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Abstract
The last four decades, we assist to an increasing scientific interest onmelatonin, a circadian hormone, a metabolic regulator which
influences not only plants’ metabolism and their defense against pathogens but mostly the animals and humans’ metabolic
pathways, their response to circadian disruption, stress and burnout syndrome. In humans, as a hormonal regulator, produced
in the pineal grand as well in mitochondria, melatonin is involved in different, complex intracellular signaling pathways, with
antioxidant and immune stimulating effects, proving to act as a circadian synchronizer, as a preventive and therapeutic agent in
many degenerative diseases, and especially in hormone-dependent cancers. Preclinical or clinical studies showed recently the
mechanisms involved in regulating the cellular activity, its role in aging and circadian disturbances and impact on degenerative
diseases. Melatonin proved to have an anti-inflammatory, antiapoptotic and powerful antioxidant effect by subtle mechanisms in
mitochondrial metabolic pathways. This overview includes recent and relevant literature data related to the impact of endogenous
and exogeneous melatonin on the prevention of cancer progression and treatment of various degenerative diseases.
Metabolomics, an emerging new omics’ technology, based on high performance liquid chromatography coupled with mass
spectrometry is presented as an encouraging technique to fingerprint and realize a precise evaluation and monitoring of the
turnover of melatonin and its metabolites in different pathological circumstances.
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1 Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is an indole deriva-
tive discovered in 1958, a natural neuro-transmitter acting as a
circadian hormone is primarily produced at night and released by

the pineal gland, which regulates the sleep–wake cycle. For de-
cades melatonin was considered as an animal hormone involved
in synchronizing the circadian rhythm, blood pressure regulation
and seasonal reproduction [1, 2], but later, in the 90’s was found
also in plants, being now widely recognized as a universal am-
phiphilic molecule, able to penetrate and influence all cells’ ac-
tivity [3]. A comparative picture of the melatonin biosynthesis
pathway in plants and animals in humans is presented in Fig. 1.

Tryptophan, an essential amino acid is produced de novo in
plants through the specific shikimate pathway, a seven step
biosynthesis which converts shikimic acid to chorismate, the
precursor of some aromatic amino acids, including tryptophan
[4] . In animals, tryptophan is released by protein degradation
and acquired from diet. Serotonin and then melatonin are syn-
thesized in both plants and animals, but on different mecha-
nisms, including as intermediates tryptamine and 5-methoxy
tryptamine or 5-Hydroxy Tryptophan and Acetyl serotonin,
respectively, as presented in Fig. 1. These pathways are regu-
lated by specific enzymes located in chloroplasts and mito-
chondria [5, 6].
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Melatonin synthesized in plants proved to have direct ef-
fects on vertebrate’s plasma membranes binding to specific
receptors [6]. Melatonin biosynthesis in animals and humans
take place either in pineal grand, its biosynthetic pathways
being activated by darkness and depressed by light, but also
in mitochondria [7, 8]. The release of melatonin follows a
circadian rhythm generated by the suprachiasmatic nuclei in
response to daylight alterations, therefore this internal
“chronobiotic” substance normalizes the biological rhythms
and adjusts the timing of other biomolecules (hormones, neu-
rotransmitters, etc.) and processes. Comparative studies re-
cently published evaluated the key-mechanisms of melatonin
roles and functions, specific to plant and animal metabolic
pathways [4, 9].

2 Melatonin roles and functions in plants

Melatonin has been found in many plants, in leaves, stems,
roots, fruits and seeds, in different proportions [3, 10–12]. Its
occurrence, distribution and bioavailability, as well its poten-
tial for human health differ not only among species (medicinal

or food plants), but also between varieties of the same species
depending on the growing conditions [3, 5].

Although the role for melatonin as a plant hormone has not
been clearly established, its involvement in processes such as
growth regulation and photosynthesis is well established.
Melatonin performs important roles in plants as a metabolic
regulator, as well as environmental stress protector, improving
plants’ defense against pathogens. Its synthesis is upregulated
in plants after exposure to biological stress (e.g. viral, fungal
infections) or nonbiological stress (e.g. extreme temperatures,
toxins, increased soil salinity, drought) [13–15]. Its bactericid-
al capacity was proved against Mycobacterium tuberculosis,
as well as multidrug-resistant bacteria under in vitro condi-
tions. In plant–fungi interaction models, melatonin was found
to play a key role in plant resistance to Botrytis cinerea, and to
reduce the stress tolerance of Phytophthora infestans [16].
The exposure of plants to abiotic and biotic stresses causes
the increase of endogenous melatonin levels and induces the
mitogen-activated protein kinase cascade and associated de-
fense responses.

Melatonin-related growth and defense responses of plants
are complex and involve specific signaling pathways and

Fig. 1 Melatonin biosynthesis:
specific pathways in plants and
animals/humans
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molecules, the most important being the amphiphilic nitric
oxide (NO) that crosses cell membranes, induces a variety of
rapid physiological reactions, e.g. NO-induced S-nitrosylation
involved as a defense response, plant growth regulation and
oxidative homeostasis. The exogenous melatonin induces in-
crease of endogenous NO and up-regulate the defense-related
transcription factors, resulting in enhanced stress resistance, as
well promotes sugar and glycerol production, leading to in-
creased levels of salicylic acid and NO. Melatonin and NO in
plants can function cooperatively to promote lateral root
growth, delay aging, and ameliorate iron deficiency [17].
Different molecular tools to study melatonin pathways and
actions were reviewed, many of its effects being mediated
by the melatonin receptors, but also by its antioxidant capacity
[16, 18–20]. Therefore, melatonin is an ecofriendly compound
and an economical alternative to be used to protect plants
against pathogens.

A synthetic presentation of melatonin functions (as growth
regulator and protective molecule against biotic and abiotic
stress) and its effects in plants is presented in Fig. 2.

Many foods contain melatonin, beside other neuroactive
compounds, from gamma-aminobutyric acid serotonin, to
kynurenine, kynurenic acid, dopamine, norepinephrine, hista-
mine, tryptamine, tyramine. Non-processed and fermented
foods (e.g human milk) contain some of these compounds
showing also antioxidant capacity [21, 22], which can ame-
liorate human health. Such neuroactive agents from foods are
also formed by human gut microbiota, a very attractive topic

which may demonstrate the interaction between microbiota
and mental health as well the effects of diet on the formation
of microbial metabolites, including neuroactive compounds
[23]. Recently, a systematic review on the ability of food
sources of melatonin to improve sleep quality was published,
based on a literature search since 2005 [24].

3 Melatonin as a metabolic regulator
in animals and humans

Different physiological functions have been attributed to mel-
atonin secreted during the night, acting as a circadian rhythm
synchronizer, as a regulator of the animal circadian and sea-
sonal reproduction [7, 25–27], a regulator of oxidative stress
either by direct detoxification or indirectly by inhibition of
prooxidative enzymes and stimulation of antioxidant enzymes
[19, 20, 28, 29].

Comparatively, the melatonin functions in animals and
humans (as metabolic regulator and protective molecule against
oxidative stress) is presented in Fig. 2, identifying some com-
mon roles and functions in both plant and animal kingdoms.

Once produced, melatonin is quickly released from the
pineal gland into the bloodstream and into the cerebrospinal
fluid (CSF), where its level rises during the night. This circa-
dian “message” is essential for organisms, the disruption of its
cyclic signal contributing to its pathophysiology.

Fig. 2 Comparative and specific roles and stimulation effects of melatonin in in plants and animal/humans’ metabolic regulation, disease defense and
prevention
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Melatonin has two functional groups responsible for its
amphiphilicity, the 5-methoxy group and theN-acetyl side chain,
facilitating its entrance in all cells, influencing the functionality
of many organs and tissues. More recent studies showed that
mitochondria are also sites of melatonin synthesis [30].

The mechanisms of melatonin action are related either to its
chemical properties, as scavenger of free radicals (1) or hor-
monal regulator of circadian rhythm (2). or on its capacity to
bind protein targets including the immune-competent ones (3)

1. Melatonin was first reported as a potent antioxidant and a
free radical scavenger [18] against oxygen and nitrogen
reactive species in vitro [28] being more effective than
vitamin E [29]. Due to its electron-rich aromatic indole
ring, melatonin is a potent electron donor that can reduce
significantly the oxidative stress and acts as a direct free
radical scavenger within mitochondria, or indirectly, by
promoting the expression of antioxidant enzymes such as
superoxide dismutase, glutathione peroxidase, glutathi-
one reductase and catalase [8, 31]. The deficiency in mel-
atonin due to light exposure after darkness onset may
increase the amount of oxidative stress, since many dis-
eases are related to elevated oxidative damage of mito-
chondria [32, 33]. Melatonin occurs at high concentra-
tions within mitochondria, exceeding its plasma concen-
tration [20, 30, 34] and is metabolized in the liver by a
cytochrome P450 enzyme to 6-hydroxymelatonin, its me-
tabolites being conjugated with sulfuric acid or glucuronic
acid for urine excretion. Only 5% of melatonin is excreted
in the urine as the unchanged drug [1, 35]. Both animal
and human studies have shown that melatonin may act as
a radioprotector against ionizing radiation-induced cellu-
lar damage by scavenging reactive oxygen species gener-
ated during exposure [36–39].

2. The role of endogenous melatonin in circadian rhythm
disturbances and sleep disorders is well established, and
has a close association with the endogenous circadian
component of the sleep rhythm. Therefore, melatonin is
an internal sleep ‘facilitator’ in humans, useful in the treat-
ment of insomnia in elderly and depressive individuals for
a readjustment of circadian rhythms. Pinealocytes export
melatonin to blood stream and in brain, but can be found
also in retina, gastrointestinal tract, bonemarrow, skin and
other tissues [26, 40].

3. More than 15 proteins, including receptors, enzymes,
pores and transporters or other proteins (calmodulin, tu-
bulin, calreticulin), have been suggested to interact with
melatonin at sub-millimolar concentrations. The proteins
that transport melatonin across membranes include main-
ly the glucose transporters (GLUT1) as well proton-
driven oligopeptides PEPT1/2 [41]. In humans, melatonin
is a full agonist of Gprotein-coupled receptors: melatonin
receptor 1 (MT1, with picomolar binding affinity) and

melatonin receptor 2 (MT2, with nanomolar binding af-
finity) [41, 42]. Recently, extensive information was
reviewed on proposed melatonin targets, with guidelines
concerning future experimental methodology, physiolog-
ical relevance, and independent replication [40, 42, 43].
During the night, the activation of the beta-1 adrenergic
receptor by norepinephrine in pinealocytes determine the
elevation of the intracellular cAMP concentration and ac-
tivates the cAMP-dependent protein kinase Awhich stim-
ulates the melatonin synthesis. By exposure to (day)light,
the noradrenergic stimulation stops, the production of
melatonin being re-started in the evening (dim-light
onset).

Melatonin interacts with the immune system, recently an
extensive review demonstrating is role in inflammation [42].
An anti-inflammatory effect seems to be the most relevant,
being related to receptors MT1 and MT2 expressed in immu-
nocompetent cells and enhancement of cytokine production,
for fighting viral and bacterial infections [44–46].

4 Melatonin protection against aging
and circadian disorders

Sleep and aging processes are remarkably parallel, with a
metabolic similarity and interaction, as shown by behavioral
studies. Changes in sleep behavior affect neurocognitive phe-
notypes important in aging, such as learning and memory,
although the underlying connections are largely unknown.
The importance of melatonin in aging and in age-related dis-
eases is underlined by the reduced production of this potent
antioxidant in the pineal gland [47].

The circadian rhythm disorders have been classically asso-
ciated with disorders of abnormal timing of the sleep-wake
cycle. The day/night melatonin rhythm provides a “cellular
clock” information, as it was observed since three decades
ago [47, 48]. Blue light, at around 460–480 nm, suppresses
melatonin biosynthesis, proportional to light intensity and
length of exposure while wavelengths higher than 530 nm do
not suppress melatonin in bright-light conditions. It was shown
that wearing glasses that block blue light before bedtime may
decrease melatonin loss and promotes sleepiness [49].

A mutual relationship between circadian oscillators and
melatonin secretion, the readjustment of rhythms by melato-
nin and its synthetic analogs, the consequences for circadian
dependent disorders and limits of treatment were previously
reviewed [50, 51]. However, circadian dysfunction can play a
role in a wider range of pathology, ranging from the increased
risk for cardiometabolic diseases to malignancy in shift
workers, supporting the concept of “circadian medicine” [52].

The literature data about the benefits of melatonin for circa-
dian disruptions are still unclear. In Europe it is used for short-
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term treatment of insomnia in people who are over 55, while the
Agency for Healthcare Research and Quality stated in 2015 that
evidence of benefit in the general population is not yet
established [53]. Recent reviews reported modest effects of mel-
atonin until onset of sleep and delayed sleep phase syndrome,
without significant difference in total sleep time [54–56].

Melatonin appears to have limited use against the sleep
problems of people who have shift work, suggesting that it
increases the length of sleeping time [57] causes very few side
effects as tested in the short term (up to 3 months, at low
doses) with or without adverse effects in several clinical trials
and comparative trials [58, 59]. Although not recommended
for long term use, low-dose melatonin was generally safer,
and a better alternative to other sleeping medication which
can’t be used for an extended period of time [59].

Supplements containing melatonin might improve sleep in
people with autism, especially children, improving the sleep
duration, sleep onset latency, and night-time awakening [60,
61]. Recent studies suggest that melatonin may be an efficient
and safe treatment for insomnia and depression of people and
children with attention deficiency and hyperactivity disorders,
but larger and longer studies are needed to establish long-term
safety and optimal dosage [62, 63]. Emerging metabolic phe-
notyping technology, can help finding responsible markers
which reflect the effects of melatonin on sleep, aging and
progression of diseases [50, 64].

Recently, the process by which light inhibits the melatonin
production and disturbs circadian rhythms, at chronic night
shift workers, associated with cancer risk was reviewed [65].
An association between the excessive light exposure at night
and the prevalence of degenerative diseases, including cancer,
especially female breast and male prostate cancer was report-
ed. There were identified at least two obvious physiological
consequences of nighttime light exposure, namely a reduction
in circulating melatonin levels and the chrono disruption, both
perturbations aggravating the tumor growth in experimental
animals. While an increased tumor frequency has been proved
to be a consequence of chrono disruption, cancer does not
represent the only pathophysiological change associated with
melatonin offset and circadian disruptions.

5 Melatonin and degenerative diseases

5.1 Mechanisms and effects

Degenerative diseases are a consequence of a continuous pro-
cess of cells dysfunction, affecting tissues or organs, which
deteriorate increasingly over time. Such diseases are the neu-
rodegenerative ones (e.g. Parkinson and Alzheimer diseases),
cardiovascular diseases, metabolic syndromes (e.g. diabetes
type 2) and neoplastic pathology (e.g. cancers). Melatonin
secretion by the pineal gland progressively declines with

age, in circadian disorders but especially in stress-related pa-
thologies, inducing degenerative diseases.

Figure 3 shows the diagrammatic representation of main
mechanisms of melatonin in cells, at cytoplasmic, mitochon-
dria and nuclear level. Such mechanisms can explain the key
role of melatonin as a master, pleiotropic regulator in relation
to apoptosis, normal/cancer cell metabolism, immune defense
and inflammation, autophagy, etc..

The molecular events related to Light-at-Night whereby
melatonin counteracts cancer progression are vast and com-
plex and include different mechanisms, inducing instability at
genomic level via Clock genes [66], (1), specific intracellular
targets via transmembrane MT1/MT2 receptors or cytosolic
MT3 or nuclear RZR/ROR receptors with impact on cell pro-
liferation (2) [42], changes in tumor glucose metabolism (3)
[67–69] or indirectly via T cell signaling (4) [70].

1. Circadian rhythms control most biological processes and
their disruption or an aberrant function in the expression
of clock genes are associated with a number of cancers
including some hormone-dependent and independent can-
cers. The melatonin production and secretion oscillates
through the light:dark cycle and is related to the circadian
machinery genes via proteasome inhibition and sirtuins to
alter indirectly the clock genes in cancer. Concomitantly,
melatonin exerts pro-apoptotic, anti-proliferative and pro-
oxidative effects, metabolic shifting, reduction in
neovasculogenesis and inflammation, and restores
chemosensitivity of cancer cells. Finally, melatonin im-
proves the life quality of patients. The heterodimeric
clock-proteins system BMAL1/CLOCK, responsible for
the upregulation of SIRT expression which is highly ac-
tive in cancer cell proliferation is affected by melatonin
which inhibits the nuclear receptor ROR expression of
this and repress the cell proliferation via c-myc, Cyclin
D and CDK4/6 transcription factors arrest the cell cycle in
G0 phase and stimulates DNA repair and apoptosis.
Meanwhile melatonin inactivates the proteasome com-
plex, by complex mechanisms, well described recently
[66]. A recent review [66, 71] focuses on the main func-
tions of melatonin on clock genes and circadian-
controlled genes, the ways of melatonin to dysregulate
the expression of such genes in many cancer types such
as breast, prostate, liver, and colon cancers, leukemia and
melanoma.

2. Pineal melatonin is highly permeable to cells, its transport
across plasma membrane being mediated by GLUT1 or
PEPT1/2 carriers or by specific receptors MT1 and MT2,
as well is targeting the cytoplasmic MT3 receptor (a qui-
none reductase) and nuclear receptors RZR-ROR. The
intracellular signaling through MT1and MT2 receptors
i s t ransmi ted via G prote ins which ac t iva te
Phospholipase C (PLC) and subsequent activation of

469Rev Endocr Metab Disord (2020) 21:465–478



IP3 and DAG pathways and inhibit cAMP or
cGMP.Through the inhibition of inflammasome activa-
tion, melatonin exerts anti inflamatory effects, blocking
the caspase 1 cleavage, cytokines release and nuclear NF-
kB translocation oncostatic effects in various cancer
models. Depending on the cellular activity, the receptors
can form homo- or heteromeric complexes to promote a
diversity of signaling capacity [42].

3. Melatonin acts as an inhibitor of cytosolic glycolysis in
cancer cells by downregulation of the enzyme pyruvate
dehydrogenase complex (PDC) which converts pyruvate
to acetyl CoA in the mitochondria,. therefore, inhibits the
proliferative activity of cancer cells, reduces their meta-
static potential and induces apoptosis. Whereas melatonin
is synthesized in the mitochondria of normal cells, the
inhibition of its synthesis in cancer cell mitochondria is
due to the depressed acetyl CoA synthesis and in parallel
the oxidative phosphorylation and ATP production is
compromised. Therefore, the ability of melatonin to
switch glucose oxidation from the cytosol to the mito-
chondria may explain why and how tumors resistant to
conventional chemotherapies can be re-sensitized by

external melatonin. Such metabolic changes in mitochon-
drial functions induces tumor cell apoptosis and via PDC
induce the glycolytic shift from mitochondria to cytosol
(Warburg effect) [69]

4. Meanwhile melatonin significantly influences T cell-
mediated immune responses, which are crucial to protect
mammals against cancers and infections [70], melatonin
is highly effective in modulating T cell activation and
differentiation, especially for Th17 and Treg cells, and
also memory T cells. Mechanistically, the influence of
melatonin in T cell biology is associated with membrane
and nuclear receptors as well as receptor independent
pathways [70, 72].

Recent findings in vitro and in vivo have reported that
melatonin regulates also autophagy-related processes due
to its role as a metabolic regulator and mitochondrial pro-
tector against oxidative damage in the electron transport
chain and mitochondrial DNA, finalized by increased
ATP production. Melatonin can regulate autophagy both
directly by improving the proteolysis pathway, and indi-
rectly by reduction of excessive oxidative stress, resulting

Fig. 3 Diagrammatic representation of main mechanisms of melatonin in
cells, at cytoplasmic, mitochondrial and nuclear level. Details about
signaling steps are presented in the text. Abbreviations: MT1,
MT2- melatonin specific plasma membrane receptors; MT3 – quinine
reductase acting as cytoplasmic; GLUT1, PEPT1/2 – transport carriers
crossing cell membrane; RZR/ROR- nuclear receptors. REV-ERB -
Per1,2 – periodicity-related proteins; PLS- Phospholipase C; DAG

Diacylglycerol; IP3 – Inositoltriphosphate; AC- Adenylyl cyclase; GC-
Guanylyl cyclase; cAMP- cyclic AMP, cGMP – cyclic GMP; AcCoA-
Acetyl-Coenzyme A; Pyr- pyruvate; PDC- pyruvate dehydrogenase
complex; PDK-Pyruvate dehydrogenase kinase; BMALI/CLOCK –
heterodimers which regulate SIRT(sirtuin) expression; c-Myc, cyclin D,
CDK4/6 - protooncogenes involved in cell cycle and proliferation
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in a reduction of misfolded proteins [73]. Beside these
mechanisms, melatonin modulates the linoleic acid uptake,
the cAMP levels, cellular dynamics and other intracellular
events [74].

Since melatonin mechanisms are overcrossing glucose me-
tabolism; therefore, melatonin vs glycemic challenge should
be considered to understand the mechanisms and therapeutic
opportunities to develop melatonin-based therapies for type 2
diabetes. [75].

New findings have been reported related to the involve-
ment of melatonin in degenerative diseases, including differ-
ent types of cancer, trying to elucidate the potential mecha-
nisms of the metabolic and molecular events associated with
melatonin’s role and effects.

Table 1 includes a selection of new and relevant data relat-
ed to melatonin involvement and effects on degenerative
diseases.

The light suppression of human nocturnal melatonin levels
may be consequential in the cancer cell proliferation and tu-
mor growth as suggested by a large number of experimental
studies. Since 2007 the circadian disruption and melatonin
suppression is considered to be associated with a generalized
elevation of all cancer subtypes, according to IARC
(International Agency for Cancer Research) of the World
Health Organization, the shift work that involves circadian

disruption being classified in the Group 2A of risks (possibly
carcinogenic) [92, 93].

Within the last few decades, melatonin has increasingly
emerged in clinical oncology as a bioactive molecule with
substantial anticancer properties and a pharmacological pro-
file. Despite the substantial body of evidence linking chrono
disruption and melatonin suppression to a higher prevalence
of cancer, some experimental data showed that melatonin on-
set may act as an endogenously produced oncostatic agent
[94–99]. A variety of mechanisms have been described by
which a reduction of pineal or mitochondrial melatonin, levels
may stimulate tumor growth [97, 100–103].

Melatonin interferes in the desmoplastic reaction by regu-
lating the vascular endothelial growth factor and cytokine pro-
duction, as shown in breast cancer (BC) [104, 105]. Melatonin
inhibits the growth and sometimes the metastasis of experi-
mental lung, liver, ovary, pituitary and prostate cancers, mel-
anoma and leukemia [68, 106], modulating the cellular cyto-
skeleton [107].

Melatonin may regulate the tumor metabolism, gene ex-
pression or epigenetic modifications, impairs cell growth
and inhibit angiogenesis and metastasis. In the last decade,
many reports have demonstrated that exogeneous melatonin
is a promising adjuvant molecule with many potential benefits
when included in chemotherapy or radiotherapy protocols

Table 1 A selection of data related to melatonin involvement and effects on degenerative diseases

Disease Melatonin involvement Effects [References]

Neurodegenerative diseases
(e.g. Parkinson, Alzheimer)

Changes in the neurotransmitters’ turnover. Inhibition of pathways related to apoptosis,
autophagy, oxidative stress, inflammation
and dopamine loss

[6, 76, 77]

Intervertebral disk degeneration Inhibition of autophagy, antiapoptotic via
mitophagy induction

melatonin protected Nucleus Pulposus cells
and ameliorates disc degeneration,
providing the potential therapy for IDD.

[78]

Angiogenesis, atherosclerotic plaque Inhibition of neovascularization. Promotion
of angiogenesis in gastric ulcers,
skin lesions

Regulation of seasonal reproductive rhythms/
embryonic development/ tumor metastasis

[79]

Colorectal cancer Inhibition of tumor signaling pathways,
modulation of metabolic paths/immune
function

Inhibition of toxicity/ inflammation, as an
antioxidant and antimutagenic agent

[80–84]

Experimental colon carcinoma Activation of MT1 and MT2 receptors,
modulation of selective estrogen /
peroxisome proliferator retinoid X
receptors

Antiproliferative and proapoptotic actions
on colon

[85]

Osteosarcoma (bone tumors
regulation of metabolic paths)

Stimulation of bone cells formation by the
activation of specific pathways

Therapeutic candidate/ adjuvant for osteosarcoma
(by immunomodulation and antioxidant
properties)

[86]

Glioblastoma (high invasive
brain tumors)

Inhibition of glioblastoma stem – like cells
which express several oncogenes

Antioxidant and pro-apoptotic effects against
brain tumors

[87]

Hyperandrogenism (polycystic
ovary syndrome)

Adjustment of steroid secretion at different
phases of ovarian maturation
(as an antioxidant)

Improve the oocyte and embryo quality,
correcting the hormonal alterations

[88]

Prostate carcinoma Interactions with androgen receptors which
affects intracellular trafficking

Increase the circadian amplitude of melatonin [80, 81, 89, 90]

Cervical cancer Interferes with molecular mechanisms in
the papilloma virus infection

Inhibition of cervical cancer cells, potential
adjuvant therapy

[91]
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designed to treat endocrine-responsive tumors. Recently, a
state-of-the-art review, summarized the knowledge about its
oncostatic actions in hormone-dependent tumors, and the lat-
est findings concerning its actions when administered in com-
bination with radio- or chemotherapy in breast, prostate, and
ovary cancers [108, 109].

Circadian rhythm disruption is associated especially with
hormone-related cancers that are frequent in shift workers, as
supported by epidemiological studies which observed the re-
duction in endogeneous melatonin levels by light-at-night
(LAN) shifts. Melatonin regulates the production of estradiol
and downregulates estrogen receptors, acting as a selective
estrogen enzyme modulator via MT receptors in human ovar-
ian cells, with a direct influence on the estrogens production.
Data from several clinical trials and multiple experimental
studies performed both in vivo and in vitro have documented
melatonin inhibition on endocrine-dependent mammary tu-
mors by interfering with the estrogen signaling. Similar results
have been obtained in prostate, involving the androgen syn-
thesis and modulation of androgen receptor levels and activi-
ty. According to the American Cancer Society, more than
70% of newly BC diagnosed cases are, at their initial stages,
hormone-dependent. Estrogens play a crucial role in tumor
genesis and progression, the alpha receptor being usually
overexpressed (ER+ BC) [110, 111].

Since decades it was supposed that a diminished function of
the pineal gland might promote an increase in the risk of BC, as
a consequence of a prolonged time of exposure to circulating
estrogens [112]. This hypothesis was based on several obser-
vations: (i) the incidence of BC is lowest in countries with low
incidence of pineal calcification; (ii) patients taking chlorprom-
azine, a drug that increase melatonin levels, have lower rates of
BC; (iii) In vitro data demonstrated the melatonins’ direct effect
on BC cells. (iv) Plasmamelatonin levels at night were lower in
women with estrogen receptor-positive breast (ER+-BC) ma-
lignancy [110, 113, 114]. The circadian amplitude of melatonin
was reduced by more than 50% in patients with BC vs patients
with nonmalignant breast disease and higher melatonin levels
have been found in morning urine of BC patients, suggesting a
circadian disorganization [115].

It was shown years ago that melatonin inhibits ER+-BC
growth and complements the oncostatic action of antiestrogen
drugs (tamoxifen), suggesting an action as a “natural anties-
trogen” [116, 117]. Melatonin has been shown to shift
forskolin- and estrogen-induced elevation of cyclic adenosine
monophosphate (cAMP) levels by 57% and 45%, respectively
[102, 118]. The antiestrogenic actions of melatonin in ER+-
BC cells was confirmed recently [108, 109, 119] and reflects
its impact on the downregulation of the neuroendocrine/ re-
productive axis via the inhibition of enzymes responsible for
the conversion of adrenal androgens into estrogens and sur-
rounding tissues. The inhibition of adenylate cyclase (AC)
through binding to the melatonin receptor MT1 in malignant

cells, counteracts the stimulatory effect of estradiol (See
Fig.3). As a consequence, it is stimulated the cell differentia-
tion, the immune system response and apoptosis via peroxi-
some proliferator-activated (PPAR) and retinoid X receptors
(RXR) and downregulation of the angiogenesis and oxidative
stress (See Fig.3) [119, 120].

The vascular endothelial growth factor released by ER+-
BC cells binds to its receptor expressed in the membranes of
adjacent endothelial cells. As a result, endothelial cells under-
go proliferation, migration, and reorganization in a typical
process of angiogenesis. Melatonin (1 mM) can regulate the
paracrine mechanisms responsible for the interplay between
mammary tumor cells and surrounding fibroblasts and endo-
thelial cells, in experiments performed in vivo, by downregu-
lating the levels of VEGF and by inhibiting the production of
aromatase in those cell lines [104, 105].

Some recent studies have evaluated the association be-
tween residential outdoor light during sleeping time, with
breast and prostate cancer, concluding that both prostate and
invasive BC were associated with high exposure to outdoor
light intensity and disruption of the circadian oncostatic ac-
tions of melatonin [118, 121, 122]. The majority of these
observations claimed an elevated incidence of BC in women
who commonly disturbed their circadian/melatonin cycles,
these findings from preclinical studies being summarized in
many reviews the last years [110, 119, 123–125]. The circa-
dian disruption of nocturnal melatonin in nude rats bearing
ER+ BC human MCF-7 xenografts induced a complete loss
of tumor sensitivity to doxorubicin, indicating that chemother-
apy resistance might be accentuated by a lower level of mel-
atonin at night [126]. Melatonin alone or in combined admin-
istration seems to be an appropriate drug for the treatment of
early stages of BC with documented low toxicity over a wide
range of doses, in parallel with standard oncologic treatment
regimens [115].

Many questions still remain concerning the mechanisms
which may explain the anticancer effects of melatonin, and
data from larger, randomized clinical trials are required before
melatonin can be universally accepted as an anticancer drug.

5.2 Melatonin and its therapeutic potential

Extensive experimental data showed that melatonin exerts
oncostatic effects throughout all stages of tumor growth, from
initial cell transformation to mitigation of malignant progres-
sion and metastasis additionally, melatonin alleviating the side
effects and improves the welfare of radio/chemotherapy-
treated patients. Thus, the support of clinicians and oncolo-
gists for the use of melatonin in the treatment and proactive
prevention of cancer is gaining importance.

The melatonin intrinsic properties, including high cell per-
meability, the ability to cross the blood–brain and placenta
barriers, and its role as an endogenous free radical scavenger,
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explain its beneficial uses as an adjuvant in biomedical treat-
ments via exogenous administration. In animal studies, mela-
tonin treatment inhibited the incidence of tumors, induced by
pineal suppression or pinealectomy [127].

Recently, new data about the therapeutic potential and clin-
ical utilization of melatonin and its oncostatic action in
humans were reviewed [128–131].

Melatonin and resvera t rol t reatments induced
cardioprotection and diminished the cardiovascular risk fac-
tors [132], protecting also against doxorubicin-induced
cardiotoxicity [133]. The effects of melatonin on metabolic
syndrome were presented in a comprehensive review [134]
and the tumor prevention by 9-cis-retinioic acid in animal
models of mammary carcinogenesis were potentiated by mel-
atonin [117] These results are promising, since melatonin
synergizes the chemotherapy effects, allows to use lower
doses with better tolerance and protects against the undesir-
able side effects of radiotherapy and chemotherapy, being
considered a potential agent for cancer treatments [108, 109].

A recent meta-analysis using random-effect model (13
studies with 22 datasets and 749 participants) evaluated the
effect of melatonin supplementation on inflammatory bio-
markers It was concluded that melatonin supplementation sig-
nificantly decreased TNF-alpha and IL-6 levels while the ef-
fect on C reactive protein was marginal, therefore melatonin
supplementation may be effective on ameliorating inflamma-
tory mediators. [135]

In vitro experiments with leukemia cells showed that 1 mM
melatonin increased the rate of apoptosis induced by radio-
therapy, an effect that seemed to be dependent of p53 [136]. In
the ER+ MCF-7 BC cell line, melatonin treatment at physio-
logical and pharmacological doses (1 nM, 10 μM, 1 mM)
prior to radiation induced an inhibition of cell proliferation,
the cell cycle arrest, and downregulation of DNA-protein ki-
nases [108]. Additionally, the levels of p53 were much higher
in pretreated cells with 1 nMmelatonin [109]. Therefore, mel-
atonin is an antiestrogen agent able to sensitize BC cells to
radiotherapy, similar results being obtained with aromatase
inhibitors administered to BC patients treated with ionizing
radiation [137].

When a physiological dose of melatonin (1 nM or 10 nM)
was combined in vitro with valproic acid, the melatonin MT1
receptor expression was upregulated and the antiproliferative
effect of valproic acid was more effective [138]. Melatonin at
10–50 mg/day, at 8 pm, potentiated IL-2 immunotherapy of
pulmonary metastases [46]. Constant treatment with melato-
nin reduced the incidence and size of breast carcinomas and
lowered the incidence of lung metastasis, while interrupted
treatment promoted mammary carcinogenesis in transgenic
mice [139].

The anticancer effects of melatonin suggest its use as an
adjuvant in combination with chemotherapy, radiotherapy,
immunotherapy and tumor vaccination. Recently, based on

PubMed database, it was reviewed the synergistic effect of
melatonin combination with chemotherapy, the antitumoral
outcomes suggesting to resolve the drug resistance of patients,
reducing the dosage for chemotherapeutic agents and increas-
ing the rate of survival [140] Protective and sensitive effects of
melatonin combined with Adriamycin on ER + -BC.
Combined with doxorubicin, melatonin (10 mg/kg body
weight, for 15 days, daily injected) enhanced BC cell apopto-
sis in vivo in rats who showed the highest survival rate and
lowest tumor weights [141]. Doxorubicin and 0.3 nM mela-
tonin in vitro in MCF-7 cells had a synergic effect on apopto-
sis (higher procaspase-9, caspase-3, and caspase-9 activities)
[142]. It has been reported also that BC patients receiving
melatonin at therapeutic doses of 20 mg/day administered in
the evening for at least 2 months, during chemotherapy,
showed less side effects than controls receiving only chemo-
therapy [140, 143].

6 Metabolomics: Advanced technology
for melatonin evaluation

Melatonin was firstly identified in plants by radioimmunoas-
says [144] and later from animal fluids by enzyme radioim-
munoassay and immunoassay (EIA) [145]. Immunoassays are
still widely used in the determination of melatonin, but it has
the disadvantage of cross reactivity affected by similar
compounds.

Metabolomics is a new, emerging technology, increasingly
used for the separation and identification of a cohort of mol-
ecules targeting some specific compounds to be considered
biomarkers for (early) diagnosis, monitoring pain and thera-
pies for degenerative diseases. Some relevant data are avail-
able from clinical studies on Alzheimer’s disease, as well as
the effect of sleep deprivation on plasma melatonin and corti-
sol [146–148]. It is based on analytical procedures using tech-
niques like high performance liquid chromatography (HPLC)
or gas-chromatography (GC) coupled with different detection
ways, such as fluorescence detection [149, 150], electrochem-
ical detection [151, 152], but more and more, mass spectrom-
etry. Several methods for the determination of melatonin in
biological fluids have been reported recently, such as gas
chromatography–mass spectrometry (GC-MS/MS)
[153–155] and liquid chromatography coupled with tandem
mass spectrometry (HPLC-MS/MS) [156–158].

While HPLC coupled with fluorescence or electrochemical
detection, Capillary Electrophoresis with UV detection or GC-
MS were not adequate to perform pharmacokinetic studies of
melatonin because of difficult preparation procedures, the
HPLC-MS/MS technique demonstrated great selectivity and
relatively good sensitivity [159, 160].

Recently, highly sensitive liquid chromatography-mass
spectrometry methods were established and validated for
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the determination of melatonin (MW= 232.2) in dog plas-
ma, using a liquid–liquid extraction followed by C18 col-
umn separation and positive ionization (ESI+) and MS de-
tection by multiple reaction monitoring (MRM) Plasma
metabolomic patterns in patients with exhaustion disorder,
sleepiness and sleep apnea were also reported recently
[161, 162]. The main metabolite of melatonin in urine is
6-Sulfatoxymelatonin (aMT6s), considered as a reliable sur-
rogate biomarker reflecting the blood melatonin concentra-
tion and possible association with BC incidence. Recently,
preliminary identification and validation of this metabolite
and other plasma metabolome-based biomarkers (6 hydroxy
melatonin in plasma) for circadian phase in humans were
reported [160, 163, 164].

7 Conclusion

Melatonin is a pleiotropic molecule, a metabolic regulator
having key-roles and functions not only in the plant kingdom,
but mostly in animals and humans’ metabolism. It is consid-
ered to act as a “master hormonal regulator” of the circadian
rhythm, the aging process and cells activity but also a prom-
ising pharmacological agent due to its anti-inflammatory,
antiapoptotic and powerful antioxidant properties. Melatonin
proved, as demonstrated by many experiments over time, that
it can interfere with signals transduction mediated or not by
specific receptors, as well to regulate specific metabolic path-
ways in cytoplasm and mitochondria. Related to degenerative
pathologies, including hormone-dependent cancers (especial-
ly breast and prostate). The exogeneous administration ofmel-
atonin has high beneficial effects by reversing pathologic
pathways, preventing the progression of manydegenerative
diseases. The supervision of the melatonin turnover and its
metabolites in different biological samples can be made by
advanced technologies like metabolomics, an emerging tech-
nique facilitated by new, high performance liquid chromatog-
raphy coupled with mass spectrometry, able to fingerprint the
metabolic profile and to identify and monitor the turnover of
melatonin and its metabolites in normal and pathological
circumstances.
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