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Abstract

Cancer is one of the most prevailing causes of mortality worldwide. Standard

therapies for cancer patients include surgical intervention, chemotherapy, and

radiotherapy. Nevertheless, chemoresistance and toxicity are clinical implica-

tions of advanced disease. New treatments are obliged to overcome these

challenges. According to clinical investigations, melatonin (MLT) has the

potential to prevent and cure cancer. It is nontoxic and has a plethora of

anticancer properties including apoptosis, antiangiogenic, antiproliferative,

and metastasis‐inhibitory mechanisms. It enhances the therapeutic sensitivity

of malignancies when coupled with conventional medications. The investiga-

tions that demonstrate how MLT possesses antitumor characteristics are

reviewed in this manuscript. We provided an overview of recent research on

the etiology, factors associated, therapeutic property of MLT on various cancer

types. We discussed the clinical implications of MLT alone or in conjunction

with chemotherapeutic drugs or radiation therapy. Furthermore, we have

addressed the mechanisms of its anticancer activities against several types of

cancers along with research findings of various investigations done by

researchers and advancements in the field of nanotechnology for efficient

delivery of MLT. The recent clinical investigations of MLT in various cancer

types are reported in this review.
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1 | INTRODUCTION

Nearly 10 million people die from cancer globally in
2020, making it the major cause of mortality worldwide.1

Breast cancer (2.26 million cases), colon and rectal
cancer (1.93 million cases), gastric cancer (1.09 million
cases), lung cancer (2.21 million cases), nonmelanoma

skin cancer (1.20 million cases), and prostate cancer (1.41
million cases) were the most prevalent types of cancer in
2020 global statistics. Whereas, breast cancer (685,000),
colon and rectal cancer (916,000), liver cancer (830,000),
lung cancer (1.80 million), and gastric cancer (769,000)
deaths were observed worldwide.2 However, the mortal-
ity rate is influenced by the level of economic growth
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along with the interlinked lifestyle and social conditions
in the respective countries.3 The incidence of cancer has
risen by 0.6% annually on aggregate since 1975, becom-
ing the second most predominant cause of mortality in
children between the ages of 1–14 years.

Cancer treatments vary depending on the type of
cancer, through clinical modalities, such as surgery,
radiotherapy, stem cell therapy, chemotherapy, immuno-
therapy, hormonal, and targeted medications. Addition-
ally, several products have demonstrated promising
results in cancer prevention and treatment.4 Since
chemotherapy is noninvasive, it is often preferred over
surgery. As a result, a wide variety of chemotherapeutic
drugs have been designed for cancer chemotherapy,
including cisplatin,5 paclitaxel, docetaxel, and doxorubi-
cin. However, clinical investigations using the aforemen-
tioned chemotherapeutic drugs have not always been
successful. Several crucial considerations about treatment
failure arise. More crucially, the use of chemotherapeutic
medications frequently causes the establishment of the
“drug‐resistance” phenomena. For instance, Doxorubicin
(DOX) is a well‐known chemotherapy drug that, by
blocking topoisomerase II activation and causing damage
to DNA, can suppress cancer cell proliferation and cause
apoptosis. DOX's activity inhibits the development of the
cell cycle and mitosis. However, DOX resistance develops
in cancer cells due to repeated application. Cancer cells
may have DOX resistance due to chromosomal and
genetic motives. Via the stimulation of pathways like NF‐
B, PI3K/Akt, Wnt, and FOXC2, long noncoding RNAs
can cause DOX sensitivity. In accordance with the stress
imposed by DOX, which mediates resistance, lncRNAs
can trigger the immune system's defense mechanism,
autophagy.6 Another study reported that due to the
emergence of drug resistance, the clinical application of
paclitaxel (PTX) in cancer therapy is constrained. Nota-
bly, PTX treatment induces epithelial‐to‐mesenchymal
transition, which causes cancer metastasis and resistance
to chemotherapy. Many methods can be used to reduce
PTX resistance, including the development of nanoma-
terials like nab‐PTX, antitumor substances like luteolin,
and genetic tools. Resistance to docetaxel (DTX) experi-
ences a similar phenomenon.7 The widespread evolution
of drug resistance is a key driver toward developing
nanomaterials and nanoformulations in cancer treatment.
A study reported that Hyaluronic acid (HA) has been
widely used in the synthesis of nanoparticles as it
interacts with CD44, which is expressed on the surface
of cancer cells helps in the uptake of nanoparticles by
receptor‐mediated endocytosis. To improve the delivery of
chemo drugs to tumor sites, HA has been added to a
variety of nanostructures, including lipid nanocarriers,
carbon nanoparticles, and polymeric nanomaterials.8

The following are the seven distinctive characteristics
of cancer cells: independence of growth factors, lack of
response to aging signals, escaping the apoptotic cycle,
the indefinite potential for replication, maintained
angiogenic persistency, tissue infiltration and metastasis,
and genome destabilization.9 Malignant tumors can be
differentiated from benign (nonmalignant) tumors by
their rapid development, increased metabolic activity,
highly invasive growth, metastatic property, and pene-
tration of arterial or lymphatic systems. Chromosome
abnormalities can be seen in benign tumors.10 The best
approach to comprehending the biological importance of
tumorigenesis appears to be the categorization of tumors
according to the origin of carcinoma cells. It acquires
awareness of new opportunities for early detection,
prevention, and management, and to develop novel
medications for cancer therapy.11

The pineal gland synthesizes and secretes melatonin
(MLT). It is a neuroendocrine active molecule that is
chemically constituted of N‐acetyl‐5‐methoxytryptamine
which is remarkably preserved in prokaryotes and
eukaryotes (Figure 1).12,13 It modulates the incidence,
progression, and therapy of cancer by regulating several
physiological processes, especially circadian rhythm
(sleep‐wake cycle), and exerting immunomodulatory,
anti‐inflammatory, anticarcinogenic, antiaging, and
endocrine‐regulatory properties (Figure 2).14 MLT con-
centration is high at dawn and low at noon which can be
influenced by environmental factors.15,16 The absence of
daylight merely allows serum concentrations of MLT to
increase; it does not directly promote the synthesis of this
neurohormone.17 Cancer patients having irregular circa-
dian rhythms gradually develop MLT abnormalities. It
functions as a cell regulator in immunomodulatory,
antioxidant activities, and hematopoiesis which is
essential for human metabolism and pathophysiology.18

Epidemiological investigations revealed that MLT
has been associated with significant oncostatic
activities on cancers of various origins and levels.
Additionally, research using both in vitro and in vivo
studies has suggested that MLT could be able to
prevent the growth of tumors.19 It also shows oncolytic
characteristics via receptor‐dependent and receptor‐
independent pathways. By receptor‐independent path-
way, it modulates antioxidant properties, cancer cell
apoptosis, tumor metabolic activity, preventing angio-
genesis and tumor cell migration, and controls
circadian rhythm disturbances.20 According to find-
ings, MLT is crucial for tumor development. Low levels
of MLT accelerate tumor development. Intriguingly,
the individuals with pulmonary and colorectal malig-
nancies who received MLT treatment demonstrated
cancer remission and better lifestyles.21 It may be
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effective as an anticancer supplement by minimizing
the adverse effects and bolstering the therapeutic
efficacy of cancer treatment, furthermore by possibly
inhibiting tumorigenesis. Many cancers, namely lung,
prostate, breast, gastric, and colorectal cancers, have
been associated with the application of MLT as a
cancer therapy.19

Due to its chemical characteristics, MLT has a
restricted ability to penetrate mucosal and dermal barriers
and has a shorter half‐life, and is rapidly eliminated from
blood circulation.22 Moreover, some unintended reactions
may be noticed following the administration of MLT since
it can influence receptors on biological membranes, in the
nucleus of cells, and can also behave as an antioxidant

FIGURE 1 Prokaryotes to eukaryotes: MLT‐preserved characteristics.

FIGURE 2 Multifunctional features of MLT.
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molecule. To enhance the effectiveness of therapeutic
agents on the targeted tissues and to reduce possible
adverse reactions in peripheral tissues, these agents must
be administered to the designated area.23 Additionally,
this delivery mode must be simple to manufacture on an
industrial scale, affordable to purchase, safe and bio-
degradable, and should be devoid of unintended reactions
with the substance it is designed to transport.24 To
overcome the drawbacks of MLT for clinical applications
in various domains, researchers have been able to
experiment with it, especially with the advancement of
novel biomaterials and drug delivery systems. The use of
nanoparticles to deliver diverse medications is one class of
novel delivery strategies that have received much atten-
tion.25 Nanoparticles mainly consist of biodegradable
substances, polymeric compounds, lipids, metallic ele-
ments, and other substances and are typically under 100
nanometers in size. Additionally, nanoparticles possess
the majority of the abovementioned features that are
required for new delivery strategies.26 Due to this, MLT
delivery using nanoparticles has been employed in several
investigations.

This review aims to provide an overview of recent
research on the etiology, factors associated, therapeutic
property, clinical implications, and anticarcinogenic
mechanisms of MLT in cancer types. It also discusses
how it interacts with chemotherapeutic drugs and
radiation therapy. The present article focuses on cumu-
latively demonstrating the research findings of various
investigations done by researchers in the field of novel
nanoformulations developed for the delivery of MLT and
its role in cancer therapy.

2 | BROAD ATTRIBUTES OF MLT
HORMONE

MLT is a biologically active amine that is produced by
both animals and plants. It is synthesized sequentially. L‐
tryptophan undergoes hydroxylation to produce hydroxyl‐
tryptophan, which is subsequently decarboxylated to yield
serotonin, which is then metabolized by N‐acetyl transfer-
ase and hydroxyindole O‐methyl transferase to form
MLT.27 It is being investigated for its potential use as a
medication for a variety of ailments. Because of this, it is
essential to understand how this substance's pharmaco-
kinetics takes place. The mentioned aspects of MLT were
proposed by a comprehensive and detailed systemic
assessment by Groth Harpsøe et al.: a dosage variability
between 0.3 and 100mg can be administered through oral
or by an intravenous route, a C max varying between 72.1
and 101.163 pg/mL, a T max vary between 28 and 126min

and a systemic bioavailability of 9%–33%.28 Even though it
offers a wide range of applications, its utilization is now
confined due to its unfavorable pharmacokinetic propert-
ies. Developing innovative delivery systems is one way to
increase the future usage of MLT in modern medicine.29

3 | ANTICARCINOGENIC
PROPERTIES OF MLT

Probably the significant application for MLT administra-
tion is to use it as an adjuvant molecule for cancer
therapy. There is strong proof that it reduces adverse
effects while improving the therapeutic benefits of
chemotherapy and radiation, as we will discuss in this
section. MLT is regarded as an incredible agent for
research and could be employed to prevent and treat a
variety of cancers, notably breast, prostate, gastric, and
colorectal cancers.19

At normal dose levels ranging from 10 to 50mg/day, it
can treat a variety of cancers in vivo. Breast cancer,
metastatic renal melanoma, non‐small‐cell lung carcinoma
(NSCLC), hepatocellular malignancies, and brain tumors
are just a few of them. For instance, an investigation of 14
individuals with metastatic, tamoxifen‐resistant carcinoma
revealed that 20mg/day of MLT could be therapeutic.
Where the malignancy was predicted to advance rapidly, a
partial reaction was observed in 28% of those individuals,
and those who reacted had considerably reduced serum
levels of the tumor growth factor IGF‐1 (p<0.001).30 The
responsiveness to NSCLC, renowned for poorly responding
to standard treatment, is of particular interest. Individuals
who had previously failed the initial course of cisplatin
treatment in a prospective study with 63 patients in Stage 4,
were treated with either MLT or supportive care alone. The
patients treated with MLT had a mean survival time of 7.9
months which is substantially longer than the control
groups (4.1 months) (p<0.05).31 There are quite a few
treatments and a short median survival time of 6 months
available for patients whose cancer has migrated to the
brain. Fifty cancer patients who had documented brain
metastasis and had all undergone preliminary treatments
were included in a randomized study. They were catego-
rized into two groups for medications that were either
provided alone or in combination with MLT. The reported
metrics (period without brain tumor development, mean
survival rate, and 1‐year survival) were all markedly high in
the MLT group in comparison to the control.32 Antiangio-
genic properties of MLT are believed to be primarily
responsible for its anticarcinogenic effects. Antiangiogenic
medications are occasionally prescribed simultaneously
with chemotherapy to increase the effectiveness of the
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medication. The properties of MLT in combination with
chemotherapeutic agents like docetaxel and vinorelbine
were investigated by González et al. They observed that it
increased the effects of the medications on the
angiogenesis‐related mechanisms (cell multiplication,
migration capability, and blood vessel development).33

The size of the tumors in the animals was
diminished by improved pineal gland activity or
exogenous MLT administration. It also revealed that
rodents that received MLT had better tumor suppres-
sion in the induced studies.34 Researchers have thor-
oughly investigated the possible anticancer principle of
MLT, particularly in hormone‐dependent malignancies.
Breast cancer is one of the most prevalent malignancies
in females depending on hormones. Approximately 70%
of occurrences of breast cancer in its early stages are
caused by hormones as reported by the American
Cancer Society. Its influence on chemo‐sensitization is
also remarkable. According to Pariente et al., MLT has
been found to potentiate the effects of 5‐fluorouracil in
individuals with colorectal cancer.35 It exhibits anti-
tumoral effects in the prevention of colon cancer in
individuals suffering from chronic irritable bowel
disease.36 Medical professionals are considering MLT
as a possible supplementary medicament for cancer
therapy, either alone or in combination with
interleukin‐2. Its supplementation in this way has been
correlated with enhanced outcomes for patients with
advanced tumors. Furthermore, it has been demon-
strated that MLT can improve the tolerability of
chemotherapy and minimize its fatal side effects.18

4 | MECHANISM OF ACTION OF
MLT AGAINST CANCER

MLT can work by numerous molecular mechanisms
among which the most effective mechanism is the
stimulation of G protein‐coupled receptors which are
membrane specific in nature. MLT receptors ML1 is
having high‐affinity and ML2 is having low‐affinity
properties which are currently referred to as MT1 and
MT2 respectively.37,38 These receptors have distinctive
molecular assemblies, pharmacological properties, and
chromosomal arrangements.39 They are of 39–40 kDa
molecular weight having amino acids of 350 and 362,
respectively. These receptors couple to α, β, and γ subunits
of the Gi protein and involves in the transmission of the
signals to cells.40 The adenylate cyclase pathway was
inhibited by the stimulation of MT1 receptors whereas
MT2 receptors activation causes phospho‐inositides
hydrolysis in the target tissues.41 MT1 receptors are
extensively present in the anterior pituitary specifically
pars tuberalis and in the hypothalamic suprachiasmatic
nuclei. They are also found in the cortex region, substantia
nigra, thalamus, hippocampus, cerebellum of the brain,
accumbens nucleus, amygdala, cornea, and retina of the
eye.42 MT2 receptors are extensively found in the retina
followed by the paraventricular nucleus, hippocampus,
cortical region of the brain, and cerebellum of the brain.43

MLT receptors are endowed in the retina, brain, pars
tuberalis, suprachiasmatic nucleus of the hypothalamus,
ovaries, blood vessels, kidneys, adipocytes, pancreas, and
immune cells 44 (Figure 3). Furthermore, T and B

FIGURE 3 MLT target sites in humans.
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lymphocytes were also traced for the presence of these
receptors.45 According to Liu et al., there are significant
species variations in pharmacological aspects of MLT
receptors based on affinity assessments that are exhibiting
species‐dependent modulations in in vivo receptor speci-
ficity.46 MLT in combination with chemotherapy treat-
ments allows the use of therapeutic doses of those
medications at low concentrations thereby preventing
the unwanted harmful effects of both chemotherapy and
radiation treatment. It effectively interrupts the signaling
pathways of tumors and also operates as a metastasis
suppressor by preventing the replication and irregular
growth of cancer cells.47

Anticancer activity of MLT is regulated by several
mechanisms of which membrane receptor‐independent
and ‐dependent pathways are also included. The mecha-
nisms are represented in the following Figure 4. Typi-
cally, angiogenic parameters are triggered whereas
antiangiogenic parameters are suppressed by tumor cells.
One of the essential components of angiogenesis is the
vascular endothelial growth factor (VEGF). In practice,
VEGF blood levels and tumor vasculature development
was disrupted in MLT‐treated mice.48 Patients with
cancer metastasis who received MLT reported decreased
serum VEGF levels, and also pancreatic cancers showed
reduced VEGF protein and mRNA concentration.49

Through its direct anticancer property, it can enhance
cellular turnover and it helps in the substitution of
cancer cells with normal cells by activating caspase‐
dependent apoptosis. It also prevents healthy cells from

converting into neoplastic cells.50 The activation of p21
and p53 suppressor genes showed an oncostatic pathway
that limits tumor cell proliferation. Physiological levels of
MLT decreased the viability of cancer cells by proapop-
totic mechanisms.51 The pro‐oxidant condition correlated
to the cytotoxic activity or an antioxidant environment
that stimulates an antiproliferative activity is required for
tumor demise. It showed complex antineoplastic activi-
ties, which depend on the therapeutic levels of MLT and
the oxidant and antioxidant state, in addition to receptor‐
linked cytotoxic activity. These mechanisms include the
initiation of apoptosis and the downregulation of cell
differentiation and proliferation.52

In human breast carcinoma, the MLT in combination
with arsenic trioxide selectively destroyed tumor cells by
inducing apoptosis, enhancing intracellular ROS produc-
tion, upregulating Redd1 transcription, and inducing the
c‐JUN‐N‐terminal kinase (p38/JNK) signaling pathway.53

Similar to the above study, in the breast cancer treatment,
MLT in combination with puromycin promoted cell
apoptosis in MDA‐MB 231 (epithelial cell line) by
suppressing procaspase 3, Bcl‐xL, XPO1, and IPO7 and
45S pre‐rRNA genes.54 The activation of the MT1 and
MT2 receptors by signal transduction pathways, antiox-
idant properties, suppressing carcinogenic enzymes, re-
versing Warburg effect, telomerase‐suppressing response,
and initiation of epigenetic modifications are responsible
for the anticarcinogenic activity of MLT.14 Table 1 displays
the effects of MLT on various types of malignancies in in
vitro and in vivo studies.

FIGURE 4 Pervasive anticancer and antiangiogenic mechanism of actions of MLT.
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5 | FUNCTION AND
THERAPEUTIC APPLICATIONS
OF MLT

It has been proved that MLT is involved in the circadian
rhythm (sleep‐wake cycle) and biological regulations. The
regulatory functions of the anterior and posterior pituitary
glands are influenced by this hormone.82 Premenopausal
women on contraceptives and postmenopausal women have
shown increased MLT secretion at night times. It helps in
the regulation of jet lag, correction of circadian rhythm,
prevents sleep disorders, exhibits potent antioxidant propert-
ies, modulation of the immune system, treatment of
rheumatoid arthritis, inhibition of neurodegenerative dis-
orders, and in cancer therapy. It also helps in the
preservation of DNA veracity.83 MLT can be used as a
potential biomarker tool in various fields of research
including circadian dysregulation for epidemiological inves-
tigations on the detrimental effects of human circadian
disturbances,84 cancer theranostics especially in breast,85

ovarian,86 oral squamous cell carcinoma,87 prostate and
hepatocellular carcinoma (HCC).88 MLT deficiency could be
adopted as a biomarker in healthcare assessment to assist in
finding individuals who might favor prolonged monitoring
and/or behavioral or pharmacological approaches to disease
prevention. MLT production diminishes with age; therefore,
a constitutive or untimely deficit of MLT production could
indicate a biological aging phenomenon that further
influences cancer incidence.89 DNA oxidation is a known
mechanism for the development of mutations that play an
integral part in carcinogenesis90 and MLT has been
demonstrated to be a potent antioxidant (both in vitro and
in vivo).91 Reduced MLT levels could facilitate a constitutive
rise in radical‐driven mutagenesis or render cells more
vulnerable to naturally occurring or induced damage from
oxidative stress. Inadequate sleep, midnight shift, or
excessive exposure to light at night92 may reduce the
production of MLT, and various cancers develop, more
prevalently in such populations.93 Other findings demon-
strated that the hormone acts as a biological oncostatic
component, preventing the emergence of malignant neo-
plasms. It has been exploited extensively in cancer biology
and the prevention of the side effects caused by combination
therapies. It may eventually find its applications in clinical
investigations.

5.1 | Significance of MLT in breast
cancer

Compared with other malignancies, breast cancer is
typically diagnosed malignancy in women worldwide, in
both developing as well as developed nations.3 According

to Tamarkin et al.,94 women with breast cancers
expressing the estrogen receptor (ER) had considerably
lower levels of elevated nocturnal MLT plasma levels,
confirming that the relationship between ER concentra-
tions and maximum MLT levels is inverse. In addition to
altering the structure of estrogen‐responsive MCF‐7
tumorigenesis, physiological quantities of MLT also
suppress the proliferation of tumor cells compared with
subphysiological/supraphysiological concentrations of
MLT, which are inefficient at reducing the proliferation
of MCF‐7 cells. It is also interesting to note that the
development of MCF‐7 cells is not inhibited by precur-
sors and by‐products of MLT like N‐acetyl serotonin,
serotonin, and 6‐hydroxy MLT.95 By prolonging the
passage of MCF‐7 cells into the mitotic cell cycle and
ultimately inducing differentiation, it revealed a cell‐
cycle‐specific approach to anticancer properties in MCF‐
7 cells.96 The ER‐positive MCF‐7 cell lines responded to
consecutive administration of retinoic acid and MLT by
completely blocking cellular proliferation and reducing
the percentage of cells by induction of apoptosis, which
causes cell death by reducing Bcl‐2 signaling, enhancing
Bax expression, and modifying TGF‐β1 interpretation. In
ER‐negative BT‐20 and MDA‐MB‐231 carcinoma cells,
successive therapy exhibited no apoptotic action.97 It
lowers MCF‐7 cells' ability to invade, which results in a
decline in cell adhesion and mobility. In vivo, tests were
carried out in athymic naked mice (ovariectomized)
inserted with 17 β‐estradiol pellets and seeded with
5 × 106 MCF‐7 cells in the posterior mammary muscle
belly. The results revealed that MLT lowered tumorige-
nicity.98 A substantial raise in p53/MDM2 ratio and the
release of apoptosis‐inducing factor (AIF), instead of
changes in caspase activation or cleaved‐PARP concen-
trations, are correlated to apoptotic cell death in MLT‐
treated MCF‐7 cells. This effect is observed initially in the
incubation period in a TGF‐β1‐dependent fashion. The
Bcl‐2/Bax ratio is downregulated, while caspase‐7 and
caspase‐9 are activated and cleaved‐PARP is stimulated
in the latter phase due to the prolonged incubation
period of MLT. According to this study, it causes two
distinct apoptotic processes in MCF‐7 cells: (i) an initial
response; TGF‐β1 and caspase‐independence, and (ii) a
delayed apoptotic phase; TGF‐β1 and caspase‐1‐
dependent and likely to have activated‐caspase‐7 as the
ultimate activator.99 In co‐cultures of human umbilical
vascular endothelial cells (HUVECs) and human breast
carcinoma cells (MCF‐7), it suppresses angiogenic path-
ways by reducing VEGF production. Through a down-
regulating effect on VEGF activity in human breast
carcinoma lines, research implicated that MLT is
involved in the paracrine connections between carcino-
genic epithelium and proximal endothelium.100 By
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reducing the production of HIF‐1α and VEGF‐α, MLT
decreased the cell sustainability of MDA‐MB‐231 and
MCF‐7 cell cultures in hypoxia. MLT therapy in hypoxic
conditions decreased the stimulation of matrix metallo-
proteinase 9 (MMP9) enzyme, VEGF receptors, and
angiogenin in cell lines (according to protein array
statistics). MLT‐treated MDA‐MB‐231 cells, on the other
hand, displayed a marked decline in EGFR, VEGFR2,
and revascularization. Together, research findings dem-
onstrated that MLT may have antiangiogenic potential in
hypoxic environments.101 It prevents the growth of breast
carcinoma caused by bisphenol, an estrogen‐like sub-
stance that contributes to the development of hormone‐
mediated malignancies. MLT dramatically reduced bi-
sphenol A (BPA)‐induced cell growth by inhibiting ERK
and AKT phosphorylation. Additionally, it blocks the
upsurge in estrogen response functionality and steroid
receptor co‐activator production induced by BPA.102 In
both healthy cells (MCF‐10A) and low‐malignant mam-
mary tumor cells (MCF‐7), MLT reduced ERK phospho-
rylation carried out by nicotine, which in turn prevents
metastasis and tumorigenesis. Additionally, it drastically
suppresses fascin and calpain expression, reorganizing
the cytoskeleton's overall architecture and eliminating
intrusive membrane projection.103 A recent review
described the MLTs' impact on miRNA regulation in
both malignant and nonmalignant conditions, among
other diseases. This novel and innovative targeted
treatment for carcinoma were focused on miRNAs. The
development of chemotherapeutic drug resistance is a
hindrance to the effective treatment and prevention of
resistant malignancies. By causing apoptosis, repressing
angiogenesis, and decreasing expression resistance genes,
ketogenic nutrition coupled with MLT prevented
cisplatin‐ and vincristine‐resistant carcinoma.104 This
review examined that irregular circadian rhythms might
affect many endocrine activities as well as equilibrium.
Thereby, it promotes the emergence of endocrine‐related
malignancies such as breast cancers, as well as an
immunosuppressive and pro‐inflammatory phenotypes
in the cancer microenvironment.

5.2 | Significance of MLT in cervical
cancer

In terms of prevalence and fatalities, cervical cancer
stands at number four. Approximately 42 countries have
cervical cancer as the leading cause of cancer‐related
death.3 However, because of early screening and preven-
tion, the rate of mortality has dramatically lowered in
developed nations. The human papillomavirus (HPV) is
the primary cause of cervical cancer, although other

extrinsic variables like different biochemical modifica-
tions, gene mutations, and epigenetic alterations can also
lead to or accelerate the progression of cervical cancer.105

Radiotherapy, surgical removal, and chemotherapy are
currently available treatments for cervical cancer. One
hundred and thirty‐eight women in an Austrian multi-
center investigation of endometrial cancer had their
anamnestic, histologic, and cytological risk variables
analyzed. Regardless of age or menopausal history, 70 of
the 138 patients had an intermittent hemorrhage, and 68
had endometrial cancer upon diagnosis. Additional
research revealed a connection between endometrial
cancer and MLT levels. The mean plasma MLT levels
showed a six‐fold variation between the two groups of
healthy individuals. According to the study, declining
MLT plasma concentrations could be a signal of
endometrial cancer.106 In a different study, 46 women
were split into three categories to examine the relation-
ship between women with genital tract malignancies and
blood MLT levels. According to the research findings,
none of the three groups had significantly varied
circadian MLT patterns. However, there were negligible
variations in MLT production between healthy controls
and advanced ovarian cancer and squamous cervical
cancerous patients, and there were significantly fewer
individuals with endometrial cancer of the reproductive
tract than healthy control subjects. However, there were
noticeable variations between invasive ovarian cancer
and endometrial cancer.107 The same investigators
revealed blood MLT circadian patterns in women with
cervical cancer 5 years later. The first group included 31
cervical cancer patients with the condition at varied
stages. The control group, which made up the second
category, was composed of 14 healthy volunteers. Its
concentrations were noticeably lower in cancer indivi-
duals than in healthy people. Additionally, patients with
advanced‐stage carcinoma had considerably lower noc-
turnal MLT levels than those with preinvasive cancer.
The results of this study indicated that women's MLT
levels are impacted by the development of cervical
cancer. Additionally, the MLT level is also influenced
by cancer stage.108 The vaginal and cervical regions of
mice (in vitro studies) were the targets of a study to
ascertain the restraining potential of MLT on 7, 12‐
dimethylbenz[a]anthracene (DMBA)‐mediated malig-
nancy. For 2 months, twice a week, 40 CBA mice
(female) were given polyurethane sponges containing a
0.1% concentration of DMBA. A portion of the mice was
subjected to fresh water containing MLT, five times per
week at night, beginning on the day of the initial DMBA
treatment and continuing for 4 months. The findings
showed that two mice had developed benign cervical
cancers while the DMBA‐treated mice established
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malignancies in cervical and vaginal regions. Mice
subjected to DMBA and MLT did not develop any
cancers in their cervix or vagina. This study led to the
conclusion that MLT prevents the carcinogenesis of the
cervical and vaginal tissues in mice induced by DMBA.109

Additionally, in vitro research was conducted to investi-
gate how MLT affected ME‐180 human cervical carci-
noma cells. Cell growth and proliferation were assessed
following the cells receiving varied doses of MLT. After
48 h of therapy, MLT at a concentration of 2 mM reduced
glutathione levels by 95% while having no effects at doses
of 2 µM or 0.1 mM.110 Another research detailed the
interaction between MLT and several chemotherapeutic
drugs such as cisplatin, 5‐fluorouracil, and Docetaxel.
Chemotherapeutic drugs investigated, strongly caused
lethal impacts in cervical cancer cells using MLT.
Additionally, cisplatin‐ and 5‐Flurouracil‐challenged
cells were notably affected by MLT's enhanced caspase‐
3 activation. Similarly, co‐treatment of MLT with
cisplatin greatly increased DNA fragmentation, mito-
chondrial apoptosis, and ROS production when com-
pared with cisplatin treatment alone.111 HeLa cells were
treated with TNF‐α to determine the apoptosis in the
vicinity of MLT, and cell lysis was then assessed. By
activating caspase‐9, decreasing mitochondrial viability,
increasing ROS, decreasing ATP synthesis, and increas-
ing cyt‐c transcription in the nucleus of the cells, it
caused cancer cells to perish in the presence of TNF‐α.
Additionally, by suppressing mitochondrial function, it
improved HeLa cells' responsiveness to TNF‐α‐mediated
cancer mortality.112 According to Wang et al., SGK‐1 is a
protein that supports the ability of cervical cancer cells to
survive. When SGK1 is inhibited, MLT becomes more
liable to act as a pro‐oxidant, increasing the production
of ROS and ultimately the lethality of cells.113 Chen et al.
investigated the impact of MLT on the apoptosis of
HeLa cells treated with cisplatin. In comparison to
cisplatin treatment alone, co‐treatment with MLT
promotes apoptosis through caspase‐9‐mediated apopto-
sis, a decrease in mitochondrial potential, an increase in
mitochondrial ROS production, and a higher expression
of proapoptotic proteins.114

5.3 | Significance of MLT in colorectal
cancer

Good practices in cancer prevention and treatment are
the rationale for the reduced mortality rates noticed in
developed nations. Inappropriate food habits, being
overweight, a shortage of physical exercise, and routine
choices are the leading causes of colorectal cancer.115

Prominent risk factors for colon malignancy include

obesity, and intake of manufactured meat and alcohol.
Colorectal cancer starts as a cyst in the gastric
epithelium, and predominant nodules, which are small
lesions that develop without any symptoms.116 Surgery,
medication, radiation, immunotherapy, and targeted
therapeutics are typical colorectal cancer effective
treatments. Recent research has discovered that MLT's
significant anticarcinogenic, anti‐inflammatory, and
antioxidant characteristics can minimize the intensity
of colorectal cancer. The elevated risk of colorectal
cancer may be significantly attributed to changes in MLT
levels, showing that MLT is essential in preventing the
growth and advancement of colorectal cancer. People
who work both day and night hours experience disrup-
tions in MLT levels.117 It has been documented that MLT
has a growth‐inhibitory effect on CT‐26 cells, a cell line
originating from murine colon cancer. This research
demonstrated that it slows cell cycle progression in a
dose‐controlled fashion, but the effect was insignificant
at levels below 1mM. The incidences of cell‐cycle
suppression at 1, 2, and 3mM doses of MLT were 22%,
25%, and 47%, respectively.118 Twenty cancer subjects
underwent MLT‐induced anticancer treatments. For at
least 2 months, MLT was given via oral route at a dosage
of 20 mg/day in the evening. According to the findings,
VEGF average levels dropped during treatment, signifi-
cantly deviating from pretreatment levels.49 In the
vicinity of luzindole, the function of MLT on viable cells
was examined in 38 murine tumor cell lines. The
outcomes demonstrated that it dramatically reduced
cancer cell survivability in the proximity of a selective
MT2 receptor antagonist. Colon 38 cell development was
unaffected by the antagonist on its own. The gathered
information suggests that MLT receptors are not
obligatory for MLT's oncostatic effect.119 Human t‐cells,
A549 pulmonary cancer cells, and HT29 colorectal
carcinoma cells were used to study the interaction of
MLT with the mutagenic inducer irinotecan. It was
proven that irinotecan causes genetic mutations in all
tested cultures. Although it was ineffective in causing
damage to DNA in normal healthy lymphocytes, the
incorporation of MLT at doses of 50 μM with cumulative
concentrations of irinotecan (7.5, 15, 30, and 60M)
enhanced DNA damage in the cancerous cells (A549 and
HT29).73 In SW480 and LoVo cell lines, the synergistic
actions of MLT and ursolic acid (UA) were assessed. The
findings demonstrated that combination therapy im-
proved inhibition of cell suitability and relocation as well
as facilitated alterations in cellular morphological fea-
tures and expanded via attenuation of cytochrome c
release, initiation of caspase, and remobilization of p300/
NF‐κB from the nucleus to the cytosol. These results
suggested that UA's antimutagenic and proapoptotic
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properties on colon cancer cells were enhanced by
MLT.120 Elevated levels of proteins associated with cell
death and the cell cycle were detected in HCT116
adenocarcinoma cells after treatment with 10 μm of
MLT. MLT at therapeutic doses dramatically induced
apoptosis while suppressing cell progression in a dose‐
dependent approach. By the Na+/Ca+2 transporter and
IP3 receptor, MLT may promote apoptosis in two distinct
cancer cell lines, A2780 and DLD1 originating from
colorectal adenocarcinoma. The findings revealed that a
fundamental mechanism behind the anticarcinogenic
action of MLT is the unique selectivity of Ca+2 channels
in cancer and normal cell lines.121 A study was
conducted to understand the amyloid protein‐Oct4 axis
in colonic CSCs from a molecular perspective. The study
focused on PrPC and Oct4 expression in samples from
colorectal adenocarcinoma patients and discovered a
strong interlink between Oct4 and PrPC expression and
metastasis. Surprisingly, the stem cell biomarkers were
suppressed by inactivating PrPC upon treatment with
5‐FU and MLT combined.122

5.4 | Significance of MLT in liver cancer

In most geographical zones, males are up to three times
more susceptible than women to developing liver cancer,
and the estimated incidence is twice as high amongst men
in affluent nations.3 Chronic hepatitis B or C infection,
aflatoxin contamination, diet, excessive alcohol consump-
tion, and overweight are the primary risk factors for HCC.
Hepatitis B vaccination is one of the major liver cancer
hindrance strategies. HEPA 1‐6 murine cell lines were
dose‐dependently suppressed by co‐incubating MLT at
various concentrations using tamoxifen and ethanol,
indicating a higher level of inhibitory activity than ethanol
alone.123 In an investigation, MLT was exposed to HepG2
hepatocarcinoma cell lines at specific doses over 2, 4, 6, 8,
and 10 days. In regards, it upregulated the activity of p38,
resulting in apoptosis, which was accompanied by en-
hanced caspase‐3 effect, poly(ADP‐ribose) protein denatur-
ation, the release of cytochrome c, enhanced caspase‐9
effect, and concurrent stimulation of JNK 1, 2 and 3. The
proteins p53 and p21 expression considerably improved
concurrently with the lowered cell growth and modifica-
tions in the cell cycle.124 HepG2 was subjected to MLT
under hypoxia to examine the antiangiogenic activity of
MLT. A decline in HIF‐1α protein production, nuclear
distribution, and transcriptional activation are linked at the
pharmacological level, which also lowers intra‐ and
extracellular VEGF and inhibits HUVEC tube development
under hypoxic conditions. HIF‐1α and STAT3 interfere
with the gene transcription of VEGF, thereby causing MLT

to inhibit angiogenesis in HepG2 cells.125 In a recent paper,
the sorafenib responsiveness of HuH7, HepG2, and Hep3B
colonies was examined. HepG2 or HuH7 cell viability was
inhibited by sorafenib at 1 μmol/L, and Hep3B cell viability
was suppressed by sorafenib at 2.5 μmol/L. But when MLT
and sorafenib were administered concurrently, HepG2 and
HuH7 cells experienced a synergistic lethal impact, and
Hep3B displayed susceptibility that had negligible impact
when given individually. ROS generation and mitochon-
drial depolarization increased as a consequence of the
additive interactions of MLT and sorafenib, which is a key
element in the activation of mitophagy.126 Another
investigation eventually revealed that, in comparison to a
monotherapy, MLT and sorafenib in combination, dramat-
ically reduced HuH‐7 cell lines clonogenicity. Additionally,
sorafenib‐induced cell death, which is connected to the
stimulation of caspase‐3 as well as the JNK/c‐Jun pathways,
was enhanced synergistically by MLT.127 HuH7 and HepG2
cells' abilities to proliferate, migrate, and invade were
severely hindered by MLT, while the cellular transcription
of let7i‐3p miRNA was significantly increased. These results
demonstrated that MLT modulates let7i‐3p‐regulated RAF1
repression to prevent the progression of HCC.128 According
to a recent analysis, MLT consumption improved mito-
chondrial and hepatic activities in the nonalcoholic fatty
liver by blocking mitochondrial fission and activating
autophagy by inhibiting the p53 pathway. This in turn
reduced the disruption of the liver's functionality and
structure of the mitochondria.129 It can either be adminis-
tered alone or in association with other drugs to treat the
premalignant cancers cholangiocarcinoma (CCA) and HCC
to avoid the progression of the tumor.130 According to
several investigations, MLT is crucial for a variety of
operations, including endocrine, neurological, immunolog-
ical, and antioxidant activities in both receptor‐dependent
and receptor‐independent pathways.131 It reduces the
activity of glucose transporter 3 (GLUT3) to prevent
the absorption of glucose and the generation of ATP.132

The interruption of circadian rhythm or gene expression,
which is associated with several hepatic maladies, may
promote the development of cancer, inflammation, or
steatosis in the liver. Due to MLT's antioxidative character-
istics, oxidative stress‐related hepatic damage is avoided,
the integrity of the liver is restored, and circadian rhythms
are also maintained. It may therefore provide a potential
therapeutic approach for hepatic abnormalities.133

5.5 | Significance of MLT in lung cancer

There has been evidence of MLT's role in lung cancer
across several investigations. The findings from a study
showed that 10/28 and 11/28 patients, respectively, had
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exceptionally high MLT concentrations and a low CD4/
CD8 percentage.134 Researchers designed subcutaneous
low‐dosage IL‐2 medication plus MLT for solid malig-
nancies, which are typically unaffected by IL‐2 mono-
therapy, to determine the effects of IL‐2 immunomodula-
tion in cancers. The findings revealed that 17/82 (21%) of
the subjects reported quantifiable tumor cell death.
Thirty patients had their disease stabilized, whereas 35
patients experienced their condition worsening. The
average lymphocyte and eosinophil numbers increased
significantly and the average neopterin levels exponen-
tially reduced when there was minimal progression.135

Eighty individuals with metastatic cancers participated in
an investigation to determine the impact of MLT on
chemotherapeutic tolerance. Patients with gastro-
intestinal tract malignancies received 5‐fluorouracil with
folates, whereas those with lung carcinoma received
cisplatin with etoposide, and individuals with breast
cancer received mitoxantrone. The thrombocytopenia,
lethargy, and fatigue manifestations in subjects assigned
to undergo chemotherapy with/without MLT were
considerably reduced.136 An investigation was carried
out on individuals with advanced lung cancer who were
administered a combination of cisplatin and etoposide
therapeutic methods. Twenty patients received this
treatment combination. According to the research find-
ings, hemoglobin levels are drastically dropped in patient
groups. However, the drop in patients receiving only
chemotherapy was noticeably greater than in people
receiving 5‐MTT concurrently. These preliminary find-
ings suggested that concurrent 5‐MTT therapy may
ameliorate cisplatin‐mediated thrombocytopenia in can-
cer individuals.137 Subjects with advanced NSCLC were
offered a cisplatin and etoposide‐based chemotherapy
regimen with or without the concurrent administration
of MLT to determine the impact of MLT on their 5‐year
mortality. The findings demonstrated that individuals
receiving concurrent MLT had considerably higher rates
of complete tumor regression and 5‐year longevity.66 In a
different study, the effectiveness of 5‐MTT in combina-
tion with chemotherapeutics was investigated. One
hundred patients who underwent chemotherapy with
MLT showed an improved response and a significant
decrease in chemotherapy‐related systemic toxicity,
specifically thrombocytopenia and neurotoxic effects.67

It not only enhances antineoplastic effectiveness but also
safeguards cells from harmful side effects induced by
anticancer medications. For instance, MLT inhibited the
G2/M phase cell cycle arrest caused by doxorubicin and
reduced the expression of cdc2 and cyclin B in IMR90
and A549 cells, inhibiting doxorubicin‐mediated aging in
a dose‐dependent approach. Additionally, it lowered ROS
levels caused by doxorubicin, mitochondrial metabolism,

and loss of membrane integrity in a manner that was
independent of MLT receptors.138 With tissue micro-
arrays, the impact of MLT receptors was examined in
noncancerous tissue. It had stronger intensity expression
of both receptors than nonmalignant lung parenchyma.
Squamous cell tumors showed greater levels of receptors
activity than adenocarcinomas.139 To determine histone
deacetylase contributions to tumor attenuation and
induced apoptosis in NSCLC following MLT treatment,
a study was carried out. Three hundred and thirty‐seven
NSCLC surgical patients were enrolled in this research to
evaluate this hypothesis. The results demonstrated that
NSCLC patients with elevated HDAC9 expression had
lower prognosis and a decreased overall life expectancy.
It is fascinating to observe that MLT treatment signifi-
cantly reduced NSCLC cell invasion and proliferation. It
also accelerated cell death and lowered the expression of
HDAC9 in NSCLC cells. Treatment with MLT has more
anticancer properties when HDAC9 is knocked down.
HDAC9 suppression boosted anticancer activity in
xenograft cancers, according to an in vivo investiga-
tion.140 In B16‐F10 animal models, the antineoplastic
properties of MLT were examined. B16‐F10 cell growth
and mobility were inhibited by MLT, which also
hindered the G2/M stage of the cell cycle and impaired
cytoskeletal morphology. The in vivo results are consist-
ent with the in vitro analysis.141 Pourhanifeh et al.
investigated the effects of MLT on alveolar tumors and
found its multifunctional properties like pro‐oxidant,
oncostatic, and anti‐inflammatory characteristics, restrict
tumor metastasis by triggering apoptosis and limiting
autonomous cell proliferation.142

5.6 | Significance of MLT in ovarian
cancer

Ovarian cancer develops as an aberrant, uncontrolled cell
proliferation that causes a tumor to emerge. One of the
most frequent gynecologic malignancies‐related morbid-
ities is ovarian cancer. Hereditary ovarian carcinoma,
being overweight, diabetes mellitus, alcohol addiction,
aging, and smoking are possible risk factors. Surgery,
chemotherapy, and combinatorial treatment are cur-
rently available therapies for ovarian cancer.143 Clinical
studies speculated that incorporating MLT into chemo-
therapy reduced 1‐year lethality and chemotherapy‐
related side effects like asthenia, leukocytosis, nausea,
and hypotension, but a recursive study reported no direct
correlation between MLT levels and the possibility of
developing ovarian cancer.144 An effective medication for
the management of advanced ovarian carcinoma that
recurrence frequently is IL‐2 immunotherapy. The
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effectiveness of therapy with IL‐2 and MLT in individuals
with metastatic ovarian melanoma was examined in pilot
Phase‐II trials. Subcutaneous administration of IL‐2 to
patients and MLT was ingested orally. This protocol
provided only an incomplete response. According to this
study, immunotherapy using IL‐2 and MLT could be an
effective and favorable treatment for metastatic ovarian
tumors that are tolerating conventional medical thera-
pies.145 The effectiveness of the treatment of tamoxifen
with MLT in patients with advanced tumors was
examined in another phase‐II research by the same
investigator. The outcomes demonstrated that oral intake
of these two medications improved patient efficiency and
mortality. According to this study, the combination of
tamoxifen and MLT is effective in treating metastatic
tumors that are resistant to chemotherapy.146 In a
different investigation, YC05R pineal extract and antic-
ancer medications were cultured with primary cells
obtained from 7 ovarian and 6 mammary gland tumors.
All tumors had a dose‐dependent inhibition of growth
when treated with YC05R pineal extract. Based on the
cell types obtained from the individual patient, MLT, and
pineal extract both restricted cell proliferation. Neither of
the primary cells reacted similarly. According to the
findings of the study, the pineal gland possesses potent
anticancer components that prevent both mammary
gland and ovarian malignancies.147 According to a
clinical investigation, MLT production was lower in
endometrial cancer patients than it was in tumor‐free
healthy controls, but there were significant differences
between endometrial carcinoma and metastatic ovarian
cancer.107 By subjecting mice vitrified ovarian follicles to
10 pmol MLT in an in vitro culture, ovarian follicle
proliferation and oocyte maturation were examined. In
comparison to the control group, the data revealed a
considerable increase in follicular survival and diame-
ter.148 By examining various proapoptotic and antiapop-
totic molecules in a rat prototype, no discerpensible
difference was observed in body weight, alcohol con-
sumption, or food consumption in ovarian cancer‐
bearing rats. In contrast to sole administration, co‐
delivery of ghrelin and MLT prevents cisplatin‐mediated
follicle breakdown by increasing the count of oocytes in
cisplatin‐mediated ovaries. Co‐treatment of ghrelin and
MLT prevented the cytoplasmic redistribution of FOX-
O3a caused by cisplatin's induction of PTEN and
FOXO3a phosphorylation.149 In the development of
chemotherapeutic resistance, cancer stem cells (CSCs)
are essential. As a result, it was determined how MLT
affected CSCs that were separated from SKOV3 ovarian
tumor cells. It significantly reduced the protein expres-
sion of the epithelial‐to‐mesenchymal transition (EMT)‐
related gene and lowered the activation of EMT‐related

genes. It also considerably lowered the growth of CSCs by
23% compared with SKOV3 cells.150 A study using a
mouse paradigm showed that chronic restraint stress
(CRS) increased epithelial ovarian cancer (EOC) cell
metastasis to the abdomen and the activation of markers
relevant to the EMT. The abdominal tumor incidence of
ovarian cancer carried on by CRS was significantly
decreased by MLT.151

5.7 | Significance of MLT in prostate
cancer

The second most common cancer and the fifth most
prevalent cause of cancer‐related mortality in men is
prostate cancer.3,152 Obesity is one of the major risk
factors for prostate cancer.153 However, because of earlier
stage detection and treatment, the death rates have
decreased. According to a case‐cohort data analysis, men
having low 6‐sulphatoxymelatonin (aMT6s) levels in
their first‐morning urine had a greater risk of developing
prostate cancer.154 On the other hand, prostate cancer
liability was diminished in patients exhibiting a signifi-
cant MLT‐sulfate/cortisol ratio.155 An in vitro experiment
demonstrated that MLT deteriorates cell viability and
proliferation, whereas an in vivo investigation reported
that testosterone‐induced prostatic regrowth was blocked
by altering the MLT binding sites in rats when MLT was
administered via drinking water.156 It suppressed the
proliferation of LNCaP cells of prostate cancer (hormone‐
independent) by activating the MT1 receptors both in
vitro and in xenograft models. According to a preclinical
investigation comprising subjects suffering from prostate
cancer, prostate‐related antigen concentrations can be
regulated by the oncostatic characteristic of MLT.157

MLT is renowned for having antitumor activity on a
variety of malignancies. The mechanism and influence of
dosage, however, are still unresolved. To ascertain the
impact of MLT at nanomolar doses, Paroni et al.80

conducted studies in a mouse prototype of prostate
carcinoma. To examine this theory, LNCaP cells of
prostate cancer were xenografted onto Foxn1nu/nu male
mice models that were 7 weeks old and gave MLT
treatment. The findings showed that MLT concentrations
were 4 times and 60 times higher in plasma and
xenograft models of mice treated with MLT respectively,
compared with control models (saline‐treated mice).
MLT‐treated xenograft model displayed reduced micro-
vessel density compared with the control. By elevating
HIF‐1α production and Akt phosphorylation and sup-
pressing Ki67 expression, MLT inhibited angiogenesis.
Furthermore, via promoting Nrf2 expression, MLT
contributes significantly to establish redox equilibrium.
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It is essential in regulating mitochondria‐mediated apo-
ptotic cell death in prostate cancer by triggering ROS,
which in turn activates a number of kinases including p38,
SAPK, and JNK. At pharmacological and physiological
doses, it may prevent LNCaP cell growth mediated by 17β‐
estradiol (E2) or 5α‐dihydrotestosterone. High MLT con-
centrations, on the other hand, restrict LNCaP cells from
synthesizing prostate‐specific antigens. According to an
investigation, it reduces the Ca+2 influx mediated by
steroids and inhibits the MT1 receptor activation in LNCaP
cells.158 The androgen receptor (AR) is excluded from the
nucleus by MLT‐mediated cGMP, which elevates Ca+2

levels and activates kinase C protein, a potential activation
mechanism that controls AR positioning and responsive-
ness in targeted tissues.159 MLT impeded prostate cancer by
preventing NF‐κB signaling excitation via suppressing DNA
adhesion by MT1 receptor‐mediated protein kinase A
(PKA) and protein kinase (PKC) activation. MLT demon-
strated the antiproliferative activities on hormone‐
refractory 22Rv1 cancer cells by overexpressing at the
MT1 binding site. These investigations demonstrated how
the mechanism of MLT involves suppression of NF‐κB
signaling activity via the MT1 receptor.160 Excessive ROS
generation and compromised mitochondrial activity were
observed in cells supplemented with DHA, which were
probably triggered by AKT downregulation. MLT, on the
other hand, suppressed ROS and enhanced OXPHOS,
which was correlated to the dephosphorylation of AKT/
mTOR. Overall, this investigation has demonstrated that
DHA and MLT collaborate to prevent the growth of
prostate cancer cells.161 In vitro and in vivo models
demonstrated that the tendency of prostate cancer cells to
migrate and infiltrate is hypothesized to be inhibited by
MLT via the MT1 receptor, phospholipase C, p38, and c‐
Jun transmission pathways.162 Patients with poor prognosis
of prostate cancer have a significantly better survival rate
when MLT and radiation are applied in combination.163

MLT restricts pentose phosphate pathway, glycolysis and
Krebs cycle in prostatic cancers, indicating that the primary
target of indole in this particular tumor type is the lowering
of glucose uptake.164

5.8 | Significance of MLT in skin cancer

The most complicated, lethal, and diversified cancer is
skin carcinoma (melanoma).165 The two types of skin
cancers are melanoma and nonmelanoma. The 5th most
prevalent malignancy in both genders is the nonmela-
noma type of skin cancer.166 Many etiological variables,
including skin phototype, hair pigmentation, numerous
nodules, genetic factors, and ultraviolet exposure, con-
tribute to the development of this malignancy.167

Radiotherapy and chemotherapy are the standard
treatments for skin carcinoma, however, they did not
appear to improve patients' likelihood of surviving the
disease.168 Additionally, patients may develop cytotoxic
drug resistance during chemotherapy and experience
unfavorable side effects. Investigating biocompatibility,
efficiency, novel treatments or complementary medicines
is therefore essential. As an oncostatic and anti-
carcinogenic drug, MLT, the primary pineal gland
secretion, has been demonstrated to be crucial in the
treatment of skin carcinoma. It has been demonstrated to
have oncostatic and antimutagenic activities on benzo (α)
pyrene‐mediated oncogenesis in mice. In both the
initiation and progression phases of tumorigenesis, the
number of mice receiving MLT treatment lowered
the average number of papillomas per mouse. It also
minimizes lipid peroxides and can block its metabolites
from binding to DNA.169 The radio‐protective activity of
MLT against tissue impairment caused by IR irradiation
in rats was investigated. 32 Sprague‐Dawley male rats
were subjected to IR radiation at varied time intervals,
(12 h and 72 h), at a cumulative dose of 800 cGy. Then,
before and post‐IR, the rats were given saline and MLT at
various concentrations. Thereafter, several oxidative and
antioxidative characteristics were examined. The find-
ings revealed that tissue concentrations of malondialde-
hyde (MDA) were markedly increased at both 12 and
72 h after IR, whereas concentrations of glutathione
(GSH) were decreased drastically in rats given with
saline. On the other hand, rats administered MLT
showed much relatively low MDA and elevated GSH
levels. Through its antioxidant capabilities, MLT reduced
the oxidative damage induced by IR.170 The MLT's
radioprotective activities on the Corpora cavernosa of
rats subjected to IR were also investigated by scholars.
The same factors were examined in rats receiving IR and
MLT treatments. Similarly, IR decreased GSH concentra-
tions and increased MDA levels. The oxidative tissue
damage was reversed by MLT treatment.171 The objective
of another research was to investigate the inhibitory
activity of MLT on cancers of epithelial origin. One set of
mice received MLT at different concentrations with
water during the night, whereas the other set of mice
received no MLT treatment and operated as the PB‐
control. The findings demonstrated that MLT adminis-
tration enhanced mouse longevity and survival rate,
lowered the frequency of subcutaneous meningiomas,
and prevented binding protein (BP)‐regulated carcino-
genesis. MDA and catalase levels have increased as an
outcome of BP. In comparison to animals receiving BP
treatment, mice administered MLT displayed signifi-
cantly lower levels of catalase and MDA in tumor
territory. Particularly, a small dose of MLT is more
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favorable than a high dosage in terms of effectiveness.172

MLT, metformin, and a combined treatment of these
two dramatically decreased lipid peroxide levels and
the frequency and size of skin tumors in mice.173 In
another investigation, the endogenous concentration of
MLT metabolites such as N(1)‐acetyl‐N(2)‐formyl‐5‐
methoxykynuramine (AFMK), 6‐hydroxyMLT (6(OH)
M) and 5‐methoxytryptamine (5MT) were predicted in
a variety of racial groups including Caucasians and
African‐Americans. African Americans, specifically the
younger generation, had the maximum levels of MLT
and AFMK, however, 5MT concentrations were compa-
rable across all races. In healthy human melanocytes,
the activities of AFMK and 5MT were studied. The
outcomes demonstrated that tyrosinase functionality,
cell growth, and biogenesis were all suppressed by MLT
and its metabolites (10−5 M) in a dose‐dependent
pattern.174 A further investigation revealed that it
inhibits Hsp70 in human endothelial cells, enhancing
cellular susceptibility to ultraviolet radiation (UVR)‐
induced epidermal toxicity, melanoma, inflammatory
processes, and DNA depigmentation. Additionally, UVR
has pro‐inflammatory and proapoptotic properties on
healthy human melanocytes, which are inhibited by
MLT.175 However, it displayed mutagenic, carcinogenic,
apoptotic, and ROS production activities in CCD‐1079Sk
and A‐431cell lines. It considerably outperformed normal
cells in terms of its anticancer activities.176 Another
research focused on how MLT and vemurafenib syner-
gistically affected the anticancer activity in individuals
with V600 BRAF mutated melanomas. The findings
demonstrated that MLT dramatically improved the
vemurafenib‐mediated suppression of angiogenic char-
acteristics and hindered the cell cycle regulation in
melanoma cells from mice with metastatic xenografts.
Mechanistic investigations showed that MLT increased
the anticancer property of vemurafenib by preventing
NF‐κB p50/p65 from translocating into the nucleus and
from adhering to the promoters of iNOS and hTERT,
which in turn suppressed the production of iNOS and
hTERT.177

6 | MLT ADMINISTRATION VIA
NANOSTRUCTURED MATERIALS

6.1 | Selenium nanoparticles for MLT
delivery

The trace element, with enzymatic properties, is available
both in organic and inorganic states but is limited by its
poor uptake by the gastrointestinal system and potential
toxicity when used in higher doses. To overcome the

drawbacks associated with selenium, selenium nanopar-
ticles were synthesized by various techniques like
microwave‐assisted method, chemical reduction method,
solvothermal method, and by using microorganisms as
well. However, the conventional method used in the
synthesis of selenium nanoparticles is the chemical
reduction method, wherein chitosan, and ascorbic acid
are used in the process of synthesis selenium nanopar-
ticles (SeNPs).178 SeNPs have anticancer effects when
used as monotherapy and in combined therapy as well.
For instance, increased apoptosis in tumor cells was
observed with doxorubicin‐selenium nanoparticles‐
liposomes compared with the individual components
used separately.179 However, selenium per se induces
DNA damage, ROS synthesis, and disruption of DDR
sequences thus causing apoptosis.180 Studies have shown
the advantages of using MLT‐loaded selenium nanopar-
ticles. When administered to liver cells in mice, MLT‐
loaded selenium nanoparticles inhibited the initial
response to the BCG such as increased levels of NF‐⍺,
nitric oxide, and IL‐1β, thus reducing the damage caused
owing to the immunological reactions post‐BCG admin-
istration.181 Another study by the same team showed the
combined therapy enhanced the activity of glutathione‐
peroxidase thereby reducing the undesirable effects of
ROS caused by post‐BCG administration.182

6.2 | Chitosan nanoparticles for MLT
delivery

Chitosan, a naturally available biopolymer is found in
crustacean shells, most abundantly in shrimps. Chitosan
is derived by the deacetylation of chitin and chitosan
nanoparticles are synthesized by emulsification, micelli-
zation, and ionic gelation.183 Chitosan nanoparticles
have been widely used in cancer imaging, tissue
engineering, gene delivery, and even for transdermal,
and trans‐mucosal drug delivery.184 Herp2 cells under-
going treatment with etoposide, a genotoxic agent, and a
topoisomerase II inhibitor were treated with MLT‐loaded
chitosan nanoparticles. The efficiency of MLT to combat
the DNA damage and ROS caused by etoposide was
studied and the results showed that the MLT alleviated
the oxidative stress, and DNA damage and improved the
cells' ability to use glutathione as an antioxidant, in
MLT‐treated etoposide‐treated Herp2 cells. Promising
results were obtained when cells were treated with
MLT 24 h earlier than treatment with etoposide.185

Chitosan scaffolds loaded with MLT/2‐hydroxypropyl‐β‐
cyclodextrin complexes induced cell apoptosis and
decreased the G2/M phase cell count in MG‐63 osteo-
sarcoma cells.186 Yadhav et al., cultured U87MG cells

16 of 30 | PUTTA ET AL.

 2769643x, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

ba2.58 by C
ochraneItalia, W

iley O
nline L

ibrary on [29/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



alone and cocultured them with normal human HEK‐
293T cells. These cells were treated with chitosan‐TPP‐
loaded MLT NPs and the results showed the better
uptake of MLT by malignant cells both in pure and
coculture systems treated with NPs when compared with
free MLT. It was also reported that MLT delivered by NPs
caused cell death in 78% of the cells post‐24 h of
treatment whereas free MLT caused 58% of cell death.
Also, free MLT brought down the cell viability to a
minimum whereas NP‐delivered MLT caused a decline
in cell viability over a period of time, with limited
damage to normal cells in pure and coculture systems.187

The studies on lecithin/chitosan nanoparticles coupled
with MLT on Caco‐2 colorectal cancer cells for transmu-
cosal drug delivery showed better delivery of MLT in the
transmucosal spaces.188 Similarly, MLT‐loaded chitosan‐
lecithin nanoparticles enhanced the re‐epithelialization
of wound models in Human keratinocyte cell lines
within 24 h of administration.189 A study by El‐Giblay
and co‐workers synthesized MLT‐loaded chitosan micro-
crystals and used them to treat liver cells of rats
sensitized with aflatoxin A1 that induces apoptosis. In
vivo, study results showed an imbalance between
antioxidant molecules and oxidative products thus
showing a reduction in apoptosis.190 An intriguing
functionality of MLT is to reduce intraocular pressure
in various animals and disease models. In this perspec-
tive, chitosan‐lecithin and Pluronic® F127‐chitosan na-
noparticles loaded with MLT for its delivery into HCE‐T
epithelial cells in vitro developed by Hafner and group.
The results showed that Pluronic® F127‐chitosan nano-
particles had better uptake within the cells, better
adherence to mucosal surfaces, and sustained drug
delivery. However, both nanoparticle systems showed
no cytotoxicity on the cells and exhibited promising
characteristics to be precorneal delivery agents.191

6.3 | Solid lipid nanoparticles (SLNPs)
for MLT delivery

Lipid emulsions of solid lipids give rise to SLNPs. SLNPs
are endowed with the ability to target regions that are
guarded by hydrophobic barriers, for instance, CNS.
SLNPs have the potential to act as a ferry agent to many
lipophilic and hydrophobic drugs and aid in the
sustained release of these drugs at the target site.192

Pharmacokinetic studies of MLT loaded in SNLPs
administered orally and trans‐dermally resulted in an
increased serum concentration of MLT following the
SLNPs administration, every day. When 3mg of MLT
was administered via SLNPs the serum concentrations
were maintained at more than 50 pg/mL for 24 h. The

half‐life absorption and half‐life elimination of MLT‐
loaded SLNPs were 5.3 ± 1.3 h and 24.6 ± 12.0 h respec-
tively, thus ensuring the sustained release of MLT, like
the condition in the body.193 Another study investigated
the effect of MLT administered via two different routes
against Cyclosporin A‐induced cytotoxicity in cardiac
tissues in Wistar rats. 1 mg/kg/day of MLT was
administered with 15mg/kg/day of Cyclosporin A
intra‐peritoneally, and the same dosage of MLT encap-
sulated in SLNPs was administered for 21 days. The
administered MLT antagonized the proapoptotic effect
posed on the cardiac cells by Cyclosporin A. This effect
could be attributed to the delivery of MLT via SLNPs, the
SLNPs were endocytosed by the cells where MLT
delivered its antioxidant. MLT functions as a scavenging
molecule rather than as the activator of MT1 and
MT2 for further downstream signaling pathways.192

The effects of MLT‐loaded SLNPs against MCF‐7 breast
cancer cells treated with tamoxifen showed that the
tamoxifen and MLT synergistically enhanced the apopto-
sis with a reduction in the expression of survivin.194

Studies, where different types of lipids were tested
for their efficiency to deliver several agents, revealed
that Cy5 (1‐Di‐((Z)‐octadec‐9‐en‐1‐yl) pyrrolidin‐1‐ium
iodide) enhanced the MLT's delivery via transdermal
route, whereas Cy5 ethanol‐MLT NPs showed increased
permeability and sustained drug release profile.195

6.4 | Liposomes for MLT delivery

Liposomes are phospholipid bilayers of natural or synthetic
origin formed spontaneously in the aqueous environment.
Drugs can be loaded into liposomes by the pH gradient
method, synthesis of liposomes in environments already
saturated with drugs, solvent exchange method, super-
critical solution technology, and using encapsulated
polyanions. Other than drugs liposomes can also be loaded
with micro‐RNAs, anticancer agents, and chemotherapy
drugs.196 Liposomes have been used widely for the
transdermal delivery of MLT with reduced lag time,
enhanced dermal lipid mobility, improved transdermal
flux, and escalated MLT penetration.197 A study by Sana
et al., showed the efficiency of bulk MLT and liposomal‐
loaded MLT against sodium fluoride, chemical toxin‐
treated rats. The results showed that both the form of MLT
reversed the effects of sodium fluoride that include
enhanced ROS synthesis, increased expression of TNF‐α,
and TGF‐β, and reduced antioxidant enzymes in the
cells.198 The main advantages related to liposomes are their
ability to deliver drugs to highly fragile and hydrophobic
areas of the host. Glaucoma is one instance where
intraocular pressure increases, and it requires continuous
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application of topical agents to keep the pressure under
check. These topical agents though have therapeutic values
and have their downsides like prevention of aqueous
humor synthesis, the presence of allergens, and toxic
preservatives.199 In this regard, liposomes loaded with
MLT analog 5‐methoxycarbonylamino‐N‐acetyltryptamine
along with mucoadhesives like carboxymethylcellulose
and sodium hyaluronate were used for high ocular
pressure treatment in rabbits. It was observed that there
was a 39.1 ± 2.2% decrease in intraocular pressure
compared with liposomes loaded with other formulations,
the reduction was a sustained one lasting up to 8 h.200

6.5 | PLA, PLGA, and PEG nanoparticles
for MLT delivery

Poly (D, L‐lactide‐co‐glycolide) (PLGA) is FDA‐approved,
an extremely biocompatible and biodegradable polymer
used for the parenteral delivery of drugs with sustained
drug‐release properties.201 PLGA micro‐ and nanoparticles
loaded with MLT prepared by an emulsion‐diffusion‐
evaporation method when administered for 40 days to in
vitro MG63 osteosarcoma cell cultures, there was a 70%
release of MLT. Furthermore, rapid uptake of the
nanoparticles was observed within the first 5 h of
treatment and up to 60% of total nanoparticle uptake by
cells was observed in the first 24 h. MLT dosage of 1.7 µg
inhibited the cancer cells' proliferation but failed to show
any induction of apoptosis.201 MLT when loaded onto
PLGA nanoparticles showed enhanced antioxidant prop-
erties by reducing the oxidative stress on erythrocytes and
preventing their hemolysis.202 The ability of MLT to
reduce intraocular pressure is well studied and MLT‐
loaded PLGA and PEG (Poly (ethylene glycol)) nanopar-
ticles showed a significant decrease in intraocular pressure
when compared with MLT aqueous solution within 8 h. A
maximum reduction of 5mmHg was observed with the
nanoparticle intervention.203 MLT being a well‐known
antioxidant, could have a positive effect on the cells during
ischemia and the reperfusion following it, during which
the cells are exposed to higher levels of ROS. In this
regard, Ma et al., reported the MLT‐loaded PLGA‐mPEG
nanoparticles' effect on mesenchymal stem cells relocated
to the infarcted heart model. In vitro, studies showed that
MLT‐loaded nanoparticles stabilized the mitochondria
and saved the stem cells from injury by decreasing the
p53‐cyclophilin complex formation. In vivo, studies also
exhibited similar results wherein nanoparticle‐delivered
MLT exhibited better results when compared with MLT
injection in rats transplanted with stem cells undergoing
cardiac ischemia.204 MLT can also be used in the

treatment of sepsis, a disease condition that causes
increased ROS levels in the cells of the liver causing
morbidity and mortality.205 MLT‐loaded PEG and PPS
[poly (propylene sulfide)] nanoformulations were studied
for their efficiency in treating sepsis in in vivo models. The
observations showed that the MLT delivered by nanofor-
mulations decreased the levels of inflammatory cytokines
and lipid peroxidation in liver cells when compared with
MLT administered per se. Also, reduced hepatic enzymes
like ALT and AST indicating reduced liver damage were
observed in in vivo mice models when treated MLT loaded
nanoparticles. Reduced phosphorylation of p65 of NF‐κB
was observed in nanoparticle‐treated groups compared
with MLT alone treated groups.206

6.6 | Other nanoformulations for MLT
delivery

The shell‐like structures made of polymers and mainly
composed of a liquid or polymer‐based core with an outer
polymer membrane are nano‐capsules.207 Polymers used
in the synthesis of nano‐capsules are much less when
compared with other formulations and ensure excellent
drug stability owing to the protective core surrounded by
polymer layers and are resistant to extreme environmental
conditions. A study by Komninou and co‐researchers
reported the effects of MLT loaded into two types of nano‐
cage systems on a bovine embryo culture model. One
formulation had a lipid core loaded with MLT and the
other with a polymer core encapsulating MLT. An
increase in hatching rates, upregulation of CAT and
SOD‐2, reduction in apoptosis, and downregulation in the
expression of BAX, CASP3, and SHC1 genes were
observed in embryos treated with MLT‐loaded lipid core
nano‐cages. These led to increased survival and reduced
ROS in embryo.208 MLT‐encapsulated nano‐capsules
loaded onto the hydrogel matrix showed sustained release
profiles. Lipid core nano‐cages loaded with MLT were
effective in targeting the brain and liver to prevent lipid
peroxidation. Polysorbate 80 coated nano‐cages loaded
with MLT when injected intra‐peritoneally enhanced the
antioxidant reactivity in the hippocampus and reduced the
lipid peroxidation in several sites. But the aqueous
solution of MLT when injected into the peritoneum
showed no above‐mentioned effects in mice.209 Metallic
nanoparticle systems have also been used in the delivery
of MLT. In this regard, Iron oxide magnetic noncomposite
particles loaded with MLT served the dual purpose of
delivering MLT to the cells and imaging agent for imaging
techniques like magnetic resonance imaging. When these
nanoparticles were treated on MCF‐7 cells in vitro, they
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showed an enhanced uptake of the nanoparticles and
when the magnetic field was added to the culture, it
induced hyperthermia and caused cytotoxicity as well as
the sustained release of MLT.210 Massella et al. developed
a cotton fabric with MLT‐loaded polycaprolactone nano-
particles for the transdermal delivery of MLT. Also, these
nanoparticles added to dermal patches showed continuous
and controlled release profiles.211

Exosomes have been exploited to deliver MLT.
Exosomes are promising novel medication systems
originating from bodily fluids such as saliva, blood,
urine, and saliva, with diameters ranging from 50 to
150 nm. Kumar et al. summarized various methods for
isolating exosomes from biological solutions and distin-
guished drug loading strategies and their use as drug
delivery vehicles and diagnostic devices in treating
various cancers.212 Kim et al. have used MLT loaded
exosomes to treat atopic dermatitis. The HEK293 cells
were loaded with exosomes and were observed to have
anti‐inflammatory properties with their ability to reduce
TNF‐α and β‐hexosaminidase release. Treatment with
MLT‐loaded liposomes reduced COX‐2, TNF‐α, and
PAR‐2 expression levels and restored IFN‐γ and IL‐4
levels in AD‐like mouse.213 Zhang et al. have showed
MLT‐loaded exosomes potential in repairing myocardial
infraction. The as prepared MLT exosomes reduced ROS
production, helped in microvessel formation, decreased
mitochondrial dysfunction and cardiac fibrosis thus

helping in myocardial repair.214 The summarized deliv-
ery of MLT via various nanosystems is represented in
Figure 5.

7 | STATUS OF CLINICAL TRIALS
OF MELATONIN IN VARIOUS
TYPES OF CANCERS

According to experimental and clinical research, MLT has
substantial preventive capabilities against the hazardous
adverse effect characteristics of both radiation and
chemotherapy.215,216 MLT as an adjuvant to various cancer
therapies reported are enlisted in Table 2 below. Due to its
antioxidant property, it was additionally investigated as an
added benefit to chemotherapy. MLT continues to be
investigated in this regard, and it is not officially used in
conventional clinical practice.225 It has been demonstrated
to possess an array of therapeutic properties in several
investigations. These include anti‐inflammatory, cytostatic,
antiproliferative, and proapoptotic implications, along with
various functions associated with its potential to manipu-
late epigenetic modifications.226,227 Although current
investigations have demonstrated that these effects can
only be observed during specific stages of tumor develop-
ment and progression,14 there is evidence that suggests
that these antimalignancy features are present during
numerous phases.

FIGURE 5 Nanosystem‐mediated delivery of MLT.
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Numerous clinical investigations have suggested that
using MLT along with chemotherapy may increase the
effectiveness of the latter and lessen its negative effects.
Data also show that longevity and life expectancy have
improved in such cases.228,229 Improvements in outcomes
are believed to be the effect of MLT's ability to eliminate
free radicals and its antioxidant properties.230 Further
research on the characteristics and therapeutic use of
MLT employing in vivo animal models and clinical trials
is required when used as an adjuvant to chemotherapy. It
has been suggested that double‐blind placebo‐controlled
trials be used to investigate the role of melatonin in
reducing the harmful effects of chemotherapy and its
relationship to abnormal mitochondrial function. Over
the next 10 years, a wealth of knowledge about how
melatonin interacts favorably with anticancer medica-
tions is anticipated to become available.231 The current
clinical research on the use of melatonin to treat various
cancer malignancies is summarized in Table 3.

8 | CONCLUSION AND FUTURE
PERSPECTIVES

Uncontrolled proliferation and dissemination of abnor-
mal cells describe the collection of diseases known as
cancer. The prevalence of cancer has considerably raised
and possesses a huge number of fatalities. MLT secreted
by the pineal gland controls the sleep‐wake cycle in
addition to performing a diverse range of other function-
alities like antioxidant, immunomodulatory, anti‐
inflammatory, antiaging, antimetastatic, antiprolifera-
tive, antineoplastic, antiestrogenic, and anticarcinogenic
effects. There is a significant amount of data from both
clinical and laboratory trials revealing that MLT can
show anticarcinogenic activity against all types of
cancers, encompassing apoptosis, oncostatic, antiproli-
ferative, and antineoplastic properties. Cancer's origin,

development, and metastasis are all restricted by MLT. It
is a crucial physiological anticancer medication since it
can stimulate multiple anticancer mechanisms in a
variety of cancer types. We have included pertinent
information about the etiology, epidemiology, factors
associated, therapeutic effectiveness, medical impor-
tance, and cytotoxic mechanism of MLT in this review.
We also explored its anticarcinogenic mechanism in
connection to malignancies. The primary mode of action
of MLT remains to be emphasized, and it is uncertain
what molecular basis is governing the anticarcinogenic
activities of MLT toward various cancer types. Both
receptor‐dependent and receptor‐independent mecha-
nisms are employed by MLT to regulate cancer. The
distinctive quality of MLT is that it blocks cancer cells'
entry into the circulatory system and prohibits them
from spreading to distant regions. The significance of
novel drug delivery techniques was highlighted in this
review, and it was recognized that nanoparticles were
one of the most intriguing agents in this aspect.
Additionally, it emphasized how the fundamental
properties of nanoparticles made them suitable for the
safe and effective administration of both hydrophilic and
hydrophobic compounds, such as MLT. MLT was
delivered using different nano‐delivery systems, and it
was described how these therapeutic approaches make it
possible to administer drugs effectively and have other
essential properties.

MLT has been proven in numerous studies to have
favorable anticancer characteristics, although it does
have minor adverse effects, including tiredness,
migraine, nausea, and apathy in addition to weight
issues. Semen integrity and motility deteriorated after
prolonged MLT therapy. Photoreceptors in the retina are
damaged by elevated MLT levels. Therefore, deeper
investigation is still required to completely understand its
anticancer principles and consumption safety assess-
ment. Preapoptotic and antiapoptotic activities are two of

TABLE 2 Anticancer combinatorial therapy of melatonin.

Therapy MLT effect Action mechanism Reference

MLT+Chemotherapy Inhibited cell proliferation Regulates EZH2 expression Zhang et al.217

Enhanced cytotoxic effects HER2 protein destruction Liu et al.218

Suppressed autophagy Inhibits NR4A1, CTSL, and Atg12 Zhao et al.219

Induced apoptosis Decrease AMPK α1 expression Tran et al.220

MLT+Radiotherapy Enhanced preadipocyte differentiation Decrease TNF‐α expression González‐González et al.221

Improved life expectancy of patients Reduce toxicity Lissoni et al.222

MLT+ Immunotherapy Improved IL‐2 immune response Induction of cytolysis Lissoni et al.223

Enhanced anticancer effect Inflammatory reaction Tassoni224
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its well‐known dual functions. For instance, the anti-
apoptotic activity is detected in both cancer and normal
cells, demanding further exploration into the enigmatic
function of MLT in the treatment of carcinoma and the
differential mechanism between malignant and healthy
cells. Studies are indeed essential to get uniform and
consistent results as well as to avoid ambiguity. Future
research is necessary to address the inconsistent out-
comes of epidemiological studies, which is another
crucial and critical element. To regulate the dose, safety,
and specific function of MLT, particularly in correlation
to cancer, research must first discourse the oncostatic
function. Further, future research needs to fully explain
the anticancer properties of MLT to improve its clinical
benefits. Finally, it was observed that the usage of MLT, a
substance with multiple benefits and a novel drug
delivery mechanism, was restricted to in vitro or in vivo
trials and that extensive research was required to
determine its effectiveness in humans.

Overall, the MLT is proven to have potential antic-
ancer properties which can be enhanced upon develop-
ing into a nanoformulation provides the efficient delivery
of the drug at the targeted tumor sites. Additional clinical
evaluation is expected to concentrate on improving its
capacity to lower the unfavorable consequences of
anticancer medications. Clinical trials are further
required to ascertain whether MLT can improve the
effectiveness of anticancer medications. Even though
there is limited evidence regarding human subjects, the
majority of studies being conducted today highlight the
significance of MLT administration and drug delivery
techniques for the medical profession which might
improve the drug effectiveness in disease treatment.

AUTHOR CONTRIBUTIONS
Chandra Lekha Putta: Conceptualization (lead); data
curation (lead); formal analysis (lead); funding acquisi-
tion (lead); investigation (lead); methodology (lead);
project administration (lead); resources (lead); software
(lead); supervision (equal); validation (lead); visualiza-
tion (lead); writing—original draft (lead); writing—
review and editing (lead). Kalyani Eswar: Methodology
(supporting); writing—original draft (supporting);
writing—review and editing (supporting). Aravind
Kumar Rengan: Conceptualization (supporting); proj-
ect administration (lead); supervision (equal); validation
(equal); visualization (equal). All authors have read and
approved the final manuscript.

ACKNOWLEDGMENTS
All the authors acknowledge the Indian Institute of
Technology Hyderabad, Telangana, India, for providing
the resources and infrastructure for their work.

Schematics were prepared using Biorender.com. The
authors would like to thank ICMR (No.35/1/2020‐IA/
Nano/BMS), DST‐AMT (DST/TDT/AMT/2017/227),
SERB‐CRG (CRG/2020/005069) Grants, ICMR‐CoE Grant,
SERB‐SUPRA (SPR/2022/230) Grant, and IITH/BME/
SOCH3 Grant. The authors, Chandra Lekha Putta
and Kalyani Eswar would gratefully acknowledge MoE/
MHRD for funding their fellowship.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Not Applicable.

ETHICS STATEMENT
Not Applicable.

ORCID
Aravind Kumar Rengan http://orcid.org/0000-0003-
3994-6760

REFERENCES
1. Ferlay J, Colombet M, Soerjomataram I, et al. Cancer

statistics for the year 2020: an overview. Int J Cancer.
2021;149(4):778‐789.

2. Sung J, Ferlay J, Siegel RL, et al. Global cancer statistics 2020:
GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71(3):
209‐249.

3. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA,
Jemal A. Global cancer statistics 2018: GLOBOCAN esti-
mates of incidence and mortality worldwide for 36 cancers in
185 countries. CA Cancer J Clin. 2018;68(6):394‐424.

4. Zhou Y, Li Y, Zhou T, Zheng J, Li S, Li HB. Dietary natural
products for prevention and treatment of liver cancer.
Nutrients. 2016;8(3):156.

5. Zhang X, Sui S, Wang L, et al. Inhibition of tumor propellant
glutathione peroxidase 4 induces ferroptosis in cancer cells
and enhances anticancer effect of cisplatin. J Cell Physiol.
2020;235(4):3425‐3437.

6. Ashrafizaveh S, Ashrafizadeh M, Zarrabi A, et al. Long non‐
coding RNAs in the doxorubicin resistance of cancer cells.
Cancer Lett. 2021;508:104‐114.

7. Ashrafizadeh M, Mirzaei S, Hashemi F, et al. New insight
towards development of paclitaxel and docetaxel resistance in
cancer cells: EMT as a novel molecular mechanism and
therapeutic possibilities. Biomed Pharmacother. 2021;141:111824.

8. Ashrafizadeh M, Mirzaei S, Gholami MH, et al. Hyaluronic
acid‐based nanoplatforms for Doxorubicin: a review of
stimuli‐responsive carriers, co‐delivery and resistance sup-
pression. Carbohydr Polymers. 2021;272:118491.

9. Pardal R, Clarke MF, Morrison SJ. Applying the principles of
stem‐cell biology to cancer. Nat Rev Cancer. 2003;3(12):895‐902.

10. Van Raamsdonk CD, Bezrookove V, Green G, et al. Frequent
somatic mutations of GNAQ in uveal melanoma and blue
naevi. Nature. 2009;457(7229):599‐602.

22 of 30 | PUTTA ET AL.

 2769643x, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

ba2.58 by C
ochraneItalia, W

iley O
nline L

ibrary on [29/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://Biorender.com
http://orcid.org/0000-0003-3994-6760
http://orcid.org/0000-0003-3994-6760


11. Waldum HL, Sandvik AK, Brenna E, Fossmark R,
Qvigstad G, Soga J. Classification of tumours. J Exp Clin
Cancer Res. 2008;27(1):70.

12. Su SC, Hsieh MJ, Yang WE, Chung WH, Reiter RJ, Yang SF.
Cancer metastasis: mechanisms of inhibition by melatonin.
J Pineal Res. 2017;62(1):e12370.

13. Jiao J, Ma Y, Chen S, et al. Melatonin‐producing endophytic
bacteria from grapevine roots promote the abiotic stress‐
induced production of endogenous melatonin in their hosts.
Front Plant Sci. 2016;7:1387.

14. Reiter R, Rosales‐Corral S, Tan DX, et al. Melatonin, a full
service anti‐cancer agent: inhibition of initiation, progression
and metastasis. Int J Mol Sci. 2017;18(4):843.

15. Innominato PF, Lim AS, Palesh O, et al. The effect of
melatonin on sleep and quality of life in patients with
advanced breast cancer. Supp Care Cancer. 2016;24(3):
1097‐1105.

16. Acuña‐Castroviejo D, Rahim I, Acuña‐Fernández C, et al.
Melatonin, clock genes and mitochondria in sepsis. Cell Mol
Life Sci. 2017;74(21):3965‐3987.

17. Scheer FAJL, Czeisler CA. Melatonin, sleep, and circadian
rhythms. Sleep Med Rev. 2005;9(1):5‐9.

18. Cutando A, López‐Valverde A, Arias‐Santiago S, DE Vicente J,
DE Diego RG. Role of melatonin in cancer treatment.
Anticancer Res. 2012;32(7):2747‐2753.

19. Li Y, Li S, Zhou Y, et al. Melatonin for the prevention and
treatment of cancer. Oncotarget. 2017;8(24):39896‐39921.

20. Hill SM, Belancio VP, Dauchy RT, et al. Melatonin: an
inhibitor of breast cancer. Endocr Relat Cancer. 2015;22(3):
R183‐R204.

21. Khoory R, Stemme D. Plasma melatonin levels in patients
suffering from colorectal carcinoma. J Pineal Res. 1988;5(3):
251‐258.

22. Boutin JA, Jockers R. Melatonin controversies, an update.
J Pineal Res. 2021;70(2):e12702.

23. Lara P, Chan AB, Cruz LJ, Quest AFG, Kogan MJ. Exploiting
the natural properties of extracellular vesicles in targeted
delivery towards specific cells and tissues. Pharmaceutics.
2020;12(11):1022.

24. Yetisgin AA, Cetinel S, Zuvin M, Kosar A, Kutlu O.
Therapeutic nanoparticles and their targeted delivery appli-
cations. Molecules. 2020;25(9):2193.

25. Ambrogio MW, Frasconi M, Yilmaz MD, Chen X. New
methods for improved characterization of silica nanoparticle‐
based drug delivery systems. Langmuir. 2013;29(49):
15386‐15393.

26. Gelperina S, Kisich K, Iseman MD, Heifets L. The potential
advantages of nanoparticle drug delivery systems in chemo-
therapy of tuberculosis. Am J Respir Crit Care Med.
2005;172(12):1487‐1490.

27. Tan DX, Manchester LC, Liu X, Rosales‐Corral SA, Acuna‐
Castroviejo D, Reiter RJ. Mitochondria and chloroplasts as
the original sites of melatonin synthesis: a hypothesis related
to melatonin's primary function and evolution in eukaryotes.
J Pineal Res. 2013;54(2):127‐138.

28. Harpsøe NG, Andersen LPH, Gögenur I, Rosenberg J.
Clinical pharmacokinetics of melatonin: a systematic review.
Eur J Clin Pharmacol. 2015;71(8):901‐909.

29. Tran HTT, Tran PHL, Lee BJ. New findings on melatonin
absorption and alterations by pharmaceutical excipients
using the Ussing chamber technique with mounted rat
gastrointestinal segments. Int J Pharm. 2009;378(1‐2):9‐16.

30. Lissoni P, Barni S, Meregalli S, et al. Modulation of cancer
endocrine therapy by melatonin: a phase II study of
tamoxifen plus melatonin in metastatic breast cancer
patients progressing under tamoxifen alone. Br J Cancer.
1995;71(4):854‐856.

31. Lissoni P, Barni S, Ardizzoia A, et al. Randomized study with
the pineal hormone melatonin versus supportive care alone
in advanced nonsmall cell lung cancer resistant to a first‐line
chemotherapy containing cisplatin. Oncology. 1992;49(5):
336‐339.

32. Lissoni P, Barni S, Ardizzoia A, Tancini G, Conti A,
Maestroni G. A randomized study with the pineal hormone
melatonin versus supportive care alone in patients with brain
metastases due to solid neoplasms. Cancer. 1994;73(3):
699‐701.

33. González‐González A, González A, Rueda N, et al. Useful-
ness of melatonin as complementary to chemotherapeutic
agents at different stages of the angiogenic process. Sci Rep.
2020;10(1):4790.

34. Blask DE, Pelletier DB, Hill SM, et al. Pineal melatonin
inhibition of tumor promotion in theN‐nitroso‐N‐methylurea
model of mammary carcinogenesis: potential involvement of
antiestrogenic mechanisms in vivo. J Cancer Res Clin Oncol.
1991;117(6):526‐532.

35. Pariente R, Bejarano I, Rodríguez AB, Pariente JA, Espino J.
Melatonin increases the effect of 5‐fluorouracil‐based
chemotherapy in human colorectal adenocarcinoma cells in
vitro. Mol Cell Biochem. 2018;440(1‐2):43‐51.

36. Motilva V, García‐Mauriño S, Talero E, Illanes M. New
paradigms in chronic intestinal inflammation and colon
cancer: role of melatonin. J Pineal Res. 2011;51(1):44‐60.

37. Dubocovich ML, Markowska M. Functional MT1 and MT2
melatonin receptors in mammals. Endocrine. 2005;27(2):101‐110.

38. Dubocovich ML, Delagrange P, Krause DN, Sugden D,
Cardinali DP, Olcese J. International union of basic and
clinical pharmacology. LXXV. nomenclature, classification,
and pharmacology of G protein‐coupled melatonin receptors.
Pharmacol Rev. 2010;62(3):343‐380.

39. Masana MI, Dubocovich ML. Melatonin receptor signaling:
finding the path through the dark. Sci STKE. 2001;2001(107):
pe39.

40. Dubocovich ML. Molecular pharmacology regulation and
function of mammalian melatonin receptors. Front Biosci.
2003;8(4):d1093‐d1108.

41. Cardinali DP, Golombek DA, Rosenstein RE, Cutrera RA,
Esquifino AI. Melatonin site and mechanism of action: single
or multiple? J Pineal Res. 1997;23(1):32‐39.

42. Jockers R, Maurice P, Boutin JA, Delagrange P. Melatonin
receptors, heterodimerization, signal transduction and bind-
ing sites: what's new?: melatonin receptors. Br J Pharmacol.
2008;154(6):1182‐1195.

43. Zawilska JB, Skene DJ, Arendt J. Physiology and pharmacology
of melatonin in relation to biological rhythms. Pharmacologic
Rep. 2009;61(3):383‐410.

PUTTA ET AL. | 23 of 30

 2769643x, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

ba2.58 by C
ochraneItalia, W

iley O
nline L

ibrary on [29/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



44. Ekmekcioglu C. Melatonin receptors in humans: biological
role and clinical relevance. Biomed Pharmacother. 2006;60(3):
97‐108.

45. Morgan PJ, Barrett P, Howell HE, Helliwell R. Melatonin
receptors: localization, molecular pharmacology and physio-
logical significance. Neurochem Int. 1994;24(2):101‐146.

46. Liu J, Clough SJ, Hutchinson AJ, Adamah‐Biassi EB,
Popovska‐Gorevski M, Dubocovich ML. MT 1 and MT 2
melatonin receptors: a therapeutic perspective. Annu Rev
Pharmacol Toxicol. 2016;56(1):361‐383.

47. Tam CW, Mo CW, Yao KM, Shiu SYW. Signaling mechanisms
of melatonin in antiproliferation of hormone‐refractory 22Rv1
human prostate cancer cells: implications for prostate cancer
chemoprevention. J Pineal Res. 2007;42(2):191‐202.

48. Cerezo A, Hornedo‐Ortega R, Álvarez‐Fernández M,
Troncoso A, García‐Parrilla M. Inhibition of VEGF‐induced
VEGFR‐2 activation and HUVEC migration by melatonin
and other bioactive indolic compounds. Nutrients. 2017;9(3):
249.

49. Lissoni P, Rovelli F, Malugani F, Bucovec R, Conti A,
Maestroni GJ. Anti‐angiogenic activity of melatonin in
advanced cancer patients. Neuro Endocrinol Lett. 2001;22(1):
45‐47.

50. Sánchez‐Hidalgo M, Lee M, de la Lastra CA, Guerrero JM,
Packham G. Melatonin inhibits cell proliferation and
induces caspase activation and apoptosis in human
malignant lymphoid cell lines. J Pineal Res. 2012;53(4):
366‐373.

51. Mełen‐Mucha G, Winczyk K, Pawlikowski M. Somatostatin
analogue octreotide and melatonin inhibit bromodeoxyur-
idine incorporation into cell nuclei and enhance apoptosis in
the transplantable murine colon 38 cancer. Anticancer Res.
1998;18(5A):3615‐3619.

52. Di Bella G, Mascia F, Gualano L, Di Bella L. Melatonin
anticancer effects: review. Int J Mol Sci. 2013;14(2):
2410‐2430.

53. Yun SM, Woo SH, Oh ST, et al. Melatonin enhances arsenic
trioxide‐induced cell death via sustained upregulation of
Redd1 expression in breast cancer cells. Mol Cell Endocrinol.
2016;422:64‐73.

54. Jung JH, Sohn EJ, Shin EA, et al. Melatonin suppresses the
expression of 45S preribosomal RNA and upstream binding
factor and enhances the antitumor activity of puromycin in
MDA‐MB‐231 breast cancer cells. Evid Based Complement
Altern Med. 2013;2013:1‐8.

55. Gonçalves N, do N, Colombo J, Lopes JR, et al. Effect of
melatonin in epithelial mesenchymal transition markers and
invasive properties of breast cancer stem cells of canine and
human cell lines. PLoS One. 2016;11(3):e0150407.

56. Mao L, Yuan L, Slakey LM, Jones FE, Burow ME, Hill SM.
Inhibition of breast cancer cell invasion by melatonin is
mediated through regulation of the p38 mitogen‐activated
protein kinase signaling pathway. Breast Cancer Res.
2010;12(6):R107.

57. Koşar PA, Nazıroğlu M, Övey İS, Çiğ B. Synergic effects of
doxorubicin and melatonin on apoptosis and mitochondrial
oxidative stress in MCF‐7 breast cancer cells: involvement of
TRPV1 channels. J Membr Biol. 2016;249(1‐2):129‐140.

58. Cos S, González A, Martínez‐Campa C, Mediavilla MD,
Alonso‐González C, Sánchez‐Barceló EJ. Estrogen‐signaling
pathway: a link between breast cancer and melatonin
oncostatic actions. Cancer Detect Prev. 2006;30(2):118‐128.

59. Molis TM, Spriggs LL, Hill SM. Modulation of estrogen
receptor mRNA expression by melatonin in MCF‐7 human
breast cancer cells. Mol Endocrinol. 1994;8(12):1681‐1690.

60. Korkmaz A, Tamura H, Manchester LC, Ogden GB, Tan DX,
Reiter RJ. Combination of melatonin and a peroxisome
proliferator‐activated receptor‐γ agonist induces apoptosis in
a breast cancer cell line. J Pineal Res. 2009;46(1):115‐116.

61. Kisková T, Ekmekcioglu C, Garajová M, et al. A combination
of resveratrol and melatonin exerts chemopreventive effects
in N‐methyl‐N‐nitrosourea‐induced rat mammary carcino-
genesis. Eur J Cancer Prev. 2012;21(2):163‐170.

62. Jardim‐Perassi BV, Arbab AS, Ferreira LC, et al. Effect of
melatonin on tumor growth and angiogenesis in xenograft
model of breast cancer. PLoS One. 2014;9(1):e85311.

63. Schwimmer H, Metzer A, Pilosof Y, et al. Light at night and
melatonin have opposite effects on breast cancer tumors in
mice assessed by growth rates and global DNA methylation.
Chronobiol Int. 2014;31(1):144‐150.

64. Dauchy RT, Dauchy EM, Hanifin JP, et al. Effects of spectral
transmittance through standard laboratory cages on circa-
dian metabolism and physiology in nude rats. J Am Assoc
Lab Anim Sci. 2013;52(2):146‐156.

65. Lissoni P, Paolorossi F, Ardizzoia A, et al. A randomized
study of chemotherapy with cisplatin plus etoposide versus
chemoendocrine therapy with cisplatin, etoposide and the
pineal hormone melatonin as a first‐line treatment of
advanced non‐small cell lung cancer patients in a poor
clinical state. J Pineal Res. 1997;23(1):15‐19.

66. Lissoni P, Chilelli M, Villa S, Cerizza L, Tancini G. Five years
survival in metastatic non‐small cell lung cancer patients
treated with chemotherapy alone or chemotherapy and
melatonin: a randomized trial. J Pineal Res. 2003;35(1):12‐15.

67. Lissoni P. Biochemotherapy with immunomodulating pineal
hormones other than melatonin: 5‐methoxytryptamine as a
new oncostatic pineal agent. Pathol Biol. 2007;55(3‐4):
198‐200.

68. Lissoni P, Brivio F, Fumagalli L, et al. Neuroimmunomodu-
lation in medical oncology: application of psychoneuro-
immunology with subcutaneous low‐dose IL‐2 and the pineal
hormone melatonin in patients with untreatable metastatic
solid tumors. Anticancer Res. 2008;28(2B):1377‐1381.

69. Norsa A, Martino V. Somatostatin, retinoids, melatonin,
vitamin D, bromocriptine, and cyclophosphamide in
chemotherapy‐pretreated patients with advanced lung ade-
nocarcinoma and low performance status. Cancer Biother
Radiopharm. 2007;22(1):50‐55.

70. Lu JJ, Fu L, Tang Z, et al. Melatonin inhibits AP‐2β/hTERT,
NF‐κB/COX‐2 and Akt/ERK and activates caspase/Cyto C
signaling to enhance the antitumor activity of berberine in
lung cancer cells. Oncotarget. 2016;7(3):2985‐3001.

71. Maestroni GJ, Covacci V, Conti A. Hematopoietic rescue via T‐
cell‐dependent, endogenous granulocyte‐macrophage colony‐
stimulating factor induced by the pineal neurohormone melato-
nin in tumor‐bearing mice. Cancer Res. 1994;54(9):2429‐2432.

24 of 30 | PUTTA ET AL.

 2769643x, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

ba2.58 by C
ochraneItalia, W

iley O
nline L

ibrary on [29/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



72. Fic M, Podhorska‐Okolow M, Dziegiel P, et al. Effect of
melatonin on cytotoxicity of doxorubicin toward selected cell
lines (human keratinocytes, lung cancer cell line A‐549,
laryngeal cancer cell line Hep‐2). In vivo. 2007;21(3):513‐518.

73. Kontek R, Nowicka H. The modulatory effect of melatonin
on genotoxicity of irinotecan in healthy human lymphocytes
and cancer cells. Drug Chem Toxicol. 2013;36(3):335‐342.

74. Plaimee P, Weerapreeyakul N, Barusrux S, Johns NP.
Melatonin potentiates cisplatin‐induced apoptosis and cell
cycle arrest in human lung adenocarcinoma cells. Cell Prolif.
2015;48(1):67‐77.

75. Mocchegiani E, Perissin L, Santarelli L, et al. Melatonin
administration in tumor‐bearing mice (intact and pinealec-
tomized) in relation to stress, zinc, thymulin and IL‐2. Int
J Immunopharmacol. 1999;21(1):27‐46.

76. Shen CJ, Chang CC, Chen YT, Lai CS, Hsu YC. Melatonin
suppresses the growth of ovarian cancer cell lines (OVCAR‐
429 and PA‐1) and potentiates the effect of G1 arrest by
targeting CDKs. Int J Mol Sci. 2016;17(2):176.

77. Chuffa LGA, Alves MS, Martinez M, et al. Apoptosis is
triggered by melatonin in an in vivo model of ovarian
carcinoma. Endocr Relat Cancer. 2016;23(2):65‐76.

78. Lupowitz Z, Zisapel N. Hormonal interactions in human
prostate tumor LNCaP cells. J Steroid Biochem Mol Biol.
1999;68(1‐2):83‐88.

79. Debeljuk L, Feder VM, Paulucci OA. Effects of melatonin on
changes induced by castration and testosterone in sexual
structures of male rats. Endocrinology. 1970;87(6):1358‐1360.

80. Paroni R, Terraneo L, Bonomini F, et al. Antitumour activity
of melatonin in a mouse model of human prostate cancer:
relationship with hypoxia signalling. J Pineal Res. 2014;57(1):
43‐52.

81. Jung‐Hynes B, Schmit TL, Reagan‐Shaw SR, Siddiqui IA,
Mukhtar H, Ahmad N. Melatonin, a novel Sirt1 inhibitor,
imparts antiproliferative effects against prostate cancer in
vitro in culture and in vivo in TRAMP model. J Pineal Res.
2011;50:140‐149.

82. Kostoglou‐Athanassiou I, Treacher DF, Wheeler MJ,
Forsling ML. Melatonin administration and pituitary hor-
mone secretion. Clin Endocrinol. 1998;48(1):31‐37.

83. Tan DX, Manchester LC, Terron MP, Flores LJ, Reiter RJ.
One molecule, many derivatives: a never‐ending interaction
of melatonin with reactive oxygen and nitrogen species?
J Pineal Res. 2007;42(1):28‐42.

84. Mirick DK, Davis S. Melatonin as a biomarker of circadian
dysregulation. Cancer Epidemiol Biomarkers Prevent. 2008;17(12):
3306‐3313.

85. Grant SG, Melan MA, Latimer JJ, Witt‐Enderby PA.
Melatonin and breast cancer: cellular mechanisms, clinical
studies and future perspectives. Expert Rev Mol Med.
2009;11:e5.

86. Chuffa LGA, Reiter RJ, Lupi LA. Melatonin as a promising
agent to treat ovarian cancer: molecular mechanisms.
Carcinogenesis. 2017;38(10):945‐952.

87. Salarić I, Karmelić I, Lovrić J, et al. Salivary melatonin in oral
squamous cell carcinoma patients. Sci Rep. 2021;11(1):13201.

88. Sartorelli LS, Neto RJB, Mosqueta‐Pinheiro MG, et al. Blood
melatonin level can serve as a potential biomarker for

prostate and hepatocellular carcinomas. Melatonin Res.
2021;4(2):253‐269.

89. Migliore L, Coppedè F. Genetic and environmental factors in
cancer and neurodegenerative diseases. Mutat Res/Rev Mutat
Res. 2002;512(2‐3):135‐153.

90. Loft S, Poulsen HE. Cancer risk and oxidative DNA damage
in man. J Mol Med. 1996;74(6):297‐312.

91. Nogues MR, Giralt M, Romeu M, et al. Melatonin reduces
oxidative stress in erythrocytes and plasma of senescence‐
accelerated mice. J Pineal Res. 2006;41(2):142‐149.

92. Schernhammer ES, Rosner B, Willett WC, Laden F,
Colditz GA, Hankinson SE. Epidemiology of urinary
melatonin in women and its relation to other hormones
and night work. Cancer Epidemiol Biomarkers Prevent.
2004;13(6):936‐943.

93. Megdal SP, Kroenke CH, Laden F, Pukkala E,
Schernhammer ES. Night work and breast cancer risk: a
systematic review and meta‐analysis. Eur J Cancer. 2005;41(13):
2023‐2032.

94. Tamarkin L, Danforth D, Lichter A, et al. Decreased
nocturnal plasma melatonin peak in patients with estrogen
receptor positive breast cancer. Science. 1982;216(4549):
1003‐1005.

95. Hill SM, Blask DE. Effects of the pineal hormone melatonin
on the proliferation and morphological characteristics of
human breast cancer cells (MCF‐7) in culture. Cancer Res.
1988;48(21):6121‐6126.

96. Crespo O, Fernandez‐Viadero C, Verduga R, Ovejero V,
Cos S. Interaction between melatonin and estradiol on
morphological and morphometric features of MCF‐7 human
breast cancer cells. J Pineal Res. 1994;16(4):215‐222.

97. Eck K, Yuan L, Duffy L, et al. A sequential treatment
regimen with melatonin and all‐trans retinoic acid induces
apoptosis in MCF‐7 tumour cells. Br J Cancer. 1998;77(12):
2129‐2137.

98. Cos S, Fernández R, Güézmes A, Sánchez‐Barceló EJ.
Influence of melatonin on invasive and metastatic properties
of MCF‐7 human breast cancer cells. Cancer Res. 1998;58(19):
4383‐4390.

99. Cucina A, Proietti S, D'Anselmi F, et al. Evidence for a
biphasic apoptotic pathway induced by melatonin in MCF‐7
breast cancer cells. J Pineal Res. 2009;46(2):172‐180.

100. Alvarez‐García V, González A, Alonso‐González C, Martínez
‐Campa C, Cos S. Regulation of vascular endothelial growth
factor by melatonin in human breast cancer cells. J Pineal
Res. 2013;54(4):373‐380.

101. Victorasso Jardim‐Perassi B, Repolês Lourenço M,
Mandarini Doho G, et al. Melatonin regulates angiogenic
factors under hypoxia in breast cancer cell lines. Anti Cancer
Agents Med Chem. 2016;16(3):347‐358.

102. Wang T, Liu B, Guan Y, et al. Melatonin inhibits the
proliferation of breast cancer cells induced by bisphenol A
via targeting estrogen receptor‐related pathways. Thorac
Cancer. 2018;9(3):368‐375.

103. Proietti S, Catizone A, Masiello MG, et al. Increase in
motility and invasiveness of MCF7 cancer cells induced by
nicotine is abolished by melatonin through inhibition of ERK
phosphorylation. J Pineal Res. 2018;64(4):e12467.

PUTTA ET AL. | 25 of 30

 2769643x, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

ba2.58 by C
ochraneItalia, W

iley O
nline L

ibrary on [29/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



104. Talib WH. A ketogenic diet combined with melatonin
overcomes cisplatin and vincristine drug resistance in breast
carcinoma syngraft. Nutrition. 2020;72:110659.

105. Saavedra KP, Brebi PM, Roa JCS. Epigenetic alterations in
preneoplastic and neoplastic lesions of the cervix. Clin
Epigenetics. 2012;4(1):13.

106. Grin W, Grünberger W. A significant correlation between
melatonin deficiency and endometrial cancer. Gynecol Obstet
Invest. 1998;45(1):62‐65.

107. Karasek M, Kowalski AJ, Zylinska K. Serum melatonin
circadian profile in women suffering from the genital tract
cancers. Neuro Endocrinol Lett. 2000;21(2):109‐113.

108. Karasek M, Szuflet A, Chrzanowski W, Zylinska K,
Swietoslawski J. Decreased melatonin nocturnal concentra-
tions in hemodialyzed patients. Neuro Endocrinol Lett.
2005;26(6):653‐656.

109. Anisimov V. Inhibitory effect of melatonin on 7,12‐
dimethylbenz[a]anthracene‐induced carcinogenesis of the
uterine cervix and vagina in mice and mutagenesis in vitro.
Cancer Lett. 2000;156(2):199‐205.

110. Chen LD, Leal BZ, Reiter RJ, et al. Melatonin's inhibitory
effect on growth of ME‐180 human cervical cancer cells is
not related to intracellular glutathione concentrations.
Cancer Lett. 1995;91(2):153‐159.

111. Pariente R, Pariente JA, Rodríguez AB, Espino J. Melatonin
sensitizes human cervical cancer HeLa cells to cisplatin‐
induced cytotoxicity and apoptosis: effects on oxidative stress
and DNA fragmentation. J Pineal Res. 2016;60(1):55‐64.

112. Zhao Q, Wang W, Cui J. RETRACTED ARTICLE: melatonin
enhances TNF‐α‐mediated cervical cancer HeLa cells death
via suppressing CaMKII/Parkin/mitophagy axis. Cancer Cell
Int. 2019;19(1):58.

113. Wang M, Xue Y, Shen L, et al. Inhibition of SGK1 confers
vulnerability to redox dysregulation in cervical cancer. Redox
Biol. 2019;24:101225.

114. Chen L, Liu L, Li Y, Gao J. Melatonin increases human
cervical cancer HeLa cells apoptosis induced by cisplatin via
inhibition of JNK/Parkin/mitophagy axis. In Vitro Cell Dev
Biol Anim. 2018;54(1):1‐10.

115. Arnold M, Sierra MS, Laversanne M, Soerjomataram I,
Jemal A, Bray F. Global patterns and trends in colorectal
cancer incidence and mortality. Gut. 2017;66(4):683‐691.

116. Magalhães B, Peleteiro B, Lunet N. Dietary patterns and
colorectal cancer. Eur J Cancer Prev. 2012;21(1):15‐23.

117. Lin CL, Liu TC, Wang YN, Chung CH, Chien WC. The
association between sleep disorders and the risk of colorectal
cancer in patients: a population‐based nested case–control
study. In Vivo. 2019;33(2):573‐579.

118. Farriol M, Venereo Y, Orta X, Castellanos JM, Segovia‐
Silvestre T. In vitro effects of melatonin on cell proliferation
in a colon adenocarcinoma line. J Appl Toxicol. 2000;20(1):
21‐24.

119. Winczyk K, Pawlikowski M, Guerrero JM, Karasek M.
Possible involvement of the nuclear RZR/ROR‐alpha recep-
tor in the antitumor action of melatonin on murine colon 38
cancer. Tumor Biol. 2002;23(5):298‐302.

120. Wang J, Guo W, Chen W, et al. Melatonin potentiates the
antiproliferative and pro‐apoptotic effects of ursolic acid in

colon cancer cells by modulating multiple signaling path-
ways. J Pineal Res. 2013;54(4):406‐416.

121. Chovancova B, Hudecova S, Lencesova L, et al. Melatonin‐
induced changes in cytosolic calcium might be responsible
for apoptosis induction in tumour cells. Cell Physiol Biochem.
2017;44(2):763‐777.

122. Lee JH, Yun CW, Han YS, et al. Melatonin and 5‐fluorouracil
co‐suppress colon cancer stem cells by regulating cellular
prion protein‐Oct4 axis. J Pineal Res. 2018;65(4):e12519.

123. Hermann R, Podhajsky S, Jungnickel S, Lerchl A. Potentia-
tion of antiproliferative effects of tamoxifen and ethanol on
mouse hepatoma cells by melatonin: possible involvement of
mitogen‐activated protein kinase and induction of apoptosis.
J Pineal Res. 2002;33(1):8‐13.

124. Martín‐Renedo J, Mauriz JL, Jorquera F, Ruiz‐Andrés O,
González P, González‐Gallego J. Melatonin induces cell cycle
arrest and apoptosis in hepatocarcinoma HepG2 cell line.
J Pineal Res. 2008;45(4):532‐540.

125. Carbajo‐Pescador S, Ordoñez R, Benet M, et al. Inhibition of
VEGF expression through blockade of Hif1α and STAT3
signalling mediates the anti‐angiogenic effect of melatonin in
HepG2 liver cancer cells. Br J Cancer. 2013;109(1):83‐91.

126. Prieto‐Domínguez N, Ordóñez R, Fernández A, et al.
Melatonin‐induced increase in sensitivity of human hepato-
cellular carcinoma cells to sorafenib is associated with
reactive oxygen species production and mitophagy. J Pineal
Res. 2016;61(3):396‐407.

127. Lin S, Hoffmann K, Gao C, Petrulionis M, Herr I, Schemmer P.
Melatonin promotes sorafenib‐induced apoptosis through syner-
gistic activation of JNK/c‐jun pathway in human hepatocellular
carcinoma. J Pineal Res. 2017;62(3):e12398.

128. Wang TH, Hsueh C, Chen CC, et al. Melatonin inhibits the
progression of hepatocellular carcinoma through microRNA
Let7i‐3p mediated RAF1 reduction. Int J Mol Sci. 2018;19(9):
2687.

129. Zhou H, Du W, Li Y, et al. Effects of melatonin on fatty liver
disease: the role of NR4A1/DNA‐PKcs/p53 pathway, mitochon-
drial fission, and mitophagy. J Pineal Res. 2018;64(1):e12450.

130. Fernández‐Palanca P, Méndez‐Blanco C, Fondevila F, et al.
Melatonin as an antitumor agent against liver cancer: an
updated systematic review. Antioxidants. 2021;10(1):103.

131. Elmahallawy EK, Mohamed Y, Abdo W, Yanai T. Melatonin
and mesenchymal stem cells as a key for functional integrity
for liver cancer treatment. Int J Mol Sci. 2020;21(12):4521.

132. Mi L, Kuang H. Melatonin regulates cisplatin resistance and
glucose metabolism through hippo signaling in hepato-
cellular carcinoma cells. Cancer Manag Res. 2020;12:
1863‐1874.

133. Sato K, Meng F, Francis H, et al. Melatonin and circadian
rhythms in liver diseases: functional roles and potential
therapies. J Pineal Res. 2020;68(3):e12639.

134. Lissoni P, Barni S, Crispino S, Tancini G, Fraschini F.
Endocrine and immune effects of melatonin therapy in
metastatic cancer patients. Eur J Cancer Clin Oncol.
1989;25(5):789‐795.

135. Lissoni P, Barni S, Tancini G, et al. A study of the mechanisms
involved in the immunostimulatory action of the pineal hormone
in cancer patients. Oncology. 1993;50(6):399‐402.

26 of 30 | PUTTA ET AL.

 2769643x, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

ba2.58 by C
ochraneItalia, W

iley O
nline L

ibrary on [29/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



136. Lissoni P, Tancini G, Barni S, et al. Treatment of cancer
chemotherapy‐induced toxicity with the pineal hormone
melatonin. Supp Care Cancer. 1997;5(2):126‐129.

137. Lissoni P, Malugani F, Bukovec R, et al. Reduction of
cisplatin‐induced anemia by the pineal indole 5‐
methoxytryptamine in metastatic lung cancer patients.
Neuro Endocrinol Lett. 2003;24(1‐2):83‐85.

138. Song N, Kim AJ, Kim HJ, et al. Melatonin suppresses
doxorubicin‐induced premature senescence of A549 lung
cancer cells by ameliorating mitochondrial dysfunction.
J Pineal Res. 2012;53(4):335‐343.

139. Jablonska K, Nowinska K, Piotrowska A, et al. Prognostic
impact of melatonin receptors MT1 and MT2 in non‐small
cell lung cancer (NSCLC). Cancers. 2019;11(7):1001.

140. Ma Z, Liu D, Di S, et al. Histone deacetylase 9 down-
regulation decreases tumor growth and promotes apoptosis
in non‐small cell lung cancer after melatonin treatment.
J Pineal Res. 2019;67(2):e12587.

141. Alvarez‐Artime A, Cernuda‐Cernuda R, Cepas V, et al.
Melatonin‐induced cytoskeleton reorganization leads to
inhibition of melanoma cancer cell proliferation. Int J Mol
Sci. 2020;21(2):548.

142. Pourhanifeh MH, Sharifi M, Reiter RJ, Davoodabadi A,
Asemi Z. Melatonin and non‐small cell lung cancer: new
insights into signaling pathways. Cancer Cell Int. 2019;19(1):
131.

143. Zare H, Shafabakhsh R, Reiter RJ, Asemi Z. Melatonin is a
potential inhibitor of ovarian cancer: molecular aspects.
J Ovarian Res. 2019;12(1):26.

144. Poole EM, Schernhammer E, Mills L, Hankinson SE,
Tworoger SS. Urinary melatonin and risk of ovarian cancer.
Cancer Causes Control. 2015;26(10):1501‐1506.

145. Lissoni P, Ardizzoia A, Barni S, Tancini G, Muttini M.
Immunotherapy with subcutaneous low dose interleukin‐2
plus melatonin as salvage therapy of heavily chemotherapy‐
pretreated ovarian cancer. Oncol Rep. 1996;3:947‐949.

146. Lissoni P, Paolorossi F, Tancini G, et al. A phase II study of
tamoxifen plus melatonin in metastatic solid tumour
patients. Br J Cancer. 1996;74(9):1466‐1468.

147. Bartsch H, Buchberger A, Franz H, et al. Effect of melatonin and
pineal extracts on human ovarian andmammary tumor cells in a
chemosensitivity assay. Life Sci. 2000;67(24):2953‐2960.

148. Ganji R, Nabiuni M, Faraji R. Development of mouse
preantral follicle after in vitro culture in a medium
containing melatonin. Cell J. 2015;16(4):546‐553.

149. Jang H, Na Y, Hong K, et al. Synergistic effect of melatonin
and ghrelin in preventing cisplatin‐induced ovarian damage
via regulation of FOXO3a phosphorylation and binding to
the p27 Kip1 promoter in primordial follicles. J Pineal Res.
2017;63(3):e12432.

150. Akbarzadeh M, Movassaghpour AA, Ghanbari H, et al. The
potential therapeutic effect of melatonin on human ovarian
cancer by inhibition of invasion and migration of cancer stem
cells. Sci Rep. 2017;7(1):17062.

151. Bu S, Wang Q, Sun J, Li X, Gu T, Lai D. Melatonin suppresses
chronic restraint stress‐mediated metastasis of epithelial
ovarian cancer via NE/AKT/β‐catenin/SLUG axis. Cell
Death Dis. 2020;11(8):644.

152. Wong MCS, Goggins WB, Wang HHX, et al. Global incidence
and mortality for prostate cancer: analysis of temporal
patterns and trends in 36 countries. Eur Urol. 2016;70(5):
862‐874.

153. Bray F, Kiemeney LA. Epidemiology of prostate cancer in
Europe: patterns, trends and determinants. In: Bolla M, van
Poppel H, eds. Management of Prostate Cancer. Springer,
Cham; 2017:1‐27.

154. Sigurdardottir LG, Markt SC, Rider JR, et al. Urinary
melatonin levels, sleep disruption, and risk of prostate cancer
in elderly men. Eur Urol. 2015;67(2):191‐194.

155. Tai SY, Huang SP, Bao BY, Wu MT. Urinary melatonin‐
sulfate/cortisol ratio and the presence of prostate cancer: a
case‐control study. Sci Rep. 2016;6(1):29606.

156. Laudon M, Gilad E, Matzkin H, Braf Z, Zisapel N, Laudon M.
Putative melatonin receptors in benign human prostate
tissue. J Clin Endocrinol Metab. 1996;81(4):1336‐1342.

157. Shiu SYW, Law IC, Lau KW, Tam PC, Yip AWC, Ng WT.
Melatonin slowed the early biochemical progression of
hormone‐refractory prostate cancer in a patient whose
prostate tumor tissue expressed MT 1 receptor subtype.
J Pineal Res. 2003;35(3):177‐182.

158. Xi SC, Tam PC, Brown GM, Pang SF, Shiu SYW. Potential
involvement of mt 1 receptor and attenuated sex steroid‐
induced calcium influx in the direct anti‐proliferative
action of melatonin on androgen‐responsive LNCaP
human prostate cancer cells. J Pineal Res. 2000;29(3):
172‐183.

159. Lupowitz Z, Rimler A, Zisapel N. Evaluation of signal
transduction pathways mediating the nuclear exclusion of
the androgen receptor by melatonin. Cell Mol Life Sci.
2001;58(14):2129‐2135.

160. Shiu SYW, Leung WY, Tam CW, Liu VWS, Yao KM. Melatonin
MT1 receptor‐induced transcriptional up‐regulation of p27Kip1
in prostate cancer antiproliferation is mediated via inhibition of
constitutively active nuclear factor kappa B (NF‐κB): potential
implications on prostate cancer chemoprevention and: melato-
nin inhibits active NF‐κB in prostate cancer. J Pineal Res.
2013;54(1):69‐79.

161. Tamarindo GH, Ribeiro DL, Gobbo MG, et al. Melatonin and
docosahexaenoic acid decrease proliferation of PNT1A
prostate benign cells via modulation of mitochondrial
bioenergetics and ROS production. Oxid Med Cell Longevity.
2019;2019:1‐15.

162. Wang SW, Tai HC, Tang CH, et al. Melatonin impedes
prostate cancer metastasis by suppressing MMP‐13 expres-
sion. J Cell Physiol. 2021;236(5):3979‐3990.

163. Zharinov GM, Bogomolov OA, Chepurnaya IV, Neklasova NY,
Anisimov VN. Melatonin increases overall survival of prostate
cancer patients with poor prognosis after combined hormone
radiation treatment. Oncotarget. 2020;11(41):3723‐3729.

164. Hevia D, Gonzalez‐Menendez P, Fernandez‐Fernandez M,
et al. Melatonin decreases glucose metabolism in prostate
cancer cells: a 13C stable isotope‐resolved metabolomic
study. Int J Mol Sci. 2017;18(8):1620.

165. Pourhanifeh MH, Mohammadi R, Noruzi S, et al. The role of
fibromodulin in cancer pathogenesis: implications for
diagnosis and therapy. Cancer Cell Int. 2019;19(1):157.

PUTTA ET AL. | 27 of 30

 2769643x, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

ba2.58 by C
ochraneItalia, W

iley O
nline L

ibrary on [29/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



166. Abdul‐Karim R, Cowey L. Challenging the standard of care
in advanced melanoma: focus on pembrolizumab. Cancer
Manag Res. 2017;9:433‐442.

167. Hernando B, Ibarrola‐Villava M, Fernandez LP, et al. Sex‐
specific genetic effects associated with pigmentation, sensi-
tivity to sunlight, and melanoma in a population of Spanish
origin. Biol Sex Differ. 2016;7(1):17.

168. Grzywa TM, Paskal W, Włodarski PK. Intratumor and
intertumor heterogeneity in melanoma. Transl Oncol. 2017;
10(6):956‐975.

169. Kumar CA, Das UN. Effect of melatonin on two stage skin
carcinogenesis in Swiss mice. Med Sci Monit. 2000;6(3):
471‐475.

170. Şener G, Jahovic N, Tosun O, Atasoy BM, Yeğen BÇ.
Melatonin ameliorates ionizing radiation‐induced oxidative
organ damage in rats. Life Sci. 2003;74(5):563‐572.
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