatonin and rapamycin for head and neck cancer therapy: Suppression of AKT/mTOR pathway
activation, and activation of mitophagy and apoptosis via mitochondrial function regulation. J. Pineal Res.
2017. [CrossRef] [PubMed]
Zhou, H.; Du, W.; Li, Y.; Shi, C.; Hu, N.; Ma, S.; Wang, W.; Ren, J. Effects of melatonin on fatty liver disease:
The role of NR4A1/DNA-PKcs/p53 pathway, mitochondrial fission, and mitophagy. J. Pineal Res. 2018, 64.
[CrossRef] [PubMed]
Liu, R.; Fu, A.; Hoffman, A.E.; Zheng, T.; Zhu, Y. Melatonin enhances DNA repair capacity possibly by
affecting genes involved in DNA damage responsive pathways. BMC Cell Biol. 2013, 14, 1. [CrossRef]
[PubMed]
Leon-Blanco, M.M.; Guerrero, J.M.; Reiter, R.J.; Calvo, J.R.; Pozo, D. Melatonin inhibits telomerase activity in
the MCF-7 tumor cell line both in vivo and in vitro. J. Pineal Res. 2003, 35, 204–211. [CrossRef] [PubMed]
Tamura, H.; Kawamoto, M.; Sato, S.; Tamura, I.; Maekawa, R.; Taketani, T.; Aasada, H.; Takaki, E.; Nakai, A.;
Reiter, R.J.; et al. Long-term melatonin treatment delays ovarian aging. J. Pineal Res. 2017, 62. [CrossRef]
Vaupel, P.; Mayer, A. Hypoxia in cancer: Significance and impact on clinical outcome. Cancer Metast. Rev.
2007, 26, 225–239. [CrossRef] [PubMed]
Zonta, Y.R.; Martinez, M.; Camargo, I.C.; Domeniconi, R.F.; Lupi Júnior, L.A.; Pinheiro, P.F.; Reiter, R.J.;
Martinez, F.E.; Chuffa, L.G. Melatonin Reduces Angiogenesis in Serous Papillary Ovarian Carcinoma of
Ethanol-Preferring Rats. Int. J. Mol. Sci. 2017, 18, 763. [CrossRef] [PubMed]
Park, S.Y.; Jang, W.J.; Yi, E.Y.; Jang, J.Y.; Jung, Y.; Jeong, J.W.; Kim, Y.J. Melatonin suppresses tumor
angiogenesis by inhibiting HIF-1α stabilization under hypoxia. J. Pineal Res. 2010, 48, 178–184. [CrossRef]
[PubMed]

Molecules 2018, 23, 518

60.

61.
62.

63.
64.

65.

66.

67.

68.
69.

70.

71.
72.
73.

74.
75.

76.
77.

78.
79.
80.

13 of 17

Cho, S.Y.; Lee, H.J.; Jeong, S.J.; Lee, H.J.; Kim, H.S.; Chen, C.Y.; Lee, E.O.; Kim, S.H. Sphingosine kinase
1 pathway is involved in melatonin-induced HIF-1α inactivation in hypoxic PC-3 prostate cancer cells.
J. Pineal Res. 2011, 51, 87–93. [CrossRef] [PubMed]
Dai, M.; Cui, P.; Yu, M.; Han, J.; Li, H.; Xiu, R. Melatonin modulates the expression of VEGF and HIF-1α
induced by CoCl2 in cultured cancer cells. J. Pineal Res. 2008, 44, 121–126. [CrossRef] [PubMed]
Lai, Y.H.; Hu, D.N.; Rosen, R.; Sassoon, J.; Chuang, L.Y.; Wu, K.Y.; Wu, W.C. Hypoxia-induced vascular
endothelial growth factor secretion by retinal pigment epithelial cells is inhibited by melatonin via decreased
accumulation of hypoxia-inducible factors-1α protein. Clin. Exp. Ophthalmol. 2017, 45, 182–191. [CrossRef]
Gilmore, T.D. Introduction to NF-κB: Players, pathways, perspectives. Oncogene 2006, 25, 6680–6684.
[CrossRef] [PubMed]
Huang, S.H.; Cao, X.J.; Wei, W. Melatonin decreases TLR3-mediated inflammatory factor expression via
inhibition of NF-κB activation in respiratory syncytial virus-infected RAW264, 7 macrophages. J. Pineal Res.
2008, 45, 93–100. [CrossRef] [PubMed]
Lu, J.J.; Fu, L.; Tang, Z.; Zhang, C.; Qin, L.; Wang, J.; Yu, Z.; Shi, D.; Xiao, X.; Xie, F.; 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 2016, 7, 2985–3001. [PubMed]
Ordonez, R.; Carbajo-Pescador, S.; Prieto-Dominguez, N.; García-Palomo, A.; González-Gallego, J.;
Mauriz, J.L. Inhibition of matrix metalloproteinase-9 and nuclear factor kappa B contribute to melatonin
prevention of motility and invasiveness in HepG2 liver cancer cells. J. Pineal Res. 2014, 56, 20–30. [CrossRef]
[PubMed]
Tripathi, D.N.; Jena, G.B. Effect of melatonin on the expression of Nrf2 and NF-κB during
cyclophosphamide-induced urinary bladder injury in rat. J. Pineal Res. 2010, 48, 324–331. [CrossRef]
[PubMed]
Engelman, J.A.; Luo, J.; Cantley, L.C. The evolution of phosphatidylinositol 3-kinases as regulators of growth
and metabolism. Nat. Rev. Genet. 2006, 7, 606–619. [CrossRef] [PubMed]
Wang, J.; Xiao, X.; Zhang, Y.; Shi, D.; Chen, W.; Fu, L.; Liu, L.; Xie, F.; Kang, T.; Huang, W.; et al. Simultaneous
modulation of COX-2, p300, Akt, and Apaf-1 signaling by melatonin to inhibit proliferation and induce
apoptosis in breast cancer cells. J. Pineal Res. 2012, 53, 77–90. [CrossRef] [PubMed]
Proietti, S.; Cucina, A.; D’Anselmi, F.; Dinicola, S.; Pasqualato, A.; Lisi, E.; Bizzarri, M. Melatonin and vitamin
D3 synergistically down-regulate Akt and MDM2 leading to TGFβ-1-dependent growth inhibition of breast
cancer cells. J. Pineal Res. 2011, 50, 150–158. [CrossRef] [PubMed]
Kim, H.S.; Kim, T.J.; Yoo, Y.M. Melatonin combined with endoplasmic reticulum stress induces cell death via
the PI3K/Akt/mTOR pathway in B16F10 melanoma cells. PLoS ONE 2014, 9, e92627. [CrossRef] [PubMed]
Malumbres, M. Cyclin-dependent kinases. Genome Biol. 2014, 15, 122. [CrossRef] [PubMed]
Pizarro, J.G.; Yeste-Velasco, M.; Esparza, J.L.; Verdaguer, E.; Pallàs, M.; Camins, A.; Folch, J.
The antiproliferative activity of melatonin in B65 rat dopaminergic neuroblastoma cells is related to the
downregulation of cell cycle-related genes. J. Pineal Res. 2008, 45, 8–16. [CrossRef] [PubMed]
Liu, L.; Xu, Y.; Reiter, R.J. Melatonin inhibits the proliferation of human osteosarcoma cell line MG-63. Bone
2013, 55, 432–438. [CrossRef] [PubMed]
Cini, G.; Neri, B.; Pacini, A.; Cesati, V.; Sassoli, C.; Quattrone, S.; D’apolito, M.; Fazio, A.; Scapagnini, G.;
Provenzani, A.; et al. Antiproliferative activity of melatonin by transcriptional inhibition of cyclin D1
expression: A molecular basis for melatonin-induced oncostatic effects. J. Pineal Res. 2005, 39, 12–20.
[CrossRef] [PubMed]
Yager, J.D. Chapter 3: Endogenous estrogens as carcinogens through metabolic activation. JNCI Monogr.
2000, 2000, 67–73. [CrossRef]
Yue, W.; Santen, R.J.; Wang, J.P.; Li, Y.; Verderame, M.F.; Bocchinfuso, W.P.; Korach, K.S.; Devanesan, P.;
Todorovic, R.; Rogan, E.G.; et al. Genotoxic metabolites of estradiol in breast: Potential mechanism of
estradiol induced carcinogenesis. J. Steroid Biochem. Mol. Biol. 2003, 86, 477–486. [CrossRef]
Gonzalez, C. Melatonin-estrogen interactions in breast cancer. J. Pineal Res. 2005, 38, 217–222.
Hill, S.M.; Frasch, T.; Xiang, S.; Yuan, L.; Duplessis, T.; Mao, L. Molecular mechanisms of melatonin anticancer
effects. Integr. Cancer Ther. 2009, 8, 337–346. [CrossRef] [PubMed]
Santoro, R.; Marani, M.; Blandino, G.; Muti, P.; Strano, S. Melatonin triggers p53Ser phosphorylation and
prevents DNA damage accumulation. Oncogene 2012, 31, 2931–2942. [CrossRef] [PubMed]

Molecules 2018, 23, 518

14 of 17

Kim, C.H.; Yoo, Y.M. Melatonin induces apoptotic cell death via p53 in LNCaP cells. Korean J.
Physiol. Pharmacol. 2010, 14, 365–369. [CrossRef] [PubMed]
82. Xu, C.; Wu, A.; Zhu, H.; Fang, H.; Xu, L.; Ye, J.; Shen, J. Melatonin is involved in the apoptosis and necrosis
of pancreatic cancer cell line SW-1990 via modulating of Bcl-2/Bax balance. Biomed. Pharmacother. 2013, 67,
133–139. [CrossRef] [PubMed]
83. Leja-Szpak, A.; Jaworek, J.; Pierzchalski, P.; Reiter, R.J. Melatonin induces pro-apoptotic signaling pathway
in human pancreatic carcinoma cells (PANC-1). J. Pineal Res. 2010, 49, 248–255. [CrossRef] [PubMed]
84. Rubio, S.; Estévez, F.; Cabrera, J.; Reiter, R.J.; Loro, J.; Quintana, J. Inhibition of proliferation and induction of
apoptosis by melatonin in human myeloid HL-60 cells. J. Pineal Res. 2007, 42, 131–138. [CrossRef] [PubMed]
85. Chuffa, L.G.; Reiter, R.J.; Lupi, L.A. Melatonin as a promising agent to treat ovarian cancer: Molecular
mechanisms. Carcinogenesis 2017, 38, 945–952. [CrossRef] [PubMed]
86. Fan, L.L.; Sun, G.P.; Wei, W.; Wang, Z.G.; Ge, L.; Fu, W.Z.; Wang, H. Melatonin and doxorubicin synergistically
induce cell apoptosis in human hepatoma cell lines. World J. Gastroenterol. 2010, 16, 1473–1481. [CrossRef]
[PubMed]
87. Xu, L.; Jin, Q.D.; Gong, X.; Liu, H.; Zhou, R.X. Anti-gastric cancer effect of melatonin and Bcl-2, Bax, p21 and
p53 expression changes. Acta Physiol. Sin. 2014, 66, 723–729.
88. Bodnar, A.G.; Ouellette, M.; Frolkis, M.; Holt, S.E.; Chiu, C.P.; Morin, G.B.; Harley, C.B.; Shay, J.W.;
Lichtsteiner, S.; Wright, W.E. Extension of life-span by introduction of telomerase into normal human
cells. Science 1998, 279, 349–352. [CrossRef] [PubMed]
89. Grant, S.G.; Melan, M.A.; Latimer, J.J.; Witt-Enderby, P.A. Melatonin and breast cancer: Cellular mechanisms,
clinical studies and future perspectives. Expert Rev. Mol. Med. 2009, 11, e5. [CrossRef] [PubMed]
90. Leon-Blanco, M.M.; Guerrero, J.M.; Reiter, R.J.; Pozo, D. RNA expression of human telomerase subunits TR
and TERT is differentially affected by melatonin receptor agonists in the MCF-7 tumor cell line. Cancer Lett.
2004, 216, 73–80. [CrossRef] [PubMed]
91. Futagami, M.; Sato, S.; Sakamoto, T.; Yokoyama, Y.; Saito, Y. Effects of melatonin on the proliferation and
cis-diamminedichloroplatinum (CDDP) sensitivity of cultured human ovarian cancer cells. Gynecol. Oncol.
2001, 82, 544–549. [CrossRef] [PubMed]
92. Kubatka, P.; Zubor, P.; Büsselberg, D.; Kwon, T.K.; Adamek, M.; Petrovic, D.; Opatrilova, R.; Gazdikova, K.;
Caprnda, M.; Rodrigo, L.; et al. Melatonin and breast cancer: Evidences from preclinical and human studies.
Crit. Rev. Oncol. Hematol. 2017, 122, 133–143. [CrossRef] [PubMed]
93. Sheng, Q.; Liu, J. The therapeutic potential of targeting the EGFR family in epithelial ovarian cancer.
Br. J. Cancer 2011, 104, 1241–1245. [CrossRef] [PubMed]
94. Wong, M. Mammalian target of rapamycin (mTOR) pathways in neurological diseases. Biomed. J. 2013, 36,
40–50. [CrossRef] [PubMed]
95. Ferreira, G.M.; Martinez, M.; Camargo, I.C.C.; Domeniconi, R.F.; Martinez, F.E.; Chuffa, L.G.A. Melatonin
attenuates Her-2, p38 MAPK, p-AKT, and mTOR levels in ovarian carcinoma of ethanol-preferring rats.
J. Cancer 2014, 5, 728–735. [CrossRef] [PubMed]
96. Yun, S.M.; Woo, S.H.; Oh, S.T.; Hong, S.E.; Choe, T.B.; Ye, S.K.; Kim, E.K.; Seong, M.K.; Kim, H.A.; Noh, W.C.;
et al. Melatonin enhances arsenic trioxide-induced cell death via sustained upregulation of Redd1 expression
in breast cancer cells. Mol. Cell. Endocrinol. 2016, 422, 64–73. [CrossRef] [PubMed]
97. Kimball, S.R.; Abbas, A.; Jefferson, L.S. Melatonin represses oxidative stress-induced activation of the MAP
kinase and mTOR signaling pathways in H4IIE hepatoma cells through inhibition of Ras. J. Pineal Res. 2008,
44, 379–386. [CrossRef] [PubMed]
98. Bensinger, S.J.; Christofk, H.R. New aspects of the Warburg effect in cancer cell biology. Semin. Cell Dev. Biol.
2012, 23, 352–361. [CrossRef] [PubMed]
99. Dang, C.V.; Kim, J.W.; Gao, P.; Yustein, J. The interplay between MYC and HIF in cancer. Nat. Rev. Cancer
2008, 8, 51–56. [CrossRef] [PubMed]
100. Sanchez-Sanchez, A.M.; Antolin, I.; Puente-Moncada, N.; Suarez, S.; Gomez-Lobo, M.; Rodriguez, C.;
Martin, V. Melatonin cytotoxicity is associated to warburg effect inhibition in ewing sarcoma cells. PLoS ONE
2015, 10, e0135420. [CrossRef] [PubMed]
101. Alonso-González, C.; Menéndez-Menéndez, J.; González-González, A.; González, A.; Cos, S.;
Martínez-Campa, C. Melatonin enhances the apoptotic effects and modulates the changes in gene expression
induced by docetaxel in MCF-7 human breast cancer cells. Int. J. Oncol. 2018, 52, 560–570. [PubMed]

81.

Molecules 2018, 23, 518

15 of 17

102. Long, F.; Dong, C.; Jiang, K.; Xu, Y.; Chi, X.; Sun, D.; Liang, R.; Gao, Z.; Shao, S.; Wang, L. Melatonin enhances
the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell lines.
RSC Adv. 2017, 7, 21342–21351. [CrossRef]
103. Demaria, S.; Pikarsky, E.; Karin, M.; Coussens, L.M.; Chen, Y.C.; El-Omar, E.M.; Trinchieri, G.; Dubinett, S.M.;
Mao, J.T.; Szabo, E.; Krieg, A. Cancer and inflammation: Promise for biologic therapy. J. Mmunother. 2010, 33,
335–351. [CrossRef] [PubMed]
104. Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, F. Cancer-related inflammation. Nature 2008, 454, 436–444.
[CrossRef] [PubMed]
105. Ohnishi, S.; Ma, N.; Thanan, R.; Pinlaor, S.; Hammam, O.; Murata, M.; Kawanishi, S. DNA damage in
inflammation-related carcinogenesis and cancer stem cells. Oxid. Med. Cell. Longev. 2013, 2013, 387014.
[CrossRef] [PubMed]
106. Dong, W.G.; Mei, Q.; Yu, J.P.; Xu, J.M.; Xiang, L.; Xu, Y. Effects of melatonin on the expression of iNOS and
COX-2 in rat models of colitis. World J. Gastroenterol. 2003, 9, 1307–1311. [CrossRef] [PubMed]
107. Deng, W.G.; Tang, S.T.; Tseng, H.P.; Wu, K.K. Melatonin suppresses macrophage cyclooxygenase-2 and
inducible nitric oxide synthase expression by inhibiting p52 acetylation and binding. Blood 2006, 108, 518–524.
[CrossRef] [PubMed]
108. Murakami, Y.; Yuhara, K.; Takada, N.; Arai, T.; Tsuda, S.; Takamatsu, S.; Machino, M.; Fujisawa, S.
Effect of melatonin on cyclooxygenase-2 expression and nuclear factor-kappa B activation in RAW264,
7 macrophage-like cells stimulated with fimbriae of Porphyromonas gingivalis. In Vivo 2011, 25, 641–647.
[PubMed]
109. Woo, S.M.; Min, K.J.; Kwon, T.K. Melatonin-mediated Bim up-regulation and cyclooxygenase-2 (COX-2)
down-regulation enhances tunicamycin-induced apoptosis in MDA-MB-231 cells. J. Pineal Res. 2015, 58,
310–320. [CrossRef] [PubMed]
110. Folkman, J. Angiogenesis in cancer, vascular, rheumatoid and other disease. Nat. Med. 1995, 1, 27–31.
[CrossRef] [PubMed]
111. Cao, Y. Antiangiogenic cancer therapy. Semin. Cancer Biol. 2004, 14, 139–145. [PubMed]
112. Bergers, G.; Benjamin, L.E. Tumorigenesis and the angiogenic switch. Nat. Rev. Cancer. 2003, 3, 401–410.
[CrossRef] [PubMed]
113. Jardim-Perassi, B.V.; Arbab, A.S.; Ferreira, L.C.; Borin, T.F.; Varma, N.R.; Iskander, A.; Shankar, A.; Ali, M.M.;
de Campos Zuccari, D.A.P. Effect of melatonin on tumor growth and angiogenesis in xenograft model of
breast cancer. PLoS ONE 2014, 9, e85311. [CrossRef] [PubMed]
114. Kim, K.J.; Choi, J.S.; Kang, I.; Kim, K.W.; Jeong, C.H.; Jeong, J.W. Melatonin suppresses tumor progression
by reducing angiogenesis stimulated by HIF-1 in a mouse tumor model. J. Pineal Res. 2013, 54, 264–270.
[CrossRef] [PubMed]
115. Colombo, J.; Maciel, J.M.W.; Ferreira, L.C.; Da Silva, R.F.; Zuccari, D.A.P.D.C. Effects of melatonin on HIF-1α
and VEGF expression and on the invasive properties of hepatocarcinoma cells. Oncol. Lett. 2016, 12, 231–237.
[CrossRef] [PubMed]
116. Cerezo, A.B.; Hornedo-Ortega, R.; Álvarez-Fernández, M.A.; Troncoso, A.M.; García-Parrilla, M.C. Inhibition
of VEGF-Induced VEGFR-2 activation and HUVEC migration by melatonin and other bioactive indolic
compounds. Nutrients. 2017, 9, 249. [CrossRef] [PubMed]
117. Lissoni, P.; Rovelli, F.; Malugani, F.; Bucovec, R.; Conti, A.; Maestroni, G. Antiangiogenic activity of melatonin
in advanced cancer patients. Neuro Endocrinol. Lett. 2001, 22, 45–48. [PubMed]
118. Lv, D.; Cui, P.L.; Yao, S.W.; Xu, Y.Q.; Yang, Z.X. Melatonin inhibits the expression of vascular endothelial
growth factor in pancreatic cancer cells. Chin. J. Cancer Res. 2012, 24, 310–316. [CrossRef] [PubMed]
119. Alvarez-García, V.; González, A.; Alonso-González, C.; Martínez-Campa, C.; Cos, S. Regulation of vascular
endothelial growth factor by melatonin in human breast cancer cells. J. Pineal Res. 2013, 54, 373–380.
[CrossRef] [PubMed]
120. Zhang, Y.; Liu, Q.; Wang, F.; Ling, E.A.; Liu, S.; Wang, L.; Yang, Y.; Yao, L.; Chen, X.; Wang, F. Melatonin
antagonizes hypoxia-mediated glioblastoma cell migration and invasion via inhibition of HIF-1α. J. Pineal Res.
2013, 55, 121–130. [CrossRef] [PubMed]
121. Kubatka, P.; Bojková, B.; Kassayová, M.; Orendáš, P.; Kajo, K.; Výbohová, D.; Kružliak, P.; Adamicová, K.;
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