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ABSTRACT

Keywords: Radio- and chemotherapy are the most common cancer treatment modalities. They cause acute and late side
Apoptosis effects on normal tissues, which is a burden for delivery of a high dose of radiation or drugs on tumor cells. In
Radiation addition, tumor cells achieve adaptive responses to subsequent doses of radiation and chemotherapy, leading to
Chemotherapy tumor resistance and accelerated repopulation. Resistance to radiotherapy and chemotherapy can occur fol-
Radiotherapy lowing adaptive responses, which itself is due to the release of large numbers of inter- and intracellular med-
Melatonin g adap D 2 g

Neoplasm iators by immune cells as well as other tumor microenvironment (TME) cells. Melatonin is a potent natural
Tumor Microenvironment (TME) antioxidant and anti-inflammatory agent that protects against toxic side effects of radiation and chemotherapy.
Hypoxia Furthermore, in some cancer cells, melatonin aids sensitizing cancer cells to therapy. Apoptosis is one of the
NF-xB main mechanisms of cell death following exposure to radiation and chemotherapy. Evidences have shown a
MAPKs direct relation between apoptosis induction in tumor cells with increased tumor delay regression and survival.
COX'zh . Melatonin through modulation of several apoptosis mediators such as mitochondria, Bax, Bcl-2, endogenous
Mitochondria

ROS, and apoptosis receptors facilitate apoptosis. The current review aims to explain mechanisms of apoptosis
induction following exposure to radiation and chemotherapy drugs. We also reviewed the modulatory effect of

melatonin on apoptosis signaling pathways.

1. Introduction

Cancer is one of the major health disorders worldwide. In 2018,
more than 1.7 million new cases of cancer were diagnosed in the United
States. Estimates have shown that cancer accounted for more than
600,000 deaths in 2018 in the United States [1]. Preventing cancer
incidence, control of cancer growth, or its complete eradication are
major aims for cancer-related researches. Radio- and chemotherapy are
the most non-surgical cancer treatment modalities. For treatment with
radiotherapy, patients receive a high total dose of radiation over weeks.
However, for chemotherapy, patients receive a type of drug based on
their cancer. This may take several months to complete the treatment
course. For most patients, chemotherapy may be followed by radiation
therapy aiming for more efficient outcomes [2].

Besides the crucial role of radio- and chemotherapy for tumor
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control, several experimental studies have confirmed serious toxicities
of both modalities on various organs [3-5]. This issue is more obvious
for organs with high proliferation activity [6,7]. Exposure of cells with
high mitotic index to radiation or chemotherapy drugs lead to severe
DNA damage and cell death, especially through apoptosis [8,9]. If
normal tissues are exposed to a high dose of radiation or chemotherapy
drugs, high rate of apoptosis may lead to organ failure [10-12]. Bone
marrow and gastrointestinal (GI) system, which are the most critical
organs in response to radiation/chemotherapy contain high pro-
liferating and sensitive stem cells [13-16]. Tissues such as parotid
glands, ovary, testis, lens, spleen and skin also have proliferating cells
and may show severe reactions following exposure to high doses of
radiation and chemotherapy [17,18].

Apoptosis plays a key role in the response of tumor cells to radiation
and chemotherapy [19,20]. Tumor microenvironment (TME) via
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secretion of cytokines and chemokines modulates several signaling
pathways that are involved in the resistance of cancer cells to apoptosis
[21-23]. Regulatory T cells (Tregs) and macrophages are the main
immune cells within TME that inhibit apoptosis. Hypoxia plays a key
role in recruitment of these cells to TME [24]. These cells release sev-
eral mediators that exhaust lymphocytes, thus attenuate immune re-
sponses against cancer cells. Hypoxia also triggers autophagy, which
supply cancer cells fuel and inhibits apoptosis [24]. Overexpression of
anti-apoptosis genes such as NF-kB, PI3K, Bcl-2 and STAT-3, Bcl-2 are
common property of apoptosis resistant cancer cells. For example, Bcl-2
is an important target for sensitization lymphoma and breast cancers
[25]. Overexpression of Bcl-2 is a prognostic factor for survival of pa-
tients with gastric cancer [26]. It is suggested that increased expression
of anti-apoptosis genes such as COX-2 and NF-kB has a direct relation
with tumor growth and invasion in various cancer cells such as breast,
prostate, colorectal, bladder, pancreatic, glioma, lung, and melanoma
cancers [27-34].

Melatonin, a natural circadian hormone, has shown interesting
properties for modulation of both normal tissues and tumor responses
to radio- and chemotherapy [35-38]. It is a potent antioxidant and
immune modulatory agent with an ability to prevent cell death in
oxidative stress conditions [39,40]. Furthermore, melatonin can inter-
rupt redox activity, inflammation, and cell death mechanisms that may
lead to sensitization of cancer cells to radiation and chemotherapy
[41-44]. In this review, we aimed to describe various effects of mela-
tonin on apoptosis signaling pathways for both normal tissues and
cancers.

2. Mechanisms of apoptosis induction by radiation/chemotherapy

Apoptosis is a physiological cell death mechanism that is necessary
for growth and development of human and other organisms. Apoptosis
can prevent the growth and division of cells with genomic instability
and also pre-cancerous cells [45-47]. During stress conditions such as
oxidative stress and massive DNA damage, apoptosis can occur espe-
cially for cells with high proliferation rate, and high expression of pro-
apoptotic genes [48,49]. Apoptosis is a complicated process mediated
by a group of enzymes known as caspases. Caspases are involved in
both initiation and progression of apoptosis. Caspases 8-10 are initiator
apoptosis caspases, while caspases 2-7 and caspases 11-13 are effector
caspases.

Apoptosis can occur through two different pathways, including in-
trinsic or extrinsic pathway. The intrinsic pathway of apoptosis med-
iates via mitochondrial pathway, which is associated with the release of
cytochrome ¢ and development of apoptosome complex following en-
gagement with caspase 9. The mitochondrial pathway of apoptosis can
occur following exposure to intracellular or extracellular stimuli.
However, extrinsic pathway of apoptosis is independent of mitochon-
dria and is seen following extracellular stimuli [50-52].

Apoptosis is the most common type of cell death mechanism fol-
lowing exposure of radio/chemosensitive cells to radio- or che-
motherapy [53,54]. Radiation and most of the chemotherapy drugs are
able to attack DNA directly or via radiolysis of water molecules and
generation of free radicals. When cells could not able to completely
repair damaged DNA, they may die through mitotic catastrophe,
apoptosis, autophagy or senescence. However, in some conditions such
as heavy membrane damages after exposure to a high dose of radiation,
necrosis is a probable mechanism of cell death. Evidences have shown
that apoptosis can also occur during mitotic catastrophe or necrosis, a
process known as necroptosis [55-57].

The rate of apoptosis depends on cell type as well as radiation/drug
dose [58,59]. Cells with high proliferation rate and high expressions of
pro-apoptosis genes such as Bax, PUMA, and p53 are sensitive to
apoptosis during stress conditions. Hematopoietic bone marrow, je-
junum and parotid gland cells have high proliferation rate and high
expressions of pro-apoptosis genes including p53 and Bax, compared
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with other organs [60,61]. Interestingly, lymphocytes B and T, which
do not have mitotic activity are very sensitive to apoptosis. It is prob-
able that high expressions of p53 and Bax in addition to low expressions
of anti-apoptotic genes such as Bcl-2 play a key role in apoptosis in-
duction of lymphocytes after exposure to radiation and chemotherapy
[62]. In addition to p53 dependent pathways, cells may undergo
apoptosis independent of p53, via stimulation of cell death receptors on
the cell membrane surface. These receptors which can trigger TGF-3
and TNF-a include TGFBR1, TGFBR2, TNFR, Fas ligand (FasL) and TNF-
related apoptosis-inducing ligand (TRAIL). Among these receptors, FasL
and TRAIL are more common for inducing apoptosis. TNFR, TRAIL and
FasL bind to Fas-associated death domain (FADD), which is able to
activate caspase-8 directly [63-66].

Ceramide is another important mediator of apoptosis. It can be
generated following interaction of free radicals with plasma membrane
phospholipid sphingomyelin, leading to activation of sphingomyelinase
enzyme, which mediates generation of ceramide [67]. It seems that
increased ROS production play a key role in ceramide generation
[68,69]. Ceramide, via mitochondrial depolarization, facilitates the
release of cytochrome c [70]. It also downregulates the expression of
anti-apoptotic genes such as PI3K, leading to increased Bax to Bcl-2
ratio [70,71]. It has been revealed that exposure to ionizing radiation
stimulates generation of ceramide, which facilitates apoptosis by in-
creasing pro-apoptotic gene expression [72]. Ionizing radiation causes
damage to cell membrane and activates acid sphingomyelinase, leading
to ceramide generation through hydrolysis of sphingomyelin. Further-
more, radiation can activate mitochondrial ceramide synthase fol-
lowing damage to DNA [73]. Radiation can also stimulate generation of
ceramide through activation of inflammation and reduction/oxidation
(redox) reaction such as upregulation of mitogen-activated protein ki-
nases (MAPKs) and TNF-a-PKC pathway [74,75]. Similar results are
observed for chemotherapy drugs [76]. Furthermore, enhancing cer-
amide production is proposed for overcoming tumor resistance to
chemotherapy, resulting in improving cancer therapy outcome
[77-80]. (Fig. 1).

3. Melatonin

Melatonin (N-acetyl-5-methoxytryptamine) is a main product of the
pineal gland, which regulates circadian rhythm and several other cel-
lular functions such as modulation of redox state, immune system re-
sponse, etc. [81,82]. In the pineal gland, it is generated following me-
thylation and acetylation of serotonin. However, other organs and cells,
such as bone marrow, lymphocytes, lens, skin, brain, and retina are able
to generate melatonin [83]. The concentration of not circadian mela-
tonin in essentially all biological fluids and local concentration in
peripheral tissues exceed those in the pineal gland and the blood [84].
Melatonin can also be produced by some plants such as rice, olive,
tomato, chamomile, green tea, coffee, and cereals [85,86]. Melatonin
regulates cell death in both normal and malignant cells. Interestingly,
melatonin protects most normal cells against toxic effects of ionizing
radiation and chemotherapy, while it may sensitize some cancer cells.
Some studies have suggested that the main effects of melatonin in cells
are mediated through melatonin receptors, including MT1 and MT2. It
has been described beneficial actions of endogenous melatonin thor-
ough its MT1 and MT2 receptors in the modulation of circadian rhythm
disorders, neuroendocrine processes, as well as endogenous melatonin
also has an effect on cancer [87]. Moreover, exogenous melatonin has
therapeutic effects by the trigger of several mechanisms such as anti-
cancer activities following the upregulation of these receptors [87].
Although, there are some evidences that anti-cancer effects of mela-
tonin may be independent from these receptors [88], it is suggested that
expression of MT1 and MT2 in cancer cells increase anti-tumor activity
of melatonin [89]. Upregulation of MT1 in some cancer cells such as
prostate and breast cancers lead to the inhibition of some protein ki-
nases and the phosphorylation of mitogen-activated protein kinases
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(MAPKs), which ultimately mediate the repression of cancer cells pro-
liferation [87].

4. Melatonin and apoptosis in normal tissues following
radiotherapy/chemotherapy

As aforementioned, uncontrolled cell death following exposure to a
high dose of ionizing radiation can interrupt organ functions. Similar
effect may be observed when an organ is exposed to fractionated
radiotherapy for some weeks. Massive death of lymphocytes and pla-
telets may cause some problems such as lymphopenia during the course
of radio- and chemotherapy for patients. Similar problems may be ob-
served as xerostomia and mucositis for head and neck, as well as ab-
dominopelvic cancers. Protection against cell death in these organs is
an interesting aim for ameliorating normal tissue toxicity. Melatonin
has various effects on normal cells that help to alleviate cell death
following exposure to toxic agents such as chemotherapy or radio-
therapy.

4.1. Melatonin enhances antioxidant defense against radiation/
chemotherapy

At the first level, melatonin is considered as a radioprotector and
chemoprotector due to its direct action as a free radical scavenger, al-
leviating DNA damage and cell death. Melatonin is able to neutralize
the free radicals produced by radiation more potently compared to
other antioxidants such as glutathione [90]. In addition, several studies
have confirmed that cellular antioxidant defense is also promoted by
melatonin following exposure to radiation [91-95]. Gil et al. described
the protective effect of melatonin on rat's intestinal damage. They ir-
radiated rats with 7.5 Gy X-rays for 5 consecutive days, followed by
treatment with 45 mg/kg melatonin gel for 21 days. Results showed
that melatonin prevented damage to the intestine via stimulation of
antioxidant defense and amelioration of oxidative stress and in-
flammation. Moreover, melatonin also provided mitochondrial protec-
tion, which in turn resulted in a significant reduction of Bax/Bcl2 ratio
in comparison to irradiated rats [96]. The direct and indirect anti-
oxidant properties of melatonin may play a key role in amelioration of
DNA damage and genotoxicity, as well as apoptosis following exposure
to radiation. Anti-oxidant and anti-apoptotic effect of melatonin against
ionizing radiation has been also attested in human skin fibroblasts by
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Kim et al. They treated cultured human skin fibroblasts with 10> M
melatonin before exposing cells to 8 Gy radiation. Results showed that
melatonin reduced apoptosis in fibroblasts without reduction in p53,
while it reduced oxidative injury remarkably [97]. Similar results were
obtained in mouse cerebellum. Melatonin attenuated oxidative DNA
damage and apoptosis induction following irradiation of mouse cere-
bellum with Fe?™ ions [98]. Anti-oxidant and protective effects of
melatonin against oxidative stress induced by chemotherapy drugs such
as cisplatin, cyclophosphamide, doxorubicin, methotrexate, and adria-
mycin have shown for normal tissues in animal models [99-104].

4.2. Melatonin modulates genes that are involved in DNA repair and cell
death

In addition to antioxidant properties, melatonin is able to boost the
activities of DNA repair enzymes and modulate the expression of genes
that are involved in cell death. The activation of p53 plays a key role in
promoting the repair of both endogenous and chemotherapy-induced
DNA damage, as well as, in preventing apoptosis [105,106]. It has been
described that melatonin directly phosphorylates p53, leading to the
activation of DNA repair [106]. Indeed, the blockage of melatonin re-
ceptors and the resulted abrogation of melatonin action impairs the
p53-dependent DNA repair response, which may lead to cell death
[105]. Moreover, a recent publication has shown that melatonin is able
to potentiate different pathways of DNA repair including base excision
repair (BER), mismatch repair (MMR), nucleotide excision repair
(NER), homologous recombination (HR), and nonhomologous end-
joining (NHEJ) [107]. In response to cyclophosphamide induced DNA
damage in rats bone marrow cells, melatonin can enhance the expres-
sion of NER pathway genes, including Xpf [108]. For the first time,
Vijayalaxmi et al. showed that pre-treatment of human peripheral
lymphocytes with melatonin boost DNA repair and attenuates gamma
ray-induced DNA damage [109,110]. In response to radiation, mela-
tonin has shown that is able to trigger DNA repair responses via upre-
gulation of genes that are involved in single and double strand break,
and also upregulation of BER pathway genes [111].

4.3. Melatonin may affect expression of pro-apoptosis genes

As mentioned, melatonin is a potent antioxidant and stimulator of
DDR, which alleviate DNA damage and apoptosis after chemo-
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radiotherapy. Furthermore, due to the regulatory action of melatonin
on apoptosis genes, this neurohormone seems to play a key role in
preventing cell death.

Khan et al. evaluated the anti-apoptotic effect of melatonin on mice
organs including bone marrow, spleen, and gastrointestinal system.
Mice were treated with 100 mg/kg melatonin and then exposed to an
acute dose of 7.5 Gy cobalt-60 gamma rays. These results showed that
melatonin enhanced the expression of Bcl-2 and reduced Bax/Bcl-2
ratio. This was associated with a reduction of apoptosis, preservation of
villi and crypts in intestine, as well as increased number of bone
marrow cells [112]. Similar findings have observed for spermatogenesis
in mice. As previously mentioned, testis is one of the most sensitive
organs to ionizing radiation and chemotherapy drugs. Spermatogonia
and spermatids are very sensitive to apoptosis following exposure to
even low doses of ionizing radiation. Khan et al. has revealed the
protective effect of melatonin against apoptosis induction in mice testis
after exposure to radiation. Mice were treated with 100 mg/kg mela-
tonin before exposure to 5 Gy gamma rays. Melatonin was able to at-
tenuate oxidative injury and DNA damage caused by gamma rays in
spermatogonia and spermatid cells. Moreover, melatonin also reduced
Bax/Bcl-2 ratio, caspase-3, caspase-9, cytochrome ¢, p21 and p53, in-
dicating its potent anti-apoptosis effect on the testis [113].

In addition to radiation, melatonin alleviates toxicities due to che-
motherapy in normal tissues. Melatonin can reduce renal toxicity in-
duced by cisplatin in rats via upregulation of Bcl-2 and reduction of cell
death [104,114-116]. Barberino et al. evaluated the protective effect of
melatonin against cisplatin-induced toxicity in mouse ovaries. Mice
were treated with 5, 10 or 20 mg/kg melatonin for 3 days before in-
jection of 5mg/kg cisplatin. Results showed that melatonin reduced
apoptosis, which was associated with decreased mitochondrial injury,
ROS production, and stimulation of GSH level. Melatonin also reduced
caspase-3 and Bcl-2, and improved follicles' morphology. Further ana-
lyses showed that the protective effect of melatonin in ovary cells was
mediated through MT1 receptor [117]. Cisplatin can stimulate super-
oxide production via upregulation of NADPH oxidase enzymes, which
cause DNA damage in cochlear cells. This is associated with accumu-
lation of cells in G, phase of cell cycle, inhibition of proliferation, and
induction of apoptosis [118]. Melatonin has been proposed for alle-
viating ototoxicity induced by cisplatin [119].

Overall, these studies indicate that melatonin would be a potential
radioprotector and chemoprotector, due to its capacity to regulate the
highly collateral toxicity of radio- and chemotherapies in normal tis-
sues. The key finding is that melatonin ameliorates the radiation-in-
duced apoptosis and cell damage in healthy tissues by the regulation of
different molecular mechanisms. This neurohormone not only is able to
neutralize free radicals via direct interactions, but also stimulates cel-
lular antioxidant defense systems. In addition, melatonin also enhances
DNA repair capacity by the regulation of DDR genes. Finally, melatonin
also ameliorates apoptosis responses by the upregulation of anti-apop-
tosis Bcl-2, as well as the downregulation of pro-apoptosis Bax and
caspase genes (Fig. 2).

5. Melatonin and apoptosis in cancer

Apoptosis is one of the most important mechanisms of tumor cell
death following radio- and chemotherapy, and plays a key role in tumor
control [19,120,121]. For radiation doses lower than 1 Gy, as observed
in hyper-fractionated radiotherapy, apoptosis is the main mechanism of
cell death in most tumors. However, in higher doses such as those used
in conventional or hypo-fractionated radiotherapy, apoptosis is one of
the most important cell death mechanisms [122,123]. Both radiation
and most of the chemotherapy drugs can stimulate apoptosis through
production of ROS and DNA damage. Apoptosis is stimulated by
membrane injury, mitochondrial malfunction and disruption of redox
responses. In contrast to normal tissues, melatonin has shown to be able
to potentiate apoptosis in most cancer cells. Studies have revealed that
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melatonin increases endogenous production of ROS and facilitates
apoptosis via DNA damage, and changes in the mitochondria [124].
Furthermore, melatonin can upregulate apoptosis receptors in the
tumor cells' surface [125]. In contrast to normal cells, results of ex-
perimental studies have shown that melatonin may attenuate anti-
oxidant defense as well as survival mechanisms of most cancer cells.
However, it doesn't occur in all cancer cells. For example, in LNCaP
prostate cancer cells, melatonin can protect against ionizing radiation
due to increasing level of glutathione. Therefore, for sensitization of
LNCaP cancer cells to apoptosis, melatonin should be combined with an
inhibitor of glutathione [126]. In this section, the mechanisms of
apoptosis stimulation by melatonin and its possible radio/chemosensi-
tization effect on tumor cells are described.

5.1. FasL pathway in cancer regression: role of melatonin

FasL is one of the most important targets for induction of apoptosis
and sensitization of cancer cells to radiation/chemotherapy. Evidences
have shown that this ligand is an important pathway for killing cancer
cells by cytotoxic T lymphocytes (CD8 + T-cells) and natural killer cells
(NKCs) [127]. However, there are some challenging results because the
expression of FasL in tumor endothelium can lead to killing of CD8 + T-
cells and tumor escaping death by immune system [128]. Increase of
circulating FasL during tumor growth may lead to reduction of Fas-
mediated apoptosis and immune escaping tumor cells [129]. An ex-
perimental study showed that FasL in tumors with low expression of
FasL facilitates tumor growth, while tumors with high expression of
FasL are sensitive to apoptosis by CD8+ T-cells [130]. This pathway of
apoptosis plays a key role in the toxic effect of ionizing radiation and
some chemotherapy drugs such as doxorubicin, fludarabine, cisplatin
and metalloproteinase inhibitors [131-134].

In addition to melatonin's role in stimulating apoptosis in cancer
cells, it can protect lymphocytes against apoptosis via FasL pathway.
This helps to activate the immune system against cancer [135]. Mela-
tonin can induce extrinsic pathway of apoptosis in Ewing's sarcoma
cells, which potentiates anti-cancer effect of chemotherapy drugs such
as vincristine and ifosfamide. Interestingly, this effect is associated with
ROS production, which may be involved in the activation of caspase-8
and apoptosis [136]. Treatment of Ewing's sarcoma cells with mela-
tonin also showed an increase in the expression of both Fas and FasL,
which mediate activation of caspase-8 in these cells [137]. It has been
attested that melatonin induces apoptosis through upregulation of dif-
ferent death receptors in human malignant haematological cell lines. In
vitro evaluation showed that among the different pathways, Fas/FasL
plays central role in apoptosis induction in malignant haematological
cells. Treatment of these cells with melatonin leads to activation of
redox reactions within cells following upregulation of Akt, which
caused increased production of ROS and activation of Fas/FasL
pathway [138].

5.2. P53 in apoptosis and tumor resistance; role of melatonin

Among the different tumor suppressor genes, mutation in p53 is the
most common and found in a wide range of tumors. On the other hand,
several studies have shown that attenuation of p53 is involved in
apoptosis escape by pre-malignant and malignant cells, leading to in-
itiation and progression of tumorigenesis [139,140]. The expression of
p53 may predict chemo/radiation sensitivities of cancer cells
[141-145]. Furthermore, stimulation of p53 activity is known as an
interesting strategy for improving response of tumors to radiation and
chemotherapy via increasing apoptosis induction [146-148]. The ex-
pression of p53 is observed at the basal level, but its activation occurs at
post-translational modification following degradation of MDM2 and
preventing ubiquitination of p53 [149,150]. Phosphorylation and de-
gradation of MDM2 can be triggered by some protein kinases, such as
ataxia-telangiectasia mutated (ATM) kinase, JNK, p38, etc. [151]. P53
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Fig. 2. Mechanisms of preventing DNA damage and apoptosis by melatonin in normal tissues. Melatonin is able to prevent radiation toxicity in different levels. At the
first level, melatonin neutralizes produced free radicals by radiation or chemotherapy. Then, it can attenuate various signaling cascades that are involved in
inflammation and production of endogenous free radicals. Inhibiting NF-kB expression and translocation, and suppression of mitochondria, iNOS and COX-2 by
melatonin cause reducing endogenous ROS/NO, which lead to boosting DNA repair and increasing normal tissues tolerability.

has a key role in the progression of both extrinsic and intrinsic pathway
of apoptosis. It is involved in the stimulation of FasL regulation and also
activation of caspase-8, which mediate Bid activation [152]. Bid is
transferred to the mitochondrial membrane, leading to activation of
Bax and release of cytochrome c [153,154]. On the other hand, Bcl-2,
an AKT downstream anti-apoptotic protein under the control of p53,
can be inhibited following p53 activation [155]. p53 also stimulates the
upregulation of caspases and progression of extrinsic apoptosis via
suppression of IAPs [156].

Treatment of MCF-7 breast cancer cells with melatonin can increase
the activity of p53 remarkably, leading to sensitization of cells to ra-
diation. Alonso-Gonzalez et al. showed that while exposure to radiation
stimulates p53 activity, treatment with melatonin can further improve
it. Thus, it may be involved in the radiosensitive effect of melatonin
[157]. Similar results were observed when MCF-7 cells were treated
with arsenic trioxide and melatonin. Arsenic trioxide, when adminis-
tered alone, can activate p53 and p21, and increases the expression of
Bax, leading to induction of apoptosis, reduction of viability, and ac-
cumulation of cells in G1 phase of cell cycle. Treatment with the
combination of melatonin and arsenic trioxide could amplify apoptosis
and p53 activity [158]. The beneficial role of melatonin on p53 activity
was observed by this group when MCF-7 cells were treated with doc-
etaxel chemotherapy drug. Arsenic trioxide caused a significant re-
duction in p53 gene expression. Treatment with melatonin could am-
plify p53 activity and late apoptosis [159].

5.3. Melatonin and mitochondria

Mitochondria metabolism plays a key role in the regulation of
apoptosis in mammalian cells. In addition to the intrinsic pathway of
apoptosis that mediates development of apoptosome complex following
cytochrome c release, mitochondria have a central role in regulation of
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redox state in relation with other organelles such as endothelial re-
ticulum, and also inflammatory cells [160-162]. Given that cancer cells
are characterized by a highly glycolytic bioenergetic profile (Warburg
effect) [163], the modulation of mitochondrial respiration and the re-
sulted mitochondrial-based apoptosis are of paramount importance in
cancer cell biology. For this reason, several researches groups are fo-
cusing on the study of potential drugs that can regulate cancer bioe-
nergetics. This strategy is also gaining more relevance under conditions
of hypoxia, in which mitochondrial metabolism is downregulated, re-
sulting in a cancer resistance factor to apoptosis. However, it has been
recently demonstrated that only the energy metabolism of some types
of cancer cells is modulated by the administration of melatonin. Those
cancer cells which rely also in mitochondrial metabolism for ATP
production, such as embryonal carcinoma cells, a melatonin-induced
mitochondrial respiration modulation and antiproliferative actions are
observed [164]. Conversely, those cancer cells which are associated
with a highly glycolytic profile seem to be resistance to display a mi-
tochondrial bioenergetic modulation by the action of melatonin. In-
deed, MCF-7 breast tumor cells exhibited a disruption of mitochondrial
respiration after its treatment with melatonin [165]. Curiously, it has
been demonstrated in pituitary prolactin-secreting tumor that mela-
tonin disrupts the activities of the four mitochondrial complexes,
leading to a mitochondrial dysfunction and the induction of apoptosis
[166]. Further investigation the action of melatonin on mitochondrial
function, it has been found that melatonin stimulates the citotoxicty of
head and neck cell carcinoma by the induction of altered mitochondrial
function, that ultimately leads to mitochondrial ROS production and
the resulted upregulation of apoptosis and mitophagy processes [167].
For example, treatment of hepatocellular carcinoma cells with cisplatin
leads to ROS production and reduction of cell viability, while its com-
bination with melatonin can amplify endogenous production of ROS
[168]. Moreover, melatonin has been shown to increase mitochondrial
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generation of ROS, leading to endothelial reticulum stress and apoptosis
in colorectal cancer cells [169]. Similar results were observed for neural
cancer cells following treatment with melatonin [170]. Uguz et al.
showed that mitochondria play a central role in ROS production and
apoptosis of rat pancreatic tumor cells when treated with a combination
of melatonin with chemotherapy drugs including 5-FU, cisplatin, or
doxorubicin. After exposure to these chemotherapy drugs, cells showed
mitochondrial membrane depolarization and an augmentation of ROS
production. When cells were treated with melatonin combination with
these drugs, oxidative injury and reduction of cellular viability was
amplified for all drugs [171]. Therefore, these beneficial properties of
melatonin on mitochondrial function should be further studied for
widespread clinical applications, being able to be a possible adjuvant of
radio- and chemotherapies of some type of cancers.

5.4. Melatonin and mitophagy

Mitophagy is a type of autophagy that degrades and digests injured
mitochondria [172]. In response to some conditions like hypoxia in
tumor, mitophagy reduces mitochondria mass, which lead to reducing
oxygen generation and nutrition consumption. This is associated with
preserving fuel in cells and increasing survival [172,173]. However,
increased mitophagy response following treatment of cancer cells with
anti-cancer drugs may indicate increased rate of mitochondrial dys-
function [174]. A study showed that treatment of head and neck cancer
cell lines including Cal-27 and SCC-9 with rapamycin cause reducing
oxygen consumption and metabolism. In combination with melatonin,
rapamycin further induces mitochondrial dysfunction. Analyses showed
that increased apoptosis and mitophagy is resulting from damaged
mitochondria following treatment with rapamycin and melatonin
combination [174]. Similar results were observed when hepatocellular
carcinoma (HCC) was treated with a combination of melatonin and
sorafenib [175]. By contrast, melatonin has shown that augments TNF-
mediated apoptosis in HeLa cancer cells via suppression of mitophagy.
Although treatment with TNF-a induced apoptosis, it activated mito-
phagy. When cells treated with combination of melatonin and TNF-a,
mitophagy response was inhibited [176]. It is mainly due to the fact
that an excessive mitophagy activation leads to the blockade of apop-
tosis and the development of cancer therapeutic resistance [177].
Therefore, melatonin treatment is able to enhance apoptosis via sup-
pressing mitophagy (172). Melatonin-induced inhibition of mitophagy
in other cancer cells such as Hela cells also has shown that increase
apoptosis and sensitize these cells to anti-cancer drugs [178].

6. Melatonin suppresses anti-apoptosis mediators in cancer

In addition to stimulation of pro-apoptotic genes' expressions and
disruption of redox state in cancer cells, melatonin is able to attenuate
the activity and upregulation of anti-apoptotic mediators. NF-kB, COX-
2, PI3K, AKT, and hypoxia are the most common anti-apoptotic factors,
which mediating resistance to radio- and chemotherapy in a wide range
of cancers. In this section, we explain the mechanisms of apoptosis
resistance in tumors against chemotherapy and radiation, and also re-
view the beneficial roles of melatonin in overcoming apoptosis re-
sistance via these signaling pathways.

6.1. NF-kB in tumor resistance to apoptosis: role of melatonin

NF-kB is one of the most important and the most studied target in
cancer cells, for induction of cell death and overcoming tumor re-
sistance. Studies have shown that the expression of NF-kB is higher in
most cancer cells compared to normal cells. Exposure of cancer cells to
ionizing radiation or chemotherapy drugs stimulates more upregulation
of NF-xB, which leads to adaptation to subsequent doses of radiation/
chemotherapy. The main reason for its chronic upregulation is the da-
mage to DNA and cell death especially via necrosis or necroptosis,
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which is observed following apoptosis. After cell disruption, cellular
contents such as oxidized DNA and high mobility group box 1 (HMGB1)
protein are able to stimulate upregulation of some toll like receptors
(TLRs) such as TLR2, 4, 5 and 9. These TLRs induce regulation of
MyD88 and TRIF, which are able to phosphorylate and degrade IkB,
leading to nucleus translocation of NF-xB.

NF-xB regulates generation of several inflammatory cytokines such
as IL-1, IL-6, IL-8, IL-18, TNFa, and IFNy. These cytokines further sti-
mulate the expression of NF-kB in a positive feedback loop. NF-kB has
been shown to attenuate apoptosis through TNFR and FasL [179].
Furthermore, c-Rel subunit of NF-kB is able to suppress TRAIL pathway,
leading to resistance to apoptosis in cancer cells [180]. NF-kB has an
anti-apoptosis role due to its ability to activate inhibitors of apoptosis
(IAPs). These molecules which include some subfamilies such as cIAP-1,
cIAP-2, XIAP and Survivin, suppress activities of pro-apoptosis caspases
[181]. Targeting these molecules has been proposed for sensitization of
cancer cells to radiation and chemotherapy [182,183].

NF-kB also is involved in intrinsic pathway of apoptosis. The en-
doplasmic reticulum (ER) stress that occur following oxidative stress
conditions can induces phosphorylation and degradation of IkB and NF-
kB nuclear translocation in cancer cells [184]. ER stress responses up-
regulate XIAP expression following stimulation and translocation of NF-
kB [185]. Moreover, it is reported that ER stress may activate NF-kB
following STAT-3 induction, independent from IkB pathway [186]. NF-
kB, via upregulation of Bcl-2, reduces Bax penetration into mitochon-
dria and development of apoptosome complex, which is necessary for
the intrinsic pathway of apoptosis [187].

NF-«B is one of the critical targets of melatonin. At first, melatonin
is able to inhibit the upregulation of NF-kB upstream genes including
MyD88 and TRIF, which are regulated by some TLRs such as TLR4
[188,189]. In addition, melatonin is able to directly prevent IkB
phosphorylation and degradation. Melatonin can inhibit translocation
of NF-kB into the nucleus and also prevents chronic inflammation by
attenuating the release of inflammatory cytokines and chemokines.
These properties of melatonin make it an appropriate candidate for
sensitization of cancers with high expressions of NF-kB to radio- and
chemotherapy via increasing the rate of apoptosis. Treatment of colon
cancer cells including SW480 and LoVo cell lines with melatonin plus
ursolic acid showed potent synergic effect on killing cancer cells. Fur-
thermore, this treatment combination reduced the viability of cells by
1.3-fold for SW480 and 2.6-fold for LoVo cells. Apoptosis rate was also
increased by 2-fold for SW480 and 1.5-fold for LoVo cells. Melatonin
could potentiate the effect of ursolic acid via preventing NF-xB binding
and p300 recruitment, leading to reducing COX-2 gene expression and
increasing cytochrome c release [190]. Similar suppressive effect of
melatonin on colon cancer cells has been reported when combined with
5-FU. It has been shown that the combination of melatonin with 5-FU
reduces phosphorylation of IKKa, IkBa and p65, and also mediates
translocation of p50/p65 from the nucleus to cytoplasm. This resulted
in preventing the binding of NF-kxB to iNOS promoter, which inter-
rupted iNOS signaling pathway. Selective targeting of iNOS confirmed
that melatonin reduces the viability of colon cancer cells via inhibition
of this pathway [191].

In addition to chemotherapy, melatonin sensitizes cancer cells to
radiation via NF-kB targeting. Usually, the expression of NF-kB in-
creases in different cancer cells following exposure to radiation. For
example, in thyroid cancer cells, an increase in the level of NF-kB in the
nucleus and cytoplasm was observed after exposure to 2 Gy. Treatment
with melatonin reduced the phosphorylation and nuclear expression of
NF-xB/p65. This was associated with increased apoptosis (by more than
2-fold compared to radiation alone) and reduction of tumor invasive
markers [192]. Melatonin has also been shown to sensitize some other
cancer cells to radiation due to NF-kB inhibition and apoptosis induc-
tion [193,194]. The effect of melatonin on the expression of NF-kB may
vary in different cancer cells. Thus, it may not cause inhibition of NF-kB
in all cancer cells [195,196].
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6.2. Modulation of MAPKs in tumor by melatonin

Studies have shown that activation of MAPKs has a close relation
with initiation and progression of various types of malignancies. MAPK
signaling is regulated by some subfamilies including Jun N-terminal
kinase (JNK), extracellular-signal-regulated kinase (ERK) and p38,
which regulate several functions such as proliferation and apoptosis
through interaction with other pathways such as PI3K and AKT
[197,198]. Several studies proposed that these molecules have key roles
in apoptosis resistance of some tumors to chemotherapy and radio-
therapy, thus targeting them may promote cell death, leading to im-
proving therapeutic efficiency [199-204]. Activated ERK may interrupt
apoptosis induction by TGF-f signaling pathway [205]. It has also been
revealed that targeting ERK can promote apoptosis in glioblastoma cells
via TRAIL pathway [206]. MAPKs may also affect the pro-apoptosis
activity of p53 [207]. The contribution of MAPKs in resistance of other
cancers, such as breast, gastric and esophageal has shown by several
other studies [208-211].

Recently, a large number of studies have focused on the dual role of
melatonin on PI3K/AKT axis and MAPKs cascades in normal cells and
cancer cells. Therefore, the modulation of these pathways has become
of paramount importance for cancer radio- and chemotherapy to
overcome cancer-drug resistance. While melatonin activates the AKT
pathway on healthy cells exerting its neuroprotective property, this
pathway is inhibited in melatonin treated cancer cells [212-214]. It has
been demonstrated that these opposite effects are because of the al-
ternate G-protein coupling of the receptor in healthy cells than trans-
formed cancer cells [215]. In addition, PI3K/AKT/mTOR pathway that
triggers the Ras/MEK/ERK compensatory pathway is modulated by MT
receptors [216,217]. The regulation of these pathways has a crucial role
in cell fate. Some experimental studies have revealed that melatonin
may stimulate apoptosis and reduce resistance in some cancer cells via
inhibition of MAPKs genes. However, it has been shown that melatonin
may upregulate MAPKs in some cancer cells such as SGC7901 gastric
cancer cells, and it may inhibit cell proliferation through other sig-
naling pathways [218]. It has been proposed that melatonin may in-
crease redox activity (thus stimulating cell death) via inhibition of NF-
kB and activation of MAPKs [219]. Melatonin stimulates activation of
pro-caspase enzymes and sensitizes gastric cancer cells to cisplatin via
activation of p38 and JNK, as well as NF-xB suppression [220]. How-
ever, in human hepatocellular carcinoma, melatonin can enhance JNK
suppression by sorafenib, leading to further upregulation of caspase-3
and induction of apoptosis [221]. Treatment of Ecal09 and KYSE150
cells as in vitro and xerograph models with melatonin (5mM) have
shown to inhibit pMEK and pErk. Exposure of these cells to 5-FU did not
cause any reduction in the phosphorylation and expression of pMEK
and pErk, while its combination with melatonin showed synergistic
effect. Results indicated that inhibition of MEK/ERK pathway by mel-
atonin increases apoptosis and reduces survival of cancer cells. Flow
cytometry results showed that colony formation was reduced by 40%
for Ecal09 and nearly 70% for KYSE150 cells, when cells were treated
with the combination of 5-FU and melatonin compared to 5-FU alone
[222].

6.3. Melatonin and COX-2

Cyclooxygenase-2 (COX-2), which regulates secretion of pros-
taglandins following metabolism of arachidonic acid, is known as a
potent inflammatory mediator, which is involved in the initiation and
progression of a wide range of malignancies. Evidences from experi-
mental and clinical studies have revealed that increased expression of
COX-2 is associated with tumor resistance to radiation/chemotherapy
and poor survival rate [223-228]. On the other hand, targeting COX-2
using selective or non-selective inhibitors can sensitize tumor cells to
both radiation and chemotherapy drugs [229]. It has been revealed that
inhibition of COX-2 induces apoptosis, which is associated with
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upregulation of death receptors such as TRAIL and FasL [230]. Ex-
posure to ionizing radiation and chemotherapy drugs cause DNA da-
mage and necrosis, which stimulate more upregulation of COX-2 and
generation of prostaglandins. Therefore, it has been proposed the use of
COX-2 inhibitors for promotion of apoptosis, and thereby sensitizing
cancer cells to radiation/chemotherapy [231].

The combination of melatonin with chemotherapy drugs has been
shown to attenuate COX-2 upregulation, thus amplifying apoptosis in
some cancer cells [232-234]. The suppressive effect of melatonin on
COX-2 plays a key role in the promotion of apoptosis in hepatocellular
carcinoma, including HepG2 and SMMC-7721 cells. Through this me-
chanism, melatonin inhibits PI3K/AKT pathway, leading to down-
regulation of IAP genes, including cIAP-1&2, XIAP and survivin. Se-
lective targeting of COX-2 and PI3K using their respective inhibitors
(NS398 and LY294002) produced similar effects, which confirmed that
suppression of COX-2 pathway by melatonin leads to sensitization of
HepG2 and SMMC-7721 cells to apoptosis [235].

6.4. Melatonin and PI3K pathway

PI3K plays a key role in apoptosis resistance in a wide range of
cancer cells. Some studies have shown that PI3K, via activation of NF-
kB, induces upregulation of Bcl-2, leading to prolonged survival of
cancer cells [236-239]. Upregulation of PI3K also triggers activation of
some apoptosis inhibitors such as survivin, which mediate resistance to
anti-cancer drugs [240]. PI3K activation can also stimulate HIF-1
during hypoxia, thus suppresses apoptosis and promotes tumor growth
[241]. Targeting PI3K has been shown to attenuate DNA damage re-
sponses, induces apoptosis, and sensitizes cancer cells to chemotherapy
and ionizing radiation [242-247].

Melatonin facilitates apoptosis and reduction of viability in some
cancer cells through targeting PI3K pathway. Inhibition of PI3K by
melatonin can reduce the expression of IAP proteins, such as cIAP-1,
cIAP-2, survivin, and XIAP [248]. Treatment of SW480 and LoVo cells
with a combination of melatonin and 5-FU showed that melatonin
could inhibit phosphorylation of AKT. Further evaluations showed that
selective inhibition of PI3K by PI3K-specific inhibitor LY294002 am-
plifies inhibition of cell viability, which confirmed a pivotal role of this
pathway in the inhibition of tumor cells' proliferation. An in vivo xer-
ograph study also confirmed that downregulation of PI3K/AKT
pathway in the mentioned cancer cells is associated with increased level
of pro-apoptotic caspases and also PARP [191].

6.5. AKT pathway and role of melatonin

In addition to PI3K, AKT can be stimulated and upregulated by some
other signaling pathways such as PTEN and Forkhead Box Class O
(FOXO). After p53, PTEN is the second most frequently mutated tumor
suppressor gene in cancers. Mutations in this gene has been reported
with mutagenesis and uncontrolled proliferation, which lead to tumor
growth. It seems that AKT upregulation has a direct relation with mu-
tation in PTEN and plays a key role in the proliferation of tumors with
mutated PTEN [249]. Glycogen synthase kinase-3 (GSK-3) is another
upstream AKT gene which has also been proposed as a target for cancer
suppression [250]. A 50-fold increase in AKT expression in human
pancreatic cells has been reported [251]. AKT upregulation has been
revealed for some other cancers such as breast, ovarian, adenomas,
colon, and colorectal [252-254].

Treatment of oesophageal squamous cell carcinoma with melatonin
showed that it inhibits AKT through GSK3f inhibition. This led to a
significant increase in pro-apoptotic caspases as well as a reduction in
viability. Selective inhibition of GSK3p showed similar results, which
confirmed the role of this pathway in cancer cells' resistance. Exposure
of oesophageal squamous cell carcinoma to 5-FU led to a remarkable
increase in pAKT and AKT. However, when cells were treated with a
combination of 5-FU and melatonin, the protein levels of both pAKT
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and AKT reduced dramatically [191]. Melatonin can potentiate apop-
tosis induction and anti-tumor activity of sorafenib via inhibition of
AKT pathway. It has been demonstrated that treatment of hepato-
carcinoma cell lines with a combination of sorafenib and melatonin
inhibits cells' proliferation, which is associated with AKT down-
regulation. AKT stimulation can reverse the inhibitory effect of this
combination [255]. This is associated with mitochondrial membrane
depolarization and ROS production, as well as upregulation of pro-
apoptotic genes including PARP and Bax [175].

6.6. Hypoxia-induced apoptosis resistance: modulatory role of melatonin

It has been confirmed that hypoxia in tumor cells plays a key role in
resistance of the cancer cells to radio- and chemotherapy. Hypoxia
leads to upregulation of hypoxia-inducible factor 1 (HIF-1), which
regulates a plethora of target genes changing the physiological condi-
tions of TME for promotion of angiogenesis and multidrug resistance
[256,257]. One of the reasons for resistance of hypoxic cells within a
tumor to chemo/radiation therapy is downregulation of TRAIL pathway
of apoptosis. It has been reported that hypoxia, via increasing the
phosphorylation of STAT3, promotes resistance to chemotherapy drugs
[258]. Targeting STAT3 in combination with radiation/chemotherapy
is associated with overcoming tumor resistance and inducing pro-
apoptotic genes, as well as inhibition of anti- apoptotic Bcl-2 family
genes [259-263]. Evidences have also shown that TRAIL pathway is a
main pathway of apoptosis, whose its regulation is inhibited during
hypoxia, leading to increasing the expression of HIF-1 [264,265].

Some evidences have revealed that melatonin inhibits HIF-1 upre-
gulation and apoptosis resistance in hypoxia condition [266-269]. Park
et al. showed that treatment of human colon cancer cells with mela-
tonin reduces hypoxia-induced TRAIL apoptosis resistance. Their re-
sults indicated that the inhibition of PI3K and NF-kB by melatonin is
probably involved in the increased expression of TRAIL and apoptosis
incidence. Results showed that treatment of cells with 100 mM mela-
tonin can completely overcome hypoxia-induced TRAIL apoptosis re-
sistance [270]. Melatonin has also shown the ability to attenuate hy-
poxia-induced TRAIL apoptosis resistance through inhibition of HIF-1.
This is also associated with increased activity of p53, Bax penetration
into mitochondria and modulation of mitochondrial transmembrane
potential which facilitates mitochondrial apoptosis [271]. However,
regulation of GIF-1 by melatonin may be different in various cancers.
For example, in Ewing's sarcoma cells, melatonin inhibits HIF-1 in an
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independent PI3K pathway [272]. (Fig. 3, Table 1).

6.7. Role of melatonin receptors (MT1 and MT2)

Although some studies have shown that anti-cancer effects of mel-
atonin mediate independent from its receptors, there are evidences that
indicates role of melatonin receptors, including MT1 and MT2. These
receptors increase intracellular concentration of GTP that are involved
in the triggering EFGR and modulation of MAPKs. Activation of MT1 by
melatonin also cause depletion of cAMP, and reduces expression of
AKT, leading to the suppression of cancer cells proliferation [273]. In
breast cancer cells, melatonin inhibits estrogen receptor (ER) through
MT1, which cause inhibition of proliferation [274]. Inhibition of ER by
melatonin also has shown that is associated with suppression of DNA
repair and induction of apoptosis, which further amplify effect of ra-
diation [275]. Neutralization of free radicals also suppresses telomerase
and aromatase, thus further amplify cancer inhibition by melatonin
[274]. In contrast to cancer cells, in some normal cells like ovary cells,
melatonin via inducing MT1 stimulates antioxidant defense, leading to
reducing DNA damage and apoptosis [117]. In conclusion, it seems that
stimulation of most effects of melatonin on both tumor and normal cells
that are trigger via MT1 and MT2 play a key role in protective or
sensitization of cells. However, some effects may mediate independent
from these receptors.

7. Conclusion

Radio- and chemotherapy are the most common non-invasive
cancer treatment modalities which may cause serious toxicities to
normal tissues. In addition, cancer cells in response to both Radio- and
chemotherapy upregulate several signaling pathways for preserving
tumor growth via modulatory genes, which are involved in cell death
and survival. Melatonin has interesting properties for oncology aims
because of its protective effect on a wide range of normal tissues, while
it may promote apoptosis in some cancer cells. In normal cells and
tissues, especially chemo/radiosensitive cells such as lymphocytes and
bone marrow, melatonin can reduce DNA damage, enhance DNA repair
and stimulate antioxidant enzymes, thereby alleviating apoptosis and
increase tissue tolerance. Abnormal changes in TME and cancer cells
are appropriate targets for enhancing apoptosis induction by melatonin.
Cancer cells usually have high expression of anti-apoptotic genes such
as NF-«xB and Bcl-2, while they may have low p53 activity. Upregulation

Fig. 3. Mechanisms of apoptosis in-
duction by melatonin in cancer cells. In
the most of cancer cells, the expression
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of anti-apoptosis genes such as Bcl-2,
NF-kB, COX-2, STAT-3, AKT and PI3K
is high, while the expression and ac-
tivity of some pro-apoptosis genes such
as p53, PTEN and Bax repressed.
Melatonin via downregulation of NF-
kB, COX-2, STAT-3, and AKT attenuate
regulation of Bcl-2. Also, melatonin
reversed reduced expression of apop-
tosis receptors like FasL and TRAIL,
which cause upregulation of Bax and
release of cytochrome c. stimulating
endogenous production of ROS by
melatonin following stimulation of p38
and JNK potentiates apoptosis induc-
tion in cancer cells.

s
b

RTK

=

235



K. Mortezaee, et al. Life Sciences 228 (2019) 228-241

] and activation of pro-apoptotic mediators such as p53 and Bax b
Q
8 e e e e o melatonin are involved in the modulation of apoptosis in cancer cells.
[9) NN OO o N N W =S PRy . . . P . .
e SLE22 8828 KX Ionizing radiation can increase the activity of p53 in a wide range of
cancer cells. However, some chemotherapy drugs like docetaxel sup-
g g presses p53 gene expression. Melatonin has shown the ability to amplify
k51 —_— PR . . . . . .
D ] > %]
& 3 E 4 53 activity in irradiated cancer cells and also reverses its activity in
e 5 8 g cells under exposure to docetaxel.
8 Q . .
g 8 g & i Synchronous modulation of MAPKs and NF-kB has a key role in the
w =
E £ é 8w = sensitization of some cancer cells to chemotherapy drugs. Emerging
) . ‘A . . . . PR .
= § ] E g2 § 5 evidences have shown that melatonin is a potent inhibitor of NF-xB in a
k7] =1 . . s . . . .
% g § §8%_ 2 S wide range of cancer cells. NF-xB inhibition is associated with an in-
E=1 &0 == . . .
& g § £ SE 2 2 crease in the expression of pro-apoptotic genes such as Bax and PUMA
=9 = & 0 . . . .
SE5e Ea Z 8y ¥ Ed as well as downregulation of anti-apoptotic genes such as Bcl-2, which
] oo ST =i . . o . . s . ..
2 §%8 « g 598§ . 3 facilitate intrinsic pathway of apoptosis. In addition to the intrinsic
o p g o ) . . . ..
csE 9228829 = pathway, NF-xB suppression by melatonin can potentiate extrinsic
823 ZET98Z o . . .
g~ E ©E LEsg % apoptosis pathway via upregulation of dead receptors such as FasL and
5] ==l g > . . . . .
TEt 2252 é ¥ B¢ TRAIL. FasL stimulation by melatonin may be an interesting target for
<< g 9 8 e . . -
§5s B9 EgfE 8% sensitization of malignant haematological cells. Evidences have shown
=] & Q9 55 QSN = 9
S0 95 5 3 fi=] N a 3 . P . . .
EELEES 28k o7 that upregulation of FasL by melatonin is associated with increased
5 & =@ 0 B30 9 5 . . .
38 8oo= = 5§ © §& endogenous production of ROS. It seems that activation of p38 and JNK
53 2= ) k2] . . . .
=eZg R £ 2SS 72 amplify ROS production and further increases the expressions of ex-
35 = g S = P . . .
8§78 § 3*?5 pmsgE 28 trinsic apoptosis receptors. Some studies have proposed that mi-
a3 g - ‘0 o 2 . . . . .
= 2E g g Z £ E § g g g tochondria are important targets of melatonin for increasing ROS pro-
£ = b= = <) . . .
SS5Ec8glygy &2 duction in some cancer cells such as hepatocellular carcinoma cells. In
] T 9 g < < 2
X == 2 S < . . . .
% 2 QE)_; g5 g 5; 2 E‘ 5 combination with some chemotherapy drugs, melatonin has been
— —= (=] . . . . .
g 8 _g £g (% 2% & g‘fao gz shown to increase mitochondria membrane depolarization and super-
O a @ . — < . . . .. .
&35 LER o ::‘ a3 g oxide generation. Increased mitophagy incidence following treatment
oOEm e = 3 .2 . . . .
S5REZ 5 5% iy T8 with melatonin have suggested as a marker for mitochondria dysfunc-
o8 ¥ yggxo N . . .
§ “i E} ° E g : =) § &5 tion and cell death. However, in some cancer cells, melatonin has
= ) - %] B %9 . P . .
o5 R E = go Q : § 4 é & shown that increase apoptosis via suppression of mitophagy.
R R b = o . . .
R - ‘§ °cs5a g o v PI3K/AKT pathway is one of the most common signaling pathways
8o $ES ¥ O . - - -
s g 2 EEE- £ e E £ upregulated in a wide range of cancer cells and promotes proliferation
&, g8 o5 | o . . .
2 82 S sE52F8 ¢ E and apoptosis resistance. AKT may also be triggered by other pathways
S8 geEm S gHE SO [SI=! . . .. .
§5E28E5 5288 cg beside PI3K. Melatonin promotes apoptosis in some cancer cells via
g &8 = ERCESE - <= . .. .
B=[ =R N = P~ > 0 = = o g
EEe g S2Sc: =% suppression of these genes. Hypoxu.:l in tumors also plays a key role in
& §5555E5 2 §5 52 tumor growth and cancer cells' resistance to radiation/chemotherapy.
£ = 23 . . - L
El kR ik 2 SEE2s =3 HIF-1, as a central player in hypoxia resistance to radiation/che-
= SEA=S=25=2E=22 ==

motherapy, has a close relation with attenuation of TRAIL pathway of
apoptosis. It is possible that stimulation of PI3K and NF-kB by HIF-1 is
involved in apoptosis suppression by hypoxia. Melatonin via down-

=]
k)
3
. =1
> 1= . . . .
E g 2 regulation of HIF-1 in tumors can induce upregulation of TRAIL and
o S s .
1 - T sensitize cancer cells to apoptosis.
3 =} o . . . . .
gl E 2 = The combination of melatonin with radiotherapy, chemotherapy or
< = . . .
2| S ] g 5 targeted therapy drugs such as sorafenib has shown interesting results
—_ 9 = o Py . . .
% é % S % & 2 for sensitization of cancer cells to apoptosis. However, the mechanisms
°© s & & 83 P ap Ig =) of apoptosis induction by melatonin in different cancer cells may vary.
< Q & M B T . . .
;d S| 1 wAB TS [ Hence, knowledge of the molecular mechanisms of apoptosis resistance
S| o = in each cancer type is important for efficient combination of melatonin
@ . ) . . .
E S < f, < with other cancer therapy modalities. Although increasing apoptosis
S E g T sE induction is not enough to overcome tumor resistant, melatonin via
k3] S — © g — = . . . .
2| = S2s5sS Ssws g s modulation of this pathway may facilitate response of tumor to radio-
o) — . .
gl s E g = E = E .,E, 25 3 E chemotherapy. It seems that attention to other mechanisms such as cell
w . . .
g " cycle arrest, metastasis and antioxidant defense of cancer cells that are
& - P e involved in tumor growth are necessary. Melatonin in some cancer cells
Iy =3 T T E ERN ‘g‘ may protect against toxic effects of radiation and chemotherapy that
— Q =1 n O .
15 s 22 8@LsE = should be considered.
1]
gl . g S8 ged & B
2|3 5 TE E£§EwE g
g o @ g8 g < g g © g
| @ K o) . s
gl g 2HDES ES 58 ,E & Consent for publication
24 NSRS S SEITOE
El & SS5S85 SSC2TEER
; 3 R Not applicable.
—_ >
& = =
~ ~
- g P EEEEE EEEE 28 Declaration of Competing Interest
L E| B 55 FFEF 55 FF 55
S EI& EESE5E5 SE555 58
=& The authors declare no conflict of interest, financial or otherwise.

236



K. Mortezaee, et al.

Acknowledgment

Declared none.

References

[1]
[2]

[3]

[4]

[5]

[61

[71

[8]
[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

[18]

[19]
[20]
[21]

[22]

[23]
[24]
[25]
[26]
[27]
[28]

[29]

[30]

[31]

R.L. Siegel, et al., Cancer statistics, 2018, CA Cancer J. Clin. 68 (1) (2018) 7-30.
B. Mofid, et al., A comparative study of cisplatin-based definitive chemo-radiation
in non-metastatic squamous cell carcinoma of the esophagus, Electron. Physician 8
(10) (2016) 3069.

B. Mofid, et al., 436P identifying predictive factors for severe anemia in cancer
patients treated with cytotoxic chemotherapy, Ann. Oncol. 29 (suppl 9) (2018)
(mdy444. 016).

A. Razzaghdoust, et al., Famotidine as a radioprotector for rectal mucosa in
prostate cancer patients treated with radiotherapy, Strahlenther. Onkol. 190 (8)
(2014) 739-744.

A. Saadipoor, et al., Randomized, double-blind, placebo-controlled phase II trial of
nanocurcumin in prostate cancer patients undergoing radiotherapy, Phytother.
Res. 33 (2) (2019) 370-378, https://doi.org/10.1002/ptr.6230.

A. Chapel, et al., Mesenchymal stem cells home to injured tissues when co-infused
with hematopoietic cells to treat a radiation-induced multi-organ failure syn-
drome, J. Gene Med. 5 (12) (2003) 1028-1038.

C.S. Potten, H. Grant, The relationship between ionizing radiation-induced
apoptosis and stem cells in the small and large intestine, Br. J. Cancer 78 (8)
(1998) 993.

D.G. Kirsch, et al., 53 controls radiation-induced gastrointestinal syndrome in mice
independent of apoptosis, science 327 (5965) (2010) 593-596.

F. Paris, et al., Endothelial apoptosis as the primary lesion initiating intestinal
radiation damage in mice, science 293 (5528) (2001) 293-297.

P. Monti, et al., The contribution of radiation-induced injury to the gastrointestinal
tract in the development of multi-organ dysfunction syndrome or failure, Br. J.
Radiol. (1) (2005) 89-94.

V. Meineke, T. Fliedner, Radiation-induced multi-organ involvement and failure:
challenges for radiation accident medical management and future research, Br. J.
Radiol. (1) (2005) 196-200.

J.A. Rotolo, et al., Bax and Bak do not exhibit functional redundancy in mediating
radiation-induced endothelial apoptosis in the intestinal mucosa, Int. J. Radiat.
Oncol. Biol. Phys. 70 (3) (2008) 804-815.

P.C. Bachour, S.T. Sonis, Predicting mucositis risk associated with cytotoxic cancer
treatment regimens: rationale, complexity, and challenges, Curr. Opin. Support.
Palliat. Care 12 (2) (2018) 198-210.

M. Aggarwal, et al., Evaluation of anticancer drug utilization and monitoring of
adverse drug reaction in the indoor patients receiving cancer chemotherapy in a
tertiary Care Hospital in New Delhi, J. Basic Clin. Pharmacol. Toxicol. 9 (2)
(2018).

G.G. Grabenbauer, G. Holger, Management of radiation and chemotherapy related
acute toxicity in gastrointestinal cancer, Best Pract. Res. Clin. Gastroenterol. 30 (4)
(2016) 655-664.

R.R. Patyar, S. Patyar, Role of drugs in the prevention and amelioration of ra-
diation induced toxic effects, Eur. J. Pharmacol. 819 (2018) 207-216.

R.K. Upadhyay, Radiation therapeutics and its acute effects on human body, J.
Environ. Pollut. Hum. Health 5 (2) (2017) 36-61.

K.-L. Yun, Z.Y. Wang, Target/signalling pathways of natural plant-derived radio-
protective agents from treatment to potential candidates: a reverse thought on
anti-tumour drugs, Biomed. Pharmacother. 91 (2017) 1122-1151.

B.S. Lee, et al., Induced phenotype targeted therapy: radiation-induced apoptosis-
targeted chemotherapy, J. Natl. Cancer Inst. 107 (2) (2015).

M. Goldstein, M.B. Kastan, The DNA damage response: implications for tumor
responses to radiation and chemotherapy, Annu. Rev. Med. 66 (2015) 129-143.
H.E. Barker, et al., The tumour microenvironment after radiotherapy: mechanisms
of resistance and recurrence, Nat. Rev. Cancer 15 (7) (2015) 409.

P. Sethi, et al., 3D tumor tissue analogs and their orthotopic implants for under-
standing tumor-targeting of microenvironment-responsive nanosized che-
motherapy and radiation, Nanomedicine 11 (8) (2015) 2013-2023.

A. Mantovani, et al., Tumour-associated macrophages as treatment targets in on-
cology, Nat. Rev. Clin. Oncol. 14 (7) (2017) 399.

E. Panza, et al., Differential expression of cyclooxygenase-2 in metastatic mela-
noma affects progression free survival, Oncotarget 7 (35) (2016) 57077-57085.
A. Frenzel, et al., Bcl2 family proteins in carcinogenesis and the treatment of
cancer, Apoptosis 14 (4) (2009) 584-596.

T. Inada, et al., Bcl-2 expression as a prognostic factor of survival of gastric car-
cinoma, Anticancer Res. 18 (3b) (1998) 2003-2010.

P.J. Wild, et al., Strong COX-2 overexpression in breast and prostate cancer - a
potential therapeutic target, Cancer Res. 64 (7 Supplement) (2004) 707-708.

B. Singh, et al., COX-2 overexpression increases motility and invasion of breast
cancer cells, Int. J. Oncol. 26 (5) (2005) 1393-1399.

T. Cooks, et al., Mutant p53 prolongs NF-kappaB activation and promotes chronic
inflammation and inflammation-associated colorectal cancer, Cancer Cell 23 (5)
(2013) 634-646.

S. Huang, et al., Blockade of NF-kappaB activity in human prostate cancer cells is
associated with suppression of angiogenesis, invasion, and metastasis, Oncogene
20 (31) (2001) 4188-4197.

H.Q. Xiong, et al., NF-kappaB activity blockade impairs the angiogenic potential of
human pancreatic cancer cells, Int. J. Cancer 108 (2) (2004) 181-188.

[32]
[33]
[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]
[46]
[47]

[48]

[49]

[50]
[51]
[52]
[53]
[54]
[55]

[56]

[57]

[58]

[59]

[60]

[61]
[62]
[63]

[64]

[65]

[66]

Life Sciences 228 (2019) 228-241

W. Chen, et al., NF-kappaB in lung cancer, a carcinogenesis mediator and a pre-
vention and therapy target, Front. Biosci. 16 (2011) 1172-1185.

V. Soubannier, S. Stifani, NF-kB Signalling in Glioblastoma, Biomedicines 5 (2)
(2017) 29.

Y. Ueda, A. Richmond, NF-kappaB activation in melanoma, Pigment Cell Res. 19
(2) (2006) 112-124.

K. Onseng, et al., Beneficial effects of adjuvant melatonin in minimizing oral
mucositis complications in head and neck cancer patients receiving concurrent
chemoradiation, J. Altern. Complement. Med. 23 (12) (2017) 957-963.

P. Madhu, et al., Role of melatonin in mitigating chemotherapy-induced testicular
dysfunction in Wistar rats, Drug Chem. Toxicol. 39 (2) (2016) 137-146.

R. Pariente, et al., Melatonin increases the effect of 5-fluorouracil-based che-
motherapy in human colorectal adenocarcinoma cells in vitro, Mol. Cell. Biochem.
440 (1-2) (2018) 43-51.

R. Pariente, et al., Participation of MT3 melatonin receptors in the synergistic
effect of melatonin on cytotoxic and apoptotic actions evoked by chemother-
apeutics, Cancer Chemother. Pharmacol. 80 (5) (2017) 985-998.

L.C. Manchester, et al., Melatonin: an ancient molecule that makes oxygen me-
tabolically tolerable, J. Pineal Res. 59 (4) (2015) 403-419.

S.M. Nabavi, et al., Anti-inflammatory effects of melatonin: a mechanistic review,
Crit. Rev. Food Sci. Nutr. (2018) 01-62 (just-accepted).

L. Terraneo, et al., Transdermal administration of melatonin coupled to cryopass
laser treatment as noninvasive therapy for prostate cancer, Drug Delivery 24 (1)
(2017) 979-985.

R. Bakalova, et al., Impressive suppression of colon cancer growth by triple
combination SN38/EF24/melatonin:“oncogenic” versus “Onco-suppressive” re-
active oxygen species, Anticancer Res. 37 (10) (2017) 5449-5458.

C.-S. Xu, et al., Involvement of ROS-alpha v beta 3 integrin-FAK/Pyk2 in the in-
hibitory effect of melatonin on U251 glioma cell migration and invasion under
hypoxia, J. Transl. Med. 13 (1) (2015) 95.

Y.Q. Shen, 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. 64
(3) (2018) el2461.

J.M. Brown, L.D. Attardi, The role of apoptosis in cancer development and treat-
ment response, Nat. Rev. Cancer 5 (3) (2005) 231.

L. Ouyang, et al., Programmed cell death pathways in cancer: a review of apop-
tosis, autophagy and programmed necrosis, Cell Prolif. 45 (6) (2012) 487-498.
S. Elmore, Apoptosis: a review of programmed cell death, Toxicol. Pathol. 35 (4)
(2007) 495-516.

K.Z. Oben, et al., Radiation induced apoptosis of murine bone marrow cells is
independent of Early Growth Response 1 (EGR1), PLoS One 12 (1) (2017)
e0169767.

E.A. Komarova, et al., Dual effect of p53 on radiation sensitivity in vivo: p53
promotes hematopoietic injury, but protects from gastro-intestinal syndrome in
mice, Oncogene 23 (19) (2004) 3265-3271.

G. Nuiflez, et al., Caspases: the proteases of the apoptotic pathway, Oncogene 17
(1999) 3237.

1. Chowdhury, et al., Caspases - an update, Comp. Biochem. Physiol. B Biochem.
Mol. Biol. 151 (1) (2008) 10-27.

T.J. Fan, et al., Caspase family proteases and apoptosis, Acta Biochim. Biophys.
Sin. Shanghai 37 (11) (2005) 719-727.

Y.-Q. Li, et al., Differential apoptosis Radiosensitivity of neural progenitors in
adult mouse hippocampus, Int. J. Mol. Sci. 17 (5) (2016) 970.

M.R. Fabbrizi, et al., Molecular and epigenetic regulatory mechanisms of normal
stem cell radiosensitivity, Cell Death Dis. 4 (2018) 117.

K. Manda, et al., Effects of ionizing radiation on the immune system with special
emphasis on the interaction of dendritic and T cells, Front. Oncol. 2 (2012) 102.
S. Diegeler, C.E. Hellweg, Intercellular communication of tumor cells and immune
cells after exposure to different ionizing radiation qualities, Front. Immunol. 8
(2017) 664.

P. Kaur, A. Asea, Radiation-induced effects and the immune system in cancer,
Front. Oncol. 2 (2012) 191 (-).

G. Rainaldi, et al., Induction of apoptosis or necrosis by ionizing radiation is dose-
dependent in MG-63 osteosarcoma multicellular spheroids, Anticancer Res. 23
(3b) (2003) 2505-2518.

K.J. McKelvey, et al., Radiation, inflammation and the immune response in cancer,
Mamm. Genome 29 (11 —12) (2018) 843-865.

B.J. Leibowitz, et al., Ionizing irradiation induces acute haematopoietic syndrome
and gastrointestinal syndrome independently in mice, Nat. Commun. 5 (2014)
3494 (-).

B.J. Leibowitz, et al., Uncoupling p53 functions in radiation-induced intestinal
damage via PUMA and p21, Mol. Cancer Res. 9 (5) (2011) 616-625.

N. Sogwagwa, et al., P9. Correlation of radiation induced apoptosis with Bax and
Bcl-2 protein expression. Physica Medica, Eur. J. Med. Phys. Res. 32 (2016) 163.
P. Nair, et al., Apoptosis initiation through the cell-extrinsic pathway, Methods
Enzymol. 544 (2014) 99-128.

B. Gong, A. Almasan, Apo2 ligand/TNF-related apoptosis-inducing ligand and
death receptor 5 mediate the apoptotic signaling induced by ionizing radiation in
leukemic cells, Cancer Res. 60 (20) (2000) 5754-5760.

D.M. Nguyen, et al., The essential role of the mitochondria-dependent death-sig-
naling cascade in chemotherapy-induced potentiation of Apo2L/TRAIL cytotoxi-
city in cultured thoracic cancer cells: amplified caspase 8 is indispensable for
combination-mediated massive cell death, Cancer J. 12 (4) (2006) 257-273.

A. Ashkenazi, G. Salvesen, Regulated cell death: signaling and mechanisms, Annu.
Rev. Cell Dev. Biol. 30 (2014) 337-356.


http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0005
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0010
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0010
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0010
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0015
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0015
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0015
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0020
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0020
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0020
https://doi.org/10.1002/ptr.6230
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0030
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0030
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0030
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0035
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0035
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0035
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0040
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0040
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0045
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0045
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0050
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0050
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0050
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0055
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0055
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0055
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0060
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0060
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0060
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0065
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0065
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0065
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0070
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0070
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0070
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0070
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0075
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0075
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0075
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0080
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0080
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0085
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0085
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0090
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0090
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0090
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0095
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0095
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0100
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0100
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0105
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0105
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0110
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0110
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0110
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0115
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0115
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0120
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0120
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0125
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0125
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0130
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0130
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0135
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0135
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0140
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0140
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0145
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0145
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0145
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0150
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0150
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0150
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0155
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0155
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0160
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0160
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0165
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0165
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0170
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0170
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0175
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0175
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0175
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0180
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0180
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0185
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0185
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0185
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0190
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0190
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0190
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0195
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0195
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0200
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0200
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0205
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0205
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0205
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0210
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0210
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0210
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0215
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0215
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0215
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0220
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0220
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0220
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0220
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0225
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0225
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0230
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0230
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0235
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0235
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0240
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0240
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0240
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0245
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0245
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0245
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0250
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0250
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0255
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0255
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0260
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0260
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0265
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0265
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0270
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0270
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0275
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0275
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0280
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0280
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0280
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0285
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0285
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0290
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0290
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0290
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0295
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0295
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0300
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0300
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0300
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0305
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0305
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0310
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0310
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0315
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0315
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0320
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0320
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0320
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0325
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0325
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0325
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0325
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0330
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0330

K. Mortezaee, et al.

[67]
[68]

[69]

[70]

[71]
[72]
[73]
[74]
[75]

[76]

771
[78]
[79]
[80]
[81]
[82]
[83]
[84]

[85]

[86]
871

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[971

[98]

[99]

[100]

[101]

[102]

A. Haimovitz-Friedman, et al., Ceramide signaling in apoptosis, Br. Med. Bull. 53
(3) (1997) 539-553.

L.A. Pena, et al., Stress-induced apoptosis and the sphingomyelin pathway,
Biochem. Pharmacol. 53 (5) (1997) 615-621.

T. Yabu, et al., Stress-induced ceramide generation and apoptosis via the phos-
phorylation and activation of nSMasel by JNK signaling, Cell Death Differ. 22
(2014) 258.

L. Abdel Hadj, et al., The role and function of sphingolipids in glioblastoma
Multiforme, in: Y.A. Hannun, C. Luberto, C. Mao, et al. (Eds.), Bioactive
Sphingolipids in Cancer Biology and Therapy, Springer International Publishing,
Cham, 2015, pp. 259-293.

N. Ueda, Ceramide-induced apoptosis in renal tubular cells: a role of mitochondria
and sphingosine-1-phoshate, Int. J. Mol. Sci. 16 (3) (2015) 5076-5124.

X. Lin, et al., Ceramide mediates radiation-induced death of endothelium, Crit.
Care Med. 28 (4 Suppl) (2000) N87-N93.

R. Kolesnick, Z. Fuks, Radiation and ceramide-induced apoptosis, Oncogene 22
(37) (2003) 5897-5906.

W. Billis, et al., Signaling in and regulation of ionizing radiation-induced apoptosis
in endothelial cells, Recent Prog. Horm. Res. 53 (1998) 85-92 (discussion 3).

A. Munshi, R. Ramesh, Mitogen-activated protein kinases and their role in radia-
tion response, Genes Cancer 4 (9-10) (2013) 401-408.

B. Ogretmen, Y.A. Hannun, Updates on functions of ceramide in chemotherapy-
induced cell death and in multidrug resistance, Drug Resist. Updat. 4 (6) (2001)
368-377.

C.P. Reynolds, et al., Ceramide synthesis and metabolism as a target for cancer
therapy, Cancer Lett. 206 (2) (2004) 169-180.

M.T. Dimanche-Boitrel, et al., Ceramide in chemotherapy of tumors, Recent Pat.
Anticancer Drug Discov. 6 (3) (2011) 284-293.

A. Carpinteiro, et al., Ceramide-induced cell death in malignant cells, Cancer Lett.
264 (1) (2008) 1-10.

D.E. Modrak, et al., Sphingolipid targets in cancer therapy, Mol. Cancer Ther. 5 (2)
(2006) 200-208.

A. Carrillo-Vico, et al., Melatonin: buffering the immune system, Int. J. Mol. Sci.
14 (4) (2013) 8638-8683.

A. Carrillo-Vico, et al., The modulatory role of melatonin on immune respon-
siveness, Curr. Opin. Investig. Drugs 7 (5) (2006) 423.

D. Acuna-Castroviejo, et al., Extrapineal melatonin: sources, regulation, and po-
tential functions, Cell. Mol. Life Sci. 71 (16) (2014) 2997-3025.

D. Acuna-Castroviejo, et al., Extrapineal melatonin: sources, regulation, and po-
tential functions, Cell. Mol. Life Sci. 71 (16) (2014) 2997-3025.

F. Bonomini, et al., Dietary melatonin supplementation could be a promising
preventing/therapeutic approach for a variety of liver diseases, Nutrients 10 (9)
(2018) 1135.

J. Fan, et al., Melatonin: a multifunctional factor in plants, Int. J. Mol. Sci. 19 (5)
(2018) 1528.

J. Liu, et al., MT1 and MT2 melatonin receptors: a therapeutic perspective, Annu.
Rev. Pharmacol. Toxicol. 56 (2016) 361-383.

A. Zemla, et al., Melatonin synergizes the chemotherapeutic effect of cisplatin in
ovarian Cancer cells independently of MT1 melatonin receptors, In Vivo 31 (5)
(2017) 801-809.

K. Jablonska, et al., Expression of melatonin receptor MT1 in cells of human in-
vasive ductal breast carcinoma, J. Pineal Res. 54 (3) (2013) 334-345.

M. Karbownik, R.J. Reiter, Antioxidative effects of melatonin in protection against
cellular damage caused by ionizing radiation, Proc. Soc. Exp. Biol. Med. 225 (1)
(2000) 9-22.

I. Karslioglu, et al., Radioprotective effects of melatonin on radiation-induced
cataract, J. Radiat. Res. 46 (2) (2005) 277-282.

S.S. Jang, et al., Melatonin reduces X-ray radiation-induced lung injury in mice by
modulating oxidative stress and cytokine expression, Int. J. Radiat. Biol. 89 (2)
(2013) 97-105.

M. Kog, et al., The effect of melatonin against oxidative damage during total-body
irradiation in rats, Radiat. Res. 160 (2) (2003) 251-255.

M.A. El-Missiry, et al., Ameliorative effect of melatonin against gamma-irradia-
tion-induced oxidative stress and tissue injury, Ecotoxicol. Environ. Saf. 66 (2)
(2007) 278-286.

M. Karbownik, R.J. Reiter, Antioxidative effects of melatonin in protection against
cellular damage caused by ionizing radiation, Proc. Soc. Exp. Biol. Med. 225 (1)
(2000) 9-22.

B. Fernandez-Gil, et al., Melatonin protects rats from radiotherapy-induced small
intestine toxicity, PLoS One 12 (4) (2017) e0174474.

B. Chun Kim, et al., Melatonin reduces X-ray irradiation-induced oxidative da-
mages in cultured human skin fibroblasts, J. Dermatol. Sci. 26 (3) (2001)
194-200.

K. Manda, et al., Melatonin mitigates oxidative damage and apoptosis in mouse
cerebellum induced by high-LET 56Fe particle irradiation, J. Pineal Res. 44 (2)
(2008) 189-196.

V.K. Kolli, et al., Preclinical efficacy of melatonin to reduce methotrexate-induced
oxidative stress and small intestinal damage in rats, Dig. Dis. Sci. 58 (4) (2013)
959-969.

X.J. Qin, et al., Protection of multiple antioxidants Chinese herbal medicine on the
oxidative stress induced by adriamycin chemotherapy, J. Appl. Toxicol. 28 (3)
(2008) 271-282.

K.M. Lee, et al., Melatonin attenuates doxorubicin-induced testicular toxicity in
rats, Andrologia 44 (2012) 796-803.

A. Chabra, et al., Melatonin ameliorates oxidative stress and reproductive toxicity
induced by cyclophosphamide in male mice, Hum. Exp. Toxicol. 33 (2) (2014)

238

[103]
[104]
[105]
[106]
[107]
[108]
[109]
[110]
[111]

[112]

[113]
[114]
[115]

[116]

[117]

[118]
[119]

[120]

[121]

[122]
[123]
[124]
[125]

[126]

[127]
[128]

[129]

[130]
[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

Life Sciences 228 (2019) 228-241

185-195.

P. Abraham, et al., Melatonin attenuates methotrexate-induced oxidative stress
and renal damage in rats, Cell Biochem. Funct. 28 (5) (2010) 426-433.

H. Haghi-Aminjan, et al., The role of melatonin on chemotherapy-induced re-
productive toxicity, J. Pharm. Pharmacol. 70 (3) (2018) 291-306.

R. Santoro, et al., Blockage of melatonin receptors impairs p53-mediated pre-
vention of DNA damage accumulation, Carcinogenesis 34 (5) (2013) 1051-1061.
R. Santoro, et al., Melatonin triggers p53 Ser phosphorylation and prevents DNA
damage accumulation, Oncogene 31 (24) (2012) 2931.

M. Majidinia, et al., Melatonin: a pleiotropic molecule that modulates DNA da-
mage response and repair pathways, J. Pineal Res. 63 (1) (2017) e12416.

S.G. Ferreira, et al., Effects of melatonin on DNA damage induced by cyclopho-
sphamide in rats, Braz. J. Med. Biol. Res. 46 (2013) 278-286.

Vijayalaxmi, et al., Melatonin protects human blood lymphocytes from radiation-
induced chromosome damage, Mutat. Res. 346 (1) (1995) 23-31.

Vijayalaxmi, et al., Melatonin reduces gamma radiation-induced primary DNA
damage in human blood lymphocytes, Mutat. Res. 397 (2) (1998) 203-208.

B. Farhood, et al., Melatonin as an adjuvant in radiotherapy for radioprotection
and radiosensitization, Clin. Transl. Oncol. 21 (3) (2019) 268-279.

S. Khan, et al., Melatonin attenuates 60Co y-ray-induced hematopoietic, im-
munological and gastrointestinal injuries in C57BL/6 male mice, Environ. Toxicol.
32 (2) (2017) 501-518.

S. Khan, et al., Radioprotective potential of melatonin against 60 co y-ray-induced
testicular injury in male C57BL/6 mice, J. Biomed. Sci. 22 (1) (2015) 61.

O. TORK, N. Eltablawy, The Effect of Melatonin on Cisplatin Induced-Kidney
Injury in Rats: Possible Role of Autophagy, (2013).

R. Ataee, et al., The role of melatonin and melatonin receptors in pharmacology
and pharmacotherapy of cancer, Austin Oncol. 2 (1) (2017) 1015.

H. Haghi-Aminjan, et al., The protective role of melatonin in chemotherapy-in-
duced nephrotoxicity: a systematic review of non-clinical studies, Expert Opin.
Drug Metab. Toxicol. 14 (9) (2018) 937-950.

R.S. Barberino, et al., Melatonin protects against cisplatin-induced ovarian damage
in mice via the MT1 receptor and antioxidant activity, Biol. Reprod. 96 (6) (2017)
1244-1255.

L.P. Rybak, Mechanisms of cisplatin ototoxicity and progress in otoprotection,
Curr. Opin. Otolaryngol. Head Neck Surg. 15 (5) (2007) 364-369.

Gusm, et al., The potential use of melatonin for preventing cisplatin ototoxicity: an
insight for a clinical approach, Adv. Otorhinolaryngol. 2014 (2014) 8.

M.-Y. Li, et al., Radiotherapy induces cell cycle arrest and cell apoptosis in naso-
pharyngeal carcinoma via the ATM and Smad pathways, Cancer Biol. Ther. 18 (9)
(2017) 681-693.

S.F. Zerp, et al., Targeting anti-apoptotic Bcl-2 by AT-101 to increase radiation
efficacy: data from in vitro and clinical pharmacokinetic studies in head and neck
cancer, Radiat. Oncol. 10 (1) (2015) 158.

E.B. Golden, L. Apetoh, Radiotherapy and immunogenic cell death, Semin. Radiat.
Oncol. 25 (1) (2015) 11-17.

L. Deloch, et al., Modern radiotherapy concepts and the impact of radiation on
immune activation, Front. Oncol. 6 (2016) 141.

Y. Li, et al., Melatonin for the prevention and treatment of cancer, Oncotarget 8
(24) (2017) 39896-39921.

R.J. Reiter, et al., Melatonin, a full service anti-Cancer agent: inhibition of in-
itiation, progression and metastasis, Int. J. Mol. Sci. 18 (4) (2017) 843.

R.M. Sainz, et al., Critical role of glutathione in melatonin enhancement of tumor
necrosis factor and ionizing radiation-induced apoptosis in prostate cancer cells in
vitro, J. Pineal Res. 45 (3) (2008) 258-270.

O'Connell J. Fas ligand and the fate of antitumour cytotoxic T lymphocytes.
Immunology, 2002, 105(3): 263-6.

G.T. Motz, et al., Tumor endothelium FasL establishes a selective immune barrier
promoting tolerance in tumors, Nat. Med. 20 (6) (2014) 607-615.

R. Kim, et al., The role of Fas ligand and transforming growth factor beta in tumor
progression: molecular mechanisms of immune privilege via Fas-mediated apop-
tosis and potential targets for cancer therapy, Cancer 100 (11) (2004) 2281-2291.
A. Wada, et al., The effects of FasL on inflammation and tumor survival are de-
pendent on its expression levels, Cancer Gene Ther. 14 (2006) 262.

V. Poulaki, et al., The role of Fas and FasL as mediators of anticancer che-
motherapy, Drug Resist. Updat. 4 (4) (2001) 233-242.

A. Villunger, et al., Drug-induced apoptosis is associated with enhanced Fas (Apo-
1/CD95) ligand expression but occurs independently of Fas (Apo-1/CD95) sig-
naling in human T-acute lymphatic leukemia cells, Cancer Res. 57 (16) (1997)
3331-3334.

N. Mitsiades, et al., Fas-mediated apoptosis in Ewing's sarcoma cell lines by me-
talloproteinase inhibitors, J. Natl. Cancer Inst. 91 (19) (1999) 1678-1684.

N. Mitsiades, et al., Induction of tumour cell apoptosis by matrix metalloproteinase
inhibitors: new tricks from a (not so) old drug, Expert Opin. Investig. Drugs 10 (6)
(2001) 1075-1084.

A.M. Pedrosa, et al., Melatonin protects CD4 + T cells from activation-induced cell
death by blocking NFAT-mediated CD95 ligand upregulation, J. Immunol. 184 (7)
(2010) 3487-3494.

S. Casado-Zapico, 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.

G. Garcia-Santos, et al., Fas/Fas ligand regulation mediates cell death in human
Ewing's sarcoma cells treated with melatonin, Br. J. Cancer 106 (7) (2012)
1288-1296.

S. Casado-Zapico, et al., Regulation of the expression of death receptors and their
ligands by melatonin in haematological cancer cell lines and in leukaemia cells


http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0335
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0335
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0340
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0340
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0345
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0345
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0345
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0350
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0350
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0350
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0350
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0355
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0355
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0360
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0360
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0365
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0365
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0370
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0370
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0375
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0375
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0380
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0380
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0380
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0385
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0385
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0390
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0390
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0395
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0395
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0400
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0400
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0405
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0405
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0410
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0410
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0415
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0415
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0420
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0420
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0425
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0425
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0425
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0430
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0430
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0435
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0435
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0440
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0440
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0440
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0445
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0445
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0450
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0450
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0450
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0455
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0455
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0460
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0460
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0460
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0465
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0465
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0470
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0470
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0470
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0475
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0475
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0475
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0480
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0480
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0485
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0485
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0485
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0490
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0490
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0490
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0495
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0495
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0495
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0500
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0500
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0500
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0505
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0505
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0510
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0510
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0510
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0515
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0515
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0520
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0520
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0525
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0525
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0530
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0530
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0535
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0535
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0540
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0540
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0545
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0545
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0550
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0550
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0555
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0555
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0560
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0560
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0560
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0565
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0565
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0570
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0570
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0575
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0575
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0580
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0580
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0580
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0585
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0585
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0585
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0590
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0590
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0595
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0595
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0600
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0600
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0600
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0605
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0605
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0605
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0610
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0610
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0615
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0615
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0620
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0620
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0625
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0625
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0630
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0630
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0630
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0635
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0635
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0640
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0640
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0640
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0645
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0645
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0650
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0650
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0655
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0655
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0655
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0655
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0660
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0660
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0665
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0665
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0665
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0670
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0670
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0670
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0675
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0675
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0675
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0680
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0680
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0680
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0685
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0685

K. Mortezaee, et al.

[139]

[140]

[141]

[142]
[143]
[144]

[145]

[146]
[147]
[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]
[161]
[162]

[163]
[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]
[173]

[174]

from patients, J. Pineal Res. 50 (3) (2011) 345-355.

J.M. Brown, B.G. Wouters, Apoptosis, p53, and tumor cell sensitivity to anticancer
agents, Cancer Res. 59 (7) (1999) 1391-1399.

M. Yamamoto, et al., The p53 tumor suppressor gene in anticancer agent-induced
apoptosis and chemosensitivity of human gastrointestinal cancer cell lines, Cancer
Chemother. Pharmacol. 43 (1) (1999) 43-49.

N. Matsuhashi, et al., Expression of p53 protein as a predictor of the response to 5-
fluorouracil and cisplatin chemotherapy in human gastrointestinal cancer cell
lines evaluated with apoptosis by use of thin layer collagen gel, Int. J. Oncol. 24
(4) (2004) 807-813.

J.M. Brown, B.G. Wouters, Apoptosis, p53, and tumor cell sensitivity to anticancer
agents, Cancer Res. 59 (7) (1999) 1391-1399.

P. Bertheau, et al., TP53 status and response to chemotherapy in breast cancer,
Pathobiology 75 (2) (2008) 132-139.

J.M. Beckta, et al., Revisiting p53 for cancer-specific chemo- and radiotherapy: ten
years after, Cell Cycle 13 (5) (2014) 710-713.

W.H. Chappell, et al., p53 expression controls prostate cancer sensitivity to che-
motherapy and the MDM2 inhibitor Nutlin-3, Cell Cycle 11 (24) (2012)
4579-4588.

J. Kigawa, et al., p53 gene status and chemosensitivity in ovarian cancer, Hum.
Cell 14 (3) (2001) 165-171.

L. Yang, et al., PEPD is a pivotal regulator of p53 tumor suppressor, Nat. Commun.
8 (1) (2017) 2052.

K. Hientz, et al., The role of p53 in cancer drug resistance and targeted che-
motherapy, Oncotarget 8 (5) (2016) 8921-8946.

D. Shi, W. Gu, Dual roles of MDMZ2 in the regulation of p53: ubiquitination de-
pendent and ubiquitination independent mechanisms of MDM2 repression of p53
activity, Genes Cancer 3 (3-4) (2012) 240-248.

C.L. Brooks, W. Gu, p53 ubiquitination: Mdm2 and beyond, Mol. Cell 21 (3)
(2006) 307-315.

J.D. Amaral, et al., The role of p53 in apoptosis, Discov. Med. 9 (45) (2010)
145-152.

A.M. Malki, et al., Differential effect of selected methylxanthine derivatives on
radiosensitization of lung carcinoma cells, Exp. Oncol. 28 (1) (2006) 16-24.

S. Haupt, et al., Apoptosis - the p53 network, J. Cell Sci. 116 (20) (2003)
4077-4085.

M. Schuler, et al., p53 induces apoptosis by caspase activation through mi-
tochondrial cytochrome c release, J. Biol. Chem. 275 (10) (2000) 7337-7342.

T. Miyashita, et al., Tumor suppressor p53 is a regulator of bcl-2 and bax gene
expression in vitro and in vivo, Oncogene 9 (6) (1994) 1799-1805.

J.S. Fridman, S.W. Lowe, Control of apoptosis by p53, Oncogene 22 (2003) 9030.
C. Alonso-Gonzalez, et al., Melatonin enhancement of the radiosensitivity of
human breast cancer cells is associated with the modulation of proteins involved
in estrogen biosynthesis, Cancer Lett. 370 (1) (2016) 145-152.

E. Nooshinfar, et al., Melatonin promotes ATO-induced apoptosis in MCF-7 cells:
proposing novel therapeutic potential for breast cancer, Biomed. Pharmacother.
83 (2016) 456-465.

C. Alonso-Gonzalez, et al., Melatonin enhances the apoptotic effects and mod-
ulates the changes in gene expression induced by docetaxel in MCF7 human breast
cancer cells, Int. J. Oncol. 52 (2) (2018) 560-570.

S.Y. Jeong, D.W. Seol, The role of mitochondria in apoptosis, BMB Rep. 41 (1)
(2008) 11-22.

C. Wang, R.J. Youle, The role of mitochondria in apoptosis, Annu. Rev. Genet. 43
(2009) 95-118.

N.C. Mishra, S. Kumar, Apoptosis: a mitochondrial perspective on cell death,
Indian J. Exp. Biol. 43 (1) (2005) 25-34.

O.H. Warburg, Ueber den stoffwechsel der tumoren, J. Springer, 1926.

R. Loureiro, et al., Melatonin antiproliferative effects require active mitochondrial
function in embryonal carcinoma cells, Oncotarget 6 (19) (2015) 17081-17096.
A.E. Scott, et al., Disruption of mitochondrial respiration by melatonin in MCF-7
cells, Toxicol. Appl. Pharmacol. 171 (3) (2001) 149-156.

B.Q. Wang, et al., Elevated levels of mitochonrial respiratory complexes activities
and ATP production in 17-beta-estradiol-induced prolactin-secretory tumor cells
in male rats are inhibited by melatonin in vivo and in vitro, Chin. Med. J. 126 (24)
(2013) 4724-4730.

B.I. Fernandez-Gil, et al., Melatonin enhances cisplatin and radiation cytotoxicity
in head and neck squamous cell carcinoma by stimulating mitochondrial ROS
generation, apoptosis, and autophagy, Oxidative Med. Cell. Longev. 2019 (2019)
7187128.

K. Bennukul, et al., Melatonin attenuates cisplatin-induced HepG2 cell death via
the regulation of mTOR and ERCC1 expressions, World J. Hepatol. 6 (4) (2014)
230-242.

C.W. YUN, et al., Melatonin promotes apoptosis of colorectal Cancer cells via
superoxide-mediated ER stress by inhibiting cellular prion protein expression,
Anticancer Res. 38 (7) (2018) 3951-3960.

Z. Yu, et al., Mitochondrial cytochrome P450 (CYP) 1B1 is responsible for mela-
tonin-induced apoptosis in neural cancer cells, J. Pineal Res. 65 (1) (2018)
e12478.

A.C. Uguz, et al., Melatonin potentiates chemotherapy-induced cytotoxicity and
apoptosis in rat pancreatic tumor cells, J. Pineal Res. 53 (1) (2012) 91-98.

A.H. Chourasia, et al., Mitophagy and cancer, Cancer Metab. 3 (2015) 4.

C. Yan, T.S. Li, Dual role of mitophagy in cancer drug resistance, Anticancer Res.
38 (2) (2018) 617-621.

Y.Q. Shen, 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. 64

239

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]
[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]
[194]

[195]

[196]

[197]

[198]

[199]
[200]

[201]

[202]

[203]

[204]

[205]

[206]

Life Sciences 228 (2019) 228-241

(3) (2018).

N. Prieto-Dominguez, et al., Melatonin-induced increase in sensitivity of human
hepatocellular carcinoma cells to sorafenib is associated with reactive oxygen
species production and mitophagy, J. Pineal Res. 61 (3) (2016) 396-407.

Q. Zhao, et al., Melatonin enhances TNF-alpha-mediated cervical cancer HeLa cells
death via suppressing CaMKII/Parkin/mitophagy axis, Cancer Cell Int. 19
(2019) 58.

H. Zhou, et al., Pathogenesis of cardiac ischemia reperfusion injury is associated
with CK2alpha-disturbed mitochondrial homeostasis via suppression of FUNDC1-
related mitophagy, Cell Death Differ. 25 (6) (2018) 1080-1093.

L. Chen, et al., Melatonin increases human cervical cancer HeLa cells apoptosis
induced by cisplatin via inhibition of JNK/Parkin/mitophagy axis, In Vitro Cell.
Dev. Biol. Anim. 54 (1) (2018) 1-10.

O. Micheau, et al., NF-kappaB signals induce the expression of c-FLIP, Mol. Cell.
Biol. 21 (16) (2001) 5299-5305.

X. Chen, et al., Differential roles of RelA (p65) and c-Rel subunits of nuclear factor
kappa B in tumor necrosis factor-related apoptosis-inducing ligand signaling,
Cancer Res. 63 (5) (2003) 1059-1066.

Y. Shi, Mechanisms of caspase activation and inhibition during apoptosis, Mol.
Cell 9 (3) (2002) 459-470.

F. Hosseini, et al., Modulating Survivin as a Radioresistant factor, Caspase-3, and
apoptosis by Omega-3 docosahexaenoic acid sensitizes mutant-p53 colorectal
Cancer cells to gamma-irradiation, Cancer Biother. Radiopharm. 33 (9) (2018)
387-395.

Z.H. Fu, et al., NIK and IKKbetabinding protein contributes to gastric cancer
chemoresistance by promoting epithelialmesenchymal transition through the
NFkappaB signaling pathway, Oncol. Rep. 39 (6) (2018) 2721-2730.

A.B. Tam, et al., ER stress activates NF-kB by integrating functions of basal IKK
activity, IRE1 and PERK, PLoS One 7 (10) (2012) e45078.

R. Burikhanov, et al., Novel mechanism of apoptosis resistance in cancer mediated
by extracellular PAR-4, Cancer Res. 73 (2) (2013) 1011-1019.

P. Fan, et al., Modulation of nuclear factor-kappa B activation by the endoplasmic
reticulum stress sensor PERK to mediate estrogen-induced apoptosis in breast
cancer cells, Cell Death Dis. 4 (1) (2018) 15.

M. Bentires-Alj, et al., Inhibition of the NF-kappa B transcription factor increases
Bax expression in cancer cell lines, Oncogene 20 (22) (2001) 2805-2813.

Y. Hong, et al., Antitumoral effect of melatonin by G-protein mediated toll-like
receptor (TLR) activation through autophagic cell death in gynecologic cancer
cells, FASEB J. 23 (1_supplement) (2009) (678.4-.4).

L.G.A. Chuffa, et al., Melatonin attenuates the TLR4-mediated inflammatory re-
sponse through MyD88- and TRIF-dependent signaling pathways in an in vivo
model of ovarian cancer, BMC Cancer 15 (1) (2015) 34.

J. Wang, et al., Melatonin potentiates the antiproliferative and pro-apoptotic ef-
fects of ursolic acid in colon cancer cells by modulating multiple signaling path-
ways, J. Pineal Res. 54 (4) (2013) 406-416.

Y. Gao, et al., Melatonin synergizes the chemotherapeutic effect of 5-fluorouracil
in colon cancer by suppressing PI3K/AKT and NF-kB/iNOS signaling pathways, J.
Pineal Res. 62 (2) (2017) e12380.

Z.-W. Zou, et al., Melatonin suppresses thyroid cancer growth and overcomes
radioresistance via inhibition of p65 phosphorylation and induction of ROS, Redox
Biol. 16 (2018) 226-236.

B. Farhood, et al., Melatonin and cancer: from the promotion of genomic stability
to use in cancer treatment, J. Cell. Physiol. 234 (5) (2019) 5613-5627.

B. Farhood, et al., Melatonin as an adjuvant in radiotherapy for radioprotection
and radiosensitization, Clin. Transl. Oncol. 21 (3) (2019) 268-279.

J. Colombo, et al., Melatonin differentially modulates NF-capital KA, CyrillicB
expression in breast and liver cancer cells, Anti Cancer Agents Med. Chem. 18 (12)
(2018) 1688-1694.

X. Wang, et al., Melatonin inhibits epithelialtomesenchymal transition in gastric
cancer cells via attenuation of IL1beta/NFkappaB/MMP2/MMP9 signaling, Int. J.
Mol. Med. 42 (4) (2018) 2221-2228.

M. Burotto, et al., The MAPK pathway across different malignancies: a new per-
spective, Cancer 120 (22) (2014) 3446-3456.

G.L. Johnson, et al., Molecular pathways: adaptive kinome reprogramming in
response to targeted inhibition of the BRAF-MEK-ERK pathway in cancer, Clin.
Cancer Res. 20 (10) (2014) 2516-2522.

Poulikakos PI and Solit DB. Resistance to MEK inhibitors: should we co-target
upstream? Sci. Signal., 2011, 4(166): pel6.

P.J. Roberts, C.J. Der, Targeting the Raf-MEK-ERK mitogen-activated protein ki-
nase cascade for the treatment of cancer, Oncogene 26 (22) (2007) 3291-3310.
B.B. Friday, A.A. Adjei, Advances in targeting the Ras/Raf/MEK/Erk mitogen-ac-
tivated protein kinase cascade with MEK inhibitors for cancer therapy, Clin.
Cancer Res. 14 (2) (2008) 342-346.

D. Tong, et al., S-allylmercaptocysteine promotes MAPK inhibitor-induced apop-
tosis by activating the TGF-beta signaling pathway in cancer cells, Oncol. Rep. 32
(3) (2014) 1124-1132.

U.A. Germann, et al., Targeting the MAPK signaling pathway in Cancer: promising
preclinical activity with the novel selective ERK1/2 inhibitor BVD-523
(Ulixertinib), Mol. Cancer Ther. 16 (11) (2017) 2351-2363.

H. Bonnevaux, et al., Concomitant inhibition of PI3Kbeta and BRAF or MEK in
PTEN-deficient/BRAF-mutant melanoma treatment: preclinical assessment of
SAR260301 oral PI3Kbeta-selective inhibitor, Mol. Cancer Ther. 15 (7) (2016)
1460-1471.

A.S. Dhillon, et al., MAP kinase signalling pathways in cancer, Oncogene 26
(2007) 3279.

P.C. Liu, et al., Inhibition of NF-kB pathway and modulation of MAPK signaling


http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0685
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0690
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0690
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0695
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0695
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0695
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0700
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0700
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0700
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0700
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0705
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0705
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0710
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0710
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0715
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0715
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0720
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0720
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0720
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0725
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0725
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0730
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0730
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0735
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0735
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0740
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0740
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0740
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0745
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0745
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0750
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0750
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0755
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0755
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0760
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0760
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0765
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0765
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0770
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0770
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0775
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0780
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0780
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0780
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0785
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0785
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0785
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0790
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0790
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0790
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0795
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0795
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0800
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0800
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0805
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0805
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0810
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0815
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0815
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0820
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0820
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0825
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0825
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0825
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0825
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0830
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0830
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0830
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0830
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0835
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0835
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0835
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0840
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0840
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0840
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0845
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0845
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0845
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0850
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0850
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0855
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0860
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0860
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0865
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0865
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0865
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0865
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0870
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0870
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0870
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0875
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0875
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0875
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0880
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0880
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0880
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0885
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0885
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0885
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0890
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0890
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0895
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0895
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0895
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0900
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0900
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0905
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0905
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0905
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0905
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0910
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0910
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0910
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0915
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0915
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0920
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0920
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0925
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0925
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0925
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0930
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0930
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0935
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0935
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0935
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0940
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0940
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0940
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0945
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0945
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0945
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0950
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0950
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0950
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0955
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0955
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0955
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0960
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0960
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0965
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0965
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0970
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0970
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0970
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0975
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0975
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0975
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0980
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0980
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0985
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0985
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0985
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0990
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0990
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0995
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0995
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf0995
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1000
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1000
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1000
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1005
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1005
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1005
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1010
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1010
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1010
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1010
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1015
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1015
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1020

K. Mortezaee, et al.

[207]

[208]
[209]
[210]
[211]
[212]
[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]
[235]

[236]

pathways in glioblastoma and implications for lovastatin and tumor necrosis
factor-related apoptosis inducing ligand (TRAIL) combination therapy, PLoS One
12 (1) (2017) e0171157.

L. Brown, S. Benchimol, The involvement of MAPK signaling pathways in de-
termining the cellular response to p53 activation: cell cycle arrest or apoptosis, J.
Biol. Chem. 281 (7) (2006) 3832-3840.

S.M. Donnelly, et al., P38 MAPK contributes to resistance and invasiveness of
HER2- overexpressing breast cancer, Curr. Med. Chem. 21 (4) (2014) 501-510.
X. Guo, et al., Increased p38-MAPK is responsible for chemotherapy resistance in
human gastric cancer cells, BMC Cancer 8 (2008) 375.

Y. Cheng, et al., p38 predicts depression and poor outcome in esophageal cancer,
Oncol. Lett. 14 (6) (2017) 7241-7249.

X. Zhang, et al., MAEL contributes to gastric cancer progression by promoting
ILKAP degradation, Oncotarget 8 (69) (2017) 113331-113344.

G.F. Anhe, et al., In vivo activation of insulin receptor tyrosine kinase by mela-
tonin in the rat hypothalamus, J. Neurochem. 90 (3) (2004) 559-566.

G.L. Klement, et al., Cancer therapy targeting the HER2-PI3K pathway: potential
impact on the heart, Front. Pharmacol. 3 (2012) 113.

H.S. Kim, et al., Melatonin combined with endoplasmic reticulum stress induces
cell death via the PI3K/Akt/mTOR pathway in B16F10 melanoma cells, PLoS One
9 (3) (2014) €92627.

R. Mamillapalli, et al., Switching of G-protein usage by the calcium-sensing re-
ceptor reverses its effect on parathyroid hormone-related protein secretion in
normal versus malignant breast cells, J. Biol. Chem. 283 (36) (2008)
24435-24447.

P.J. Kong, et al., Melatonin induces Akt phosphorylation through melatonin re-
ceptor- and PI3K-dependent pathways in primary astrocytes, Korean J. Physiol.
Pharmacol. 12 (2) (2008) 37-41.

D.E. Butler, et al., Inhibition of the PI3K/AKT/mTOR pathway activates autophagy
and compensatory Ras/Raf/MEK/ERK signalling in prostate cancer, Oncotarget 8
(34) (2017) 56698-56713.

W. Li, et al., Melatonin treatment induces apoptosis through regulating the nuclear
factor-kappaB and mitogen-activated protein kinase signaling pathways in human
gastric cancer SGC7901 cells, Oncol. Lett. 13 (4) (2017) 2737-2744.

W. Li, et al., Melatonin induces cell apoptosis in Mia PaCa-2 cells via the sup-
pression of nuclear factor-kappaB and activation of ERK and JNK: a novel ther-
apeutic implication for pancreatic cancer, Oncol. Rep. 36 (5) (2016) 2861-2867.
W. Li, et al., Melatonin induces cell apoptosis in AGS cells through the activation
of JNK and P38 MAPK and the suppression of nuclear factor-kappa B: a novel
therapeutic implication for gastric cancer, Cell. Physiol. Biochem. 37 (6) (2015)
2323-2338.

S. Lin, et al., Melatonin promotes sorafenib-induced apoptosis through synergistic
activation of JNK/c-jun pathway in human hepatocellular carcinoma, J. Pineal
Res. 62 (3) (2017).

Y.-X. Lu, et al., Melatonin enhances sensitivity to fluorouracil in oesophageal
squamous cell carcinoma through inhibition of Erk and Akt pathway, Cell Death
Dis. 7 (2016) e2432.

G. Ferrandina, et al., Increased cyclooxygenase-2 expression is associated with
chemotherapy resistance and poor survival in cervical cancer patients, J. Clin.
Oncol. 20 (4) (2002) 973-981.

G. Ferrandina, et al., Increased cyclooxygenase-2 (COX-2) expression is associated
with chemotherapy resistance and outcome in ovarian cancer patients, Ann.
Oncol. 13 (8) (2002) 1205-1211.

S.S. Savant, et al., The role of inflammation and inflammatory mediators in the
development, progression, metastasis, and chemoresistance of epithelial ovarian
cancer, Cancers (Basel) 10 (8) (2018).

A. Beeghly-Fadiel, et al., Differential cyclooxygenase expression levels and sur-
vival associations in type I and type II ovarian tumors, J. Ovarian Res. 11 (1)
(2018) 17.

M.L. Nasi, M. Castiglione, Cyclooxygenase-2 (COX-2) a new prognostic and pre-
dictive factor for ovarian cancer? Are all the criteria fulfilled? Ann. Oncol. 13 (8)
(2002) 1169-1171.

N. Zaffaroni, et al., Expression of the anti-apoptotic gene survivin correlates with
taxol resistance in human ovarian cancer, Cell. Mol. Life Sci. 59 (8) (2002)
1406-1412.

G. Yusup, et al.,, A COX-2 inhibitor enhances the antitumor effects of che-
motherapy and radiotherapy for esophageal squamous cell carcinoma, Int. J.
Oncol. 44 (4) (2014) 1146-1152.

M.A. Kern, et al., Cyclooxygenase-2 inhibition induces apoptosis signaling via
death receptors and mitochondria in hepatocellular carcinoma, Cancer Res. 66
(14) (2006) 7059-7066.

S. Lanza-Jacoby, et al., Cyclooxygenase (COX)-2-dependent effects of the inhibitor
SC236 when combined with ionizing radiation in mammary tumor cells derived
from HER-2/neu mice, Mol. Cancer Ther. 3 (4) (2004) 417-424.

J. Wang, et al., Simultaneous modulation of COX-2, p300, Akt, and Apaf-1 sig-
naling by melatonin to inhibit proliferation and induce apoptosis in breast cancer
cells, J. Pineal Res. 53 (1) (2012) 77-90.

S.M. Woo, et al., Melatonin-mediated Bim up-regulation and cyclooxygenase-2
(COX-2) down-regulation enhances tunicamycin-induced apoptosis in MDA-MB-
231 cells, J. Pineal Res. 58 (3) (2015) 310-320.

C. Yi, et al., Melatonin enhances the anti-tumor effect of fisetin by inhibiting COX-
2/iNOS and NF-kB/p300 signaling pathways, PLoS One 9 (7) (2014) €99943.

L. Fan, et al., Melatonin overcomes apoptosis resistance in human hepatocellular
carcinoma by targeting Survivin and XIAP, J. Pineal Res. 55 (2) (2013) 174-183.
A. Kumar, et al., PI3K/Akt pathway contributes to development of apoptosis re-
sistance during differentiation of human macrophages by maintaining

240

[237]

[238]

[239]
[240]

[241]

[242]

[243]

[244]
[245]
[246]

[247]

[248]
[249]
[250]

[251]

[252]
[253]
[254]

[255]

[256]
[257]

[258]

[259]
[260]

[261]

[262]

[263]

[264]

[265]

[266]
[267]

[268]

[269]
[270]

[271]

Life Sciences 228 (2019) 228-241

antiapoptotic Bel-xL protein expression (48.7), J. Immunol. 188 (1 Supplement)
(2012) 48.7-7.

A.R. Hussain, et al., Cross-talk between NFkB and the PI3-kinase/AKT pathway
can be targeted in primary effusion lymphoma (PEL) cell lines for efficient
apoptosis, PLoS One 7 (6) (2012) €39945.

B. Li, et al., Id-1 activation of PI3K/Akt/NF«B signaling pathway and its sig-
nificance in promoting survival of esophageal cancer cells, Carcinogenesis 28 (11)
(2007) 2313-2320.

F. Pourrajab, et al., Cross talk of the first-line defense TLRs with PI3K/Akt
pathway, in preconditioning therapeutic approach, Mol. Cell. Ther. 3 (1) (2015) 4.
H. Asechi, et al., Resistance to cisplatin-induced apoptosis via PI3K-dependent
survivin expression in a rat hepatoma cell line, Int. J. Oncol. 37 (1) (2010) 89-96.
M. Kilic-Eren, et al., Targeting PI3K/Akt represses hypoxia inducible factor-1a
activation and sensitizes rhabdomyosarcoma and Ewing's sarcoma cells for
apoptosis, Cancer Cell Int. 13 (1) (2013) 36.

L. Chang, et al., PI3K/Akt/mTOR pathway inhibitors enhance radiosensitivity in
radioresistant prostate cancer cells through inducing apoptosis, reducing autop-
hagy, suppressing NHEJ and HR repair pathways, Cell Death Dis. 5 (2014) e1437.
J.H. Park, et al., Radiosensitization of the PI3K inhibitor HS-173 through reduc-
tion of DNA damage repair in pancreatic cancer, Oncotarget 8 (68) (2017)
112893-112906.

C. Massacesi, et al., PI3K inhibitors as new cancer therapeutics: implications for
clinical trial design, OncoTargets Therapy 9 (2016) 203-210.

L. Chang, et al., Targeting PI3K/Akt/mTOR signaling pathway in the treatment of
prostate cancer radioresistance, Crit. Rev. Oncol. Hematol. 96 (3) (2015) 507-517.
N. Sadeghi, D.E. Gerber, Targeting the PI3K pathway for cancer therapy, Future
Med. Chem. 4 (9) (2012) 1153-1169.

C.R. Gil del Alcazar, et al., Inhibition of DNA double-strand break repair by the
dual PI3K/mTOR inhibitor NVP-BEZ235 as a strategy for radiosensitization of
glioblastoma, Clin. Cancer Res. 20 (5) (2014) 1235-1248.

L. Fan, et al., Melatonin overcomes apoptosis resistance in human hepatocellular
carcinoma by targeting survivin and XIAP, J. Pineal Res. 55 (2) (2013) 174-183.
D.A. Altomare, J.R. Testa, Perturbations of the AKT signaling pathway in human
cancer, Oncogene 24 (2005) 7455.

J.A. McCubrey, et al., GSK-3 as potential target for therapeutic intervention in
cancer, Oncotarget 5 (10) (2014) 2881-2911.

J.Q. Cheng, et al., Amplification of AKT2 in human pancreatic cells and inhibition
of AKT2 expression and tumorigenicity by antisense RNA, Proc. Natl. Acad. Sci. U.
S. A. 93 (8) (1996) 3636-3641.

A. Bellacosa, et al., Molecular alterations of the AKT2 oncogene in ovarian and
breast carcinomas, Int. J. Cancer 64 (4) (1995) 280-285.

H.K. Roy, et al., AKT proto-oncogene overexpression is an early event during
sporadic colon carcinogenesis, Carcinogenesis 23 (1) (2002) 201-205.

X. Xu, et al., Akt2 expression correlates with prognosis of human hepatocellular
carcinoma, Oncol. Rep. 11 (1) (2004) 25-32.

F. Long, et al., Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-
mediated cell cycle arrest in hepatocarcinoma cell lines, RSC Adv. 7 (34) (2017)
21342-21351.

Y. Lv, et al., Hypoxia-inducible factor-1a induces multidrug resistance protein in
colon cancer, OncoTargets Therapy 8 (2015) 1941-1948.

N.A. Warfel, W.S. El-Deiry, HIF-1 signaling in drug resistance to chemotherapy,
Curr. Med. Chem. 21 (26) (2014) 3021-3028.

K. Selvendiran, et al., Hypoxia induces chemoresistance in ovarian cancer cells by
activation of signal transducer and activator of transcription 3, Int. J. Cancer 125
(9) (2009) 2198-2204.

M. Spitzner, et al., STAT3: a novel molecular mediator of resistance to
Chemoradiotherapy, Cancers (Basel) 6 (4) (2014) 1986-2011.

K. Bixel, et al., Targeting STAT3 by HO3867 induces apoptosis in ovarian clear cell
carcinoma, Int. J. Cancer 141 (9) (2017) 1856-1866.

K. Selvendiran, et al., Oxygenation inhibits ovarian tumor growth by down-
regulating STAT3 and cyclin-D1 expressions, Cancer Biol. Ther. 10 (4) (2010)
386-390.

G.A. McCann, et al., Targeting constitutively-activated STAT3 in hypoxic ovarian
cancer, using a novel STAT3 inhibitor, Oncoscience 1 (3) (2014) 216-228.

Z. Han, et al., Silencing of the STAT3 signaling pathway reverses the inherent and
induced chemoresistance of human ovarian cancer cells, Biochem. Biophys. Res.
Commun. 435 (2) (2013) 188-194.

S.Y. Park, et al., Hypoxia inhibition of apoptosis induced by tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL), Biochem. Biophys. Res. Commun. 291
(1) (2002) 150-153.

M. Kim, et al., Hypoxia inhibits tumor necrosis factor-related apoptosis-inducing
ligand-induced apoptosis by blocking Bax translocation, Cancer Res. 64 (12)
(2004) 4078-4081.

B.V. Jardim-Perassi, et al., Melatonin regulates angiogenic factors under hypoxia
in breast cancer cell lines, Anti Cancer Agents Med. Chem. 16 (3) (2016) 347-358.
S.Y. Park, et al., Melatonin suppresses tumor angiogenesis by inhibiting HIF-
lalpha stabilization under hypoxia, J. Pineal Res. 48 (2) (2010) 178-184.

N. Goncalves Ndo, et al., Molecular markers of angiogenesis and metastasis in lines
of oral carcinoma after treatment with melatonin, Anti Cancer Agents Med. Chem.
14 (9) (2014) 1302-1311.

N.H. Goradel, et al., Melatonin as an angiogenesis inhibitor to combat cancer:
mechanistic evidence, Toxicol. Appl. Pharmacol. 335 (2017) 56-63.

S.-Y. Park, et al., Melatonin restores hypoxia-induced resistant to TRAIL-induced
apoptosis, Cancer Res. 64 (7 Supplement) (2004) 773-774.

Y.-J. Lee, et al., Overcoming hypoxic-resistance of tumor cells to TRAIL-induced
apoptosis through melatonin, Int. J. Mol. Sci. 15 (7) (2014) 11941-11956.


http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1020
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1020
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1020
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1025
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1025
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1025
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1030
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1030
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1035
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1035
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1040
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1040
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1045
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1045
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1050
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1050
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1055
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1055
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1060
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1060
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1060
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1065
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1065
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1065
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1065
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1070
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1070
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1070
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1075
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1075
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1075
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1080
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1080
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1080
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1085
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1085
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1085
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1090
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1090
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1090
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1090
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1095
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1095
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1095
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1100
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1100
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1100
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1105
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1105
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1105
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1110
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1110
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1110
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1115
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1115
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1115
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1120
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1120
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1120
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1125
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1125
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1125
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1130
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1130
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1130
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1135
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1135
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1135
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1140
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1140
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1140
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1145
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1145
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1145
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1150
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1150
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1150
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1155
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1155
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1155
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1160
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1160
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1165
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1165
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1170
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1170
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1170
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1170
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1175
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1175
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1175
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1180
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1180
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1180
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1185
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1185
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1190
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1190
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1195
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1195
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1195
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1200
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1200
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1200
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1205
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1205
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1205
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1210
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1210
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1215
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1215
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1220
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1220
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1225
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1225
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1225
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1230
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1230
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1235
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1235
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1240
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1240
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1245
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1245
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1245
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1250
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1250
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1255
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1255
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1260
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1260
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1265
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1265
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1265
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1270
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1270
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1275
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1275
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1280
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1280
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1280
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1285
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1285
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1290
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1290
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1295
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1295
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1295
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1300
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1300
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1305
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1305
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1305
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1310
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1310
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1310
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1315
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1315
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1315
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1320
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1320
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1325
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1325
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1330
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1330
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1330
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1335
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1335
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1340
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1340
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1345
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1345

K. Mortezaee, et al. Life Sciences 228 (2019) 228-241

[272] A.M. Sanchez-Sanchez, et al., Melatonin cytotoxicity is associated to Warburg
effect inhibition in Ewing sarcoma cells, PLoS One 10 (8) (2015) e0135420. [275] C. Alonso-Gonzalez, et al., Melatonin sensitizes human breast cancer cells to io-

[273] K. Jablonska, et al., Expression of the MT1 melatonin receptor in ovarian cancer nizing radiation by downregulating proteins involved in double-strand DNA break
cells, Int. J. Mol. Sci. 15 (12) (2014) 23074-23089. repair, J. Pineal Res. 58 (2) (2015) 189-197.
[274] S.G. Grant, et al., Melatonin and breast cancer: cellular mechanisms, clinical

studies and future perspectives, Expert Rev. Mol. Med. 11 (2009) (e5-e).

241


http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1350
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1350
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1355
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1355
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1360
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1360
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1365
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1365
http://refhub.elsevier.com/S0024-3205(19)30347-9/rf1365

	Modulation of apoptosis by melatonin for improving cancer treatment efficiency: An updated review
	Introduction
	Mechanisms of apoptosis induction by radiation/chemotherapy
	Melatonin
	Melatonin and apoptosis in normal tissues following radiotherapy/chemotherapy
	Melatonin enhances antioxidant defense against radiation/chemotherapy
	Melatonin modulates genes that are involved in DNA repair and cell death
	Melatonin may affect expression of pro-apoptosis genes

	Melatonin and apoptosis in cancer
	FasL pathway in cancer regression: role of melatonin
	P53 in apoptosis and tumor resistance; role of melatonin
	Melatonin and mitochondria
	Melatonin and mitophagy

	Melatonin suppresses anti-apoptosis mediators in cancer
	NF-κB in tumor resistance to apoptosis: role of melatonin
	Modulation of MAPKs in tumor by melatonin
	Melatonin and COX-2
	Melatonin and PI3K pathway
	AKT pathway and role of melatonin
	Hypoxia-induced apoptosis resistance: modulatory role of melatonin
	Role of melatonin receptors (MT1 and MT2)

	Conclusion
	Consent for publication
	mk:H1_23
	Acknowledgment
	References




