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Preface

Melatonin, the pineal neurohormone, also produced by various other tissues and cells, is a
pleiotropic molecule acting in the center of the integrative molecular mechanisms of the or‐
ganism, based on interlinkages of the regulatory systems: neural, endocrine, immune, and
genetic, all embodying the uniqueness of human architecture.

Its substantial physiological and pathological implications, from outstanding antioxidant ca‐
pacity, circadian integration, and internal clock modulation, to its intimate relation to vari‐
ous diseases, the control of sleep, the metabolic syndrome, weight control, diabetes and
insulin resistance, mitochondrial effects, cardiovascular decompensation, neurodegenera‐
tion, inflammatory diseases, and, most of all, aging, prove an exceptional multiplicity of ac‐
tions, distinguishing melatonin from many other important signal molecules.

This book is unique in covering the most important topics related to melatonin and its in‐
dole derivatives, from synthesis in the pineal gland and subsequent tissues and cells, to re‐
ceptors characterization and catabolic pathways, all aspects of molecular biochemistry used
to understand the multiple actions of melatonin. Other important topics include pharmaco‐
logical aspects implied by specific receptors binding and biological effects proven at the cel‐
lular level, from antioxidant cascade activation to metabolic enzymes and signal factors
modulation, detailing the pathological implications of melatonin and tryptophan depletion
in different disorders. 

The therapeutic uses of melatonin formulations imply a particular pattern, and are subject of
intense research due to its solubility profile and bioavailability characteristics. A consequent
chapter is extensively dedicated to this important feature, highlighting the importance of
intensively controlled release formulations in melatonin therapy.

All in all, this book provides a systematic and updated overview of melatonin biochemical
mechanisms of action, pharmacological features, and clinical uses, clutching the subject with
complete details of pharmaceutical formulations designed for different routes of administra‐
tion and different health issues, aiming at optimal melatonin bioavailability when thera‐
peutically delivered.

We highly acknowledged the interest and raised professional profile of all authors who have
contributed to writing this book, and the academic and scientific support provided by Alina
Crenguța Nicolae, PhD, who assisted our work during in whole period of the project.

Cristina Manuela Drăgoi and Alina Crenguța Nicolae
Faculty of Pharmacy

“Carol Davila” University of Medicine and Pharmacy
Bucharest, Romania
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1. Introduction

In the healthcare scientific environment, nowadays, researchers are inspired by endogenous 
springs of molecules that can be reinterpreted, better understood, or completely reconsidered 
in their function and ability to sustain the human organism in maintaining its homeostasis [1].

Melatonin is such a tremendous molecule acting in the center of the integrative molecular 
mechanisms of the body, based on interlinkages of the regulatory systems: neural, endocrine, 
immune, and genetic, all embodying the uniqueness of human architecture [1, 2].

The endogenous indole system represented by biomolecules with indole structure such as 
tryptophan, serotonin, and, above all, melatonin conducts the integration mechanisms of the 
organisms in the great informational variety of the environment. Melatonin is responsible for 
coordinating and synchronizing the expression of the most important physiological effects of 
the biological rhythm, imposes an order of the biochemical systems functionality and, glob-
ally, depicts the molecular logic of living [2, 3].

The indole ring is considered by scientists as a “privileged” biological structure [4, 5], due to 
its outstanding ability to form organic active compounds with different affinities for endog-
enous receptors, mainly for G protein-coupled receptors [6]. The indole structure is widely 
found at all levels of the biological systems as an important component of the biomolecules 
and natural products, such as the alkaloids from ergot, essential tryptophan amino acid, sero-
tonin, neuromediator, and melatonin, the main hormone secreted by the pineal gland. As a 
consequence of its biological effects, the indole nucleus is present in the structure of many 
marketed medicines [7–10] or dietary supplements [11–13], as well as in the prototypes of 
some drugs that are currently under development.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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As a constitutive element of proteins, the essential indole amino acid, tryptophan, has the 
most pronounced hydrophobic character of all the amino acids and forms a specific hydro-
phobic environment that contributes to the stabilization of the endogenous protein structure, 
special characteristics regarding membrane fluidity and transmembrane potential [14, 15]. 
Also, tryptophan is one of the most important indolic endogenous precursors, being involved 
in the biosynthesis of all endogenous compounds with indole structure: the neurotransmit-
ter serotonin, the pineal hormone melatonin, the neuromodulator and neurotransmitter 
tryptamine, 5-hydroxytryptophan, and 5-hydroxyindoleacetic acid, as also in the activity of 
some specific enzymes, cytochrome c peroxidase. Tryptophan depletion is part of the cyto-
toxic process and antiproliferative cellular mechanism mediated by γ-interferon. Low serum 
tryptophan concentrations are clinically correlated with the appearance of some pathological 
infectious, autoimmune, and, not the last, malignant processes [16–18].

Tryptophan is the precursor of serotonin, a neurotransmitter with indole structure, with vast 
biological effects. Emergence of imbalances in the serotoninergic metabolism determines the 
etiology and pathological neuropsychiatric and systemic disorders, including the develop-
ment of serotonin-secreting tumors [19–22]. Thus, a more complete overview of tryptophan 
and serotonin biochemistry and the precise relationships and interactions of these molecules 
with other endogenous constituents or structures may contribute to the therapeutic under-
standing and solving many psychiatric, autoimmune, and neoplastic disorders [23–25].

In particular, melatonin is an indole neurohormone synthesized mainly in the pineal gland, 
during the night, being also known as the darkness hormone. Melatonin is not exclusively 
synthesized by the pineal gland; the retina, the skin, and the gastrointestinal tract are only a 
few other tissues that produce high amounts of melatonin [26].

The direct precursor of melatonin is the serotonin, naturally synthesized in pinealocytes from 
L-tryptophan. The regulation system of the melatoninergic synthesis is complex, using central 
and autonomous pathways, so that there are many pathophysiologic situations where the 
melatonin secretion is deficient. The alteration of the melatoninergic circadian profile [27] is 
associated with the susceptibility, development, and evolution of a variety of pathologies, 
the highest incidence of cancer being registered in shift workers, which have a detrimental 
day-night alternation [28].

On the other hand, small fluctuations in the steady-state levels of the reactive oxygen and 
nitrogen species concentrations may play a key role in the intracellular signaling, uncontrolled 
increases of these highly reactive molecules leading to chain reactions mediated by free radi-
cals, which destroy, without discrimination, proteins, lipids, and DNA, resulting, ultimately, 
in cell death and being the primary or secondary cause of a wide range of diseases [29–35].

Melatonin was closely analyzed, under all biochemical aspects, considering its antioxidant 
mechanisms, intrinsic or modulatory at the level of antioxidant enzymes or in connected 
supplementary scavenging processes, and revealing a unique molecular antioxidant cascade. 
Its effects were interpreted in conjunction with other endogenous structures or assessed in 
controlled release formulations, aimed to enhance antioxidant processes and endogenous 
indole modulatory actions [36–38].

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches4

This molecule was studied under very different circumstances, from interactions with DNA, 
in association with other therapeutic agents [39], using different animal models [40–45] and 
cell lines [46–48]. The current scientific interest focuses on revealing melatonin actions on 
major physiological process, as pregnancy or aging [49, 50], determining its modulatory abili-
ties on different stages of fetus evolution, on healthy aging mechanisms, and on preventing 
neurodegeneration, melatonin receptors being highly expressed at the placenta level, the 
BBB mainly by P-glycoprotein overexpression, mediating the mother-fetus interchanges and 
restricting the xenobiotic way to the fragile developing organism [51–53].

Melatonin also exerts different effects on the glucose metabolism, considering various targets: 
it stimulates glucose uptake in muscle cells by phosphorylation of insulin receptor substrate-1 
through MT2 signaling, MT2 receptors are expressed in hepatocytes, and melatonin therapy 
elevates glucose release from the liver [54].

The cardiovascular system physiological, pathophysiological, and molecular endogenous 
mechanisms are highly influenced by diurnal variations, circadian imbalances affecting gene 
and protein expression, cardiac remodeling, and promoting ischemia/reperfusion damage 
[55–64]. Desynchronizations are frequently registered in patients with hypertension, diabetes 
mellitus, obesity, and metabolic syndrome [65, 66].

Another important research field for melatonin and its derivatives is identifying predictive 
biomarkers meant to provide extensive control upon pathologic progression and therapy suc-
cess, markers that are as minimal invasive as possible and readily available [67–72].

Melatonin is the integrative molecule in the in vivo milieu of every living cell, mediating the 
integration complex mechanisms of the individual entity into the environment, synchronizes 
its cyclic processes, and depicts the circadian distribution of physiological and behavioral 
processes.
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Abstract

Melatonin actions are so numerous that a naive reader might become suspicious at such 
wonders. In a systematic way, we would like to summarize the various approaches that 
led to what is scientifically sounded in terms of molecular pharmacology: where and 
how melatonin is acting as a molecule, what can be its action as an antioxidant per se, 
and its side effects at a molecular level not as a drug or in vivo. Finally, the nature of 
the relationship between melatonin and mitochondria should be decrypted as well. The 
road we took from 1987 up to now, and particularly after 1995, will be mentioned with 
special considerations to the receptors from various species and our goals beyond that; 
the synthesis and catabolism of melatonin and their link to other enzymes; the discovery 
of the MT3 binding sites, and what’s left to understand on this particularly interesting 
target; and the search for agonists that occulted part of the potential discovery of true 
and potent antagonists, a situation quite unique among the G-protein-coupled receptors.

Keywords: melatonin, molecular pharmacology, MT1, MT2, catabolism

1. Introduction

Melatonin is a neurohormone synthesized by the pineal gland at night. The longer the night, 
the higher the concentration of melatonin in the blood. Even if new information is modulating 
this basic principle, this rhythmicity has been the basis of many published observations link-
ing melatonin to many physiological features of animals, including human. This comprises 
the daily changes in light and the way the body understands the successions of dark and clear 
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periods but also the circannual rhythmicity, during which animals prepare for the harsher 
winter period during which access to food is more difficult. By “measuring” the length of 
melatonin synthesis periods (directly proportional to the length of the nights), animals start to 
modify their physiology in order to prepare the time to come: accumulation of fat (fat storing) 
for some, food storing for others, and preparing the bodies to reproduction for all animals 
at the best period to avoid the exposure of the newborns to cold and difficult conditions. 
Apparently, humans have lost this advanced capacity in our ever lit-up society.

New evidences recently caught our attention and challenge our ways of understanding 
the melatonin actions and pathways, whether because it seems that light can be “seen” by 
the body without the relay of melatonin or because one finds that melatonin is synthesized 
in mitochondria in all parts of the brain, as opposed to the pivotal and ancient statement: 
melatonin is synthesized by the pineal gland only. Nowadays, one can also see many pub-
lications claiming that melatonin helps cure cancer as well as so many other diseases (see a 
non-exhaustive selection of such actions since 2015 in Table 1). All these information should 
be treated with respect, integrated inside our decade-old knowledge and carefully evaluated 
as a contribution to a bigger picture. The basics on melatonin can be found in some recent 
reviews [1–5]. The present chapter concentrates on the molecular pharmacology of melatonin. 
This small molecule, derived from tryptophan, has a limited number of recognized targets. 
It is synthesized and catabolized by a limited and well-known number of enzymes that have 
been described in the past (see Figure 1 for a simplistic summary). The core of the discussion 
seems always to be the same: how this molecule can be active on so many pathological events? 

Figure 1. A simplistic summary of melatonin-related proteins. Melatonin is synthesized from tryptophan by a series 
of enzyme the the limiting step of which is catalyzed by Arylalkylamine N-acetyl transferase (green box); melatonin 
is excreted mainly unchanged from mammalian bodies or conjugated either by UDP-glucuronosyltranserases or by 
sulfotranferases, but it is also catabolized by indoleamine-2,3-dioxygenase, myeloperoxidase or cytochrome c (yellow 
box). At the molecular level, the targets of melatonin are mainly: Its two melatonin receptors, MT1 and MT2, QR2 
(formerly known as MT3). Furthermore, putative targets might exist such as nuclear receptors and particularly Nrf2 that 
might explain some of the anti-oxidant capacities of melatonin (red box).
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How antioxidant this molecule is and why? What makes it so special? Some of these points 
are reviewed in the present chapter based on two decades of research in this area.

Beyond these biochemical features, melatonin has two unique features: it is very soluble but 
seems to travel freely through biological membranes, and its possible toxicity is extremely 
low (although some human cases of undesirable effects were reported), permitting scientists 
to give on many models very large amounts of the compound in cellulo and in vivo without 
apparent associated major toxicity. It was thus obvious that in many cases, the activity at 
those “pharmacological” dosages led to surprisingly numerous therapeutic properties of this 
molecule. Furthermore, the discovery that melatonin had, in cellulo and in vivo, antioxidant 
properties added to the multiple possibilities of use of melatonin, leading to this apparent 
paramount of therapeutic properties.

2. Melatonin synthesis

Melatonin is mostly synthesized starting from tryptophan in the pineal gland by a series of 
enzymes, the limiting one being arylalkylamine N-acetyltransferase (AANAT) also known as 
the timezyme [6]. Many studies have been performed on this enzyme and its requirements 
in terms of substrate specificity and inhibitor research, in particular in human [7, 8]. Over 
the years, several groups hypothesized and reported the possibility that melatonin was also 
synthesized in mitochondria (see also below, Section 6.4), suggesting that the antioxidant 
properties of the molecule would confer a strong resistance of mitochondria to the generation 
of ROS, a common feature of those subcellular organelles. Indeed, if the dogma was, in the 
1950s and later on, that melatonin was mainly synthesized in the pineal gland, a fact that 
was clearly confirmed by surgical removing of the gland would lead to a major reduction of 
circulating melatonin and to the loss of some of the circadian and circannual rhythms; several 
papers co-indicated that such local synthesis that does exist should be taken into consideration 
(see, for instance, Stehle et al. [9]). What is more troubling is the recent precise description of 
melatonin synthesis in mitochondria, at least in brain-derived organelles [10] as well as the 
presence of a functional GPCR (MT1). Intuitively, many previous strong knowledge would go 
against the finding that melatonin is synthesized in mitochondria, even if that was recently 
restricted to brain-derived mitochondria [11]. But melatonin is also known to “travel” freely 
inside membranes. Thus in order to stay inside mitochondria, it should be sequestered inside 
them in order to prevent the damages of ROS production—a common and key feature of the 
respiratory chain—thanks to the antioxidant properties of melatonin (see below, Section 6.1.2, 
for further discussion).

No revolution, nevertheless, occurred in the way melatonin is synthesized. It comes from several 
steps. All those enzymes have been cloned and studied, including from human origin. The par-
ticular case of AANAT catalyzing the limiting step of the synthesis has been at the source of the 
seminal work of David Klein’s laboratory (see, for instance [6, 7]). This enzyme is destroyed dur-
ing the day and active only at night. The way it is regulated is different according to species, but 
it seems a formidable waste of energy to handle it that way (synthesis and immediate destruction 
for “nothing”) [12, 13], strongly suggesting by the way this pathway is regulated that it is of major 
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importance for physiology. The enzyme was cloned in our laboratory, and a thorough study of its 
substrate and co-substrate specificities was reported [8]. It was attempting, at one stage, to try to 
find specific inhibitors of the enzyme, in order to better understand in in situ situations the roles of 
melatonin at various locations. Several publications including ours reported those efforts [14–18]. 
If one particular point should be stressed, it is the elegant ways analogues of an intermediary 
state of the substrate/co-substrate complex permitted to turn molecules into powerful inhibitors, 
although overall fragile ones [19], as well as the way that the incorporation of an exotic amino acid 
in place of a serine permitted to stabilize the enzyme, rendered insensitive to proteolysis [20–22].

3. Melatonin receptor molecular pharmacology

3.1. Melatonin receptors

To somewhat summarize the situation, there were two GPCRs (MT1 and MT2) found through-
out the animal kingdom, an elusive binding site (MT3) that turned out to be an enzyme— 
quinone reductase 2 (QR2) [23] (see below, Section 6.3), another receptor (Mel1c) that was 
present in fishes, birds, and reptilians and that evolved to a GPR50 in mammals [24], with 
the curious property to have lost the recognition of melatonin, with a single exception (in 
platypus [25]), and finally the elusive nuclear receptovr, first described by Becker-André et al. 
[26] and then retracted [27]. Several other research papers [28] pointed at nuclear receptor(s) 
to explain the circadian rhythm of some key metabolism enzymes that could logically be 
dependent on the circadian rhythm of melatonin (see discussion in Jan et al. [29]).

What are the most characterized in the melatonin field, besides the multiple functions of 
the molecule itself (see below), are the binding characteristics at its receptors. The receptors 
were first discovered and cloned/characterized by Reppert’s group [30] from both hamster 
and human. This première was followed by a series of cloning, including the discovery that 
hamster had only one functional melatonin receptor [31], to the contrary of most of the mam-
mals that possess two (MT1 and MT2): human, rat, mice, sheep (although it was long believed 
to possess also a single receptor form [32]), etc. Cloning was also reported for other species, 
including birds and fishes [33, 34] and probably insects [35]. This led to the possibility to 
establish the binding pharmacology of those receptors in several laboratory species—mouse 
[36], rat [37], and sheep [32]—as well as in human [38]. For years, then, our goal has been to 
synthesize analogues of melatonin and use them to better understand the MT1 and MT2 roles, 
as well as to be able to somehow modulate them. It is not the place, here, to review the chem-
istry that has been explored around melatonin, but recent reviews could be looked at: Mor 
et al. [39], Garrat and Tsotinis [40], Rivara et al. [41], and Zlotos et al. [42]. The field would 
have benefit from a quest of specific and stable in vivo binders, particularly antagonists, 
permitting to explore and understand the limit of the melatonin actions, at least through 
these particular targets.

Incidentally, one must point out that there are still no antibodies against the receptors. We 
and many others tried over the last decades to produce such tools with a general negative 
endpoint. This, of course, has been an obstacle to a better understanding of those receptors. 
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Nevertheless, the repartition of the receptors in various organs, and particularly throughout 
the brain, has been nicely reviewed by Ng et al. [43] with some precisions of their respective 
functions: these seem to be as follows—improvement of neurogenesis (hippocampus with 
a memory maintenance via the inhibition of long-term potentiation by MT2 receptor); MT1 
would regulate the REM sleep; MT1 would also confer a protection against Huntington dis-
ease. In terms of melatonin receptor actions, those are the strongest information available. It 
seems clear, for example, that most of the protection offered by melatonin in multiple patho-
logical situations (as summarized in Table 1) are not mediated by its receptors.

It would be very complicated to be exhaustive in terms of characterization of those binding 
sites, as the data is scattered throughout the literature. What is “easy” is that we and oth-
ers using the binding assay developed around Vakkuri et al.’s 2-[125I] iodomelatonin [44] for 
establishing the basic molecular pharmacology of the MT1 and MT2 receptors from several key 
laboratory species and from humans, but basic data can be found in Jockers et al. [45].

In the next sections, three aspects must be covered: the binding, heterodimerization, and 
structure of the melatonin receptors.

3.2. Binding, functionality, and heterodimerization

Initially, several reports were done using [3H]melatonin, but the specific activity of the tracer 
was not sufficient to gain robust information on the receptors. It is only recently that heavily 
labeled [3H]melatonin became available. This radiotracer permitted to better understand the 
various states of the receptors and their behavior in that context [46]. Historically the binding 
studies were largely facilitated by the use of the super-agonist, 2-[125I]-iodomelatonin [44]. 
Not only this compound is easy to synthesize, but its sensitivity counteracted the very high 
affinity of melatonin for its receptors, as well as the paucity of the expression of these recep-
tors in relevant tissues. Almost all the laboratories involved in melatonin research have been 
using this radiotracer. It must be pointed out, though, that attempts to use alternative ligands 
have been reported, mainly in the spirit of using specific ligands of one or the other of mela-
tonin receptors [47]. Unfortunately, only ligands specific of MT2 have been reported, so far. 
MT1-specific binders have been elusive, despite the wide variety of melatonin analogues that 
have been synthesized. As stated elsewhere in the present essay, the main focus of chemistry 
research in this melatonin domain over the last decades was to find alternative ligand agonists 
at the receptors with strong stability in vivo.

Functionality of seven-transmembrane domain receptors is a complex science, providing daily 
new data. The number of coupling pathways at receptors in general is important, and more are 
discovered often. An excellent review has been published very recently [48], and the contribution 
of the same authors to the IUPHAR compendium on melatonin receptor functionality [45] should 
be considered as reference documents to understand the various pathways, at least as of today.

Nevertheless relatively few publications address the functionality of ligands in a global way. 
Indeed, if some functional data has been produced around a series of chemical analogues 
completing the classical binding displacement approach, rather few address the global and 
“standardized” characterizations of a series of ligands on MT1 and/or MT2. There are cases 
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importance for physiology. The enzyme was cloned in our laboratory, and a thorough study of its 
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Nevertheless, the repartition of the receptors in various organs, and particularly throughout 
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research in this melatonin domain over the last decades was to find alternative ligand agonists 
at the receptors with strong stability in vivo.

Functionality of seven-transmembrane domain receptors is a complex science, providing daily 
new data. The number of coupling pathways at receptors in general is important, and more are 
discovered often. An excellent review has been published very recently [48], and the contribution 
of the same authors to the IUPHAR compendium on melatonin receptor functionality [45] should 
be considered as reference documents to understand the various pathways, at least as of today.

Nevertheless relatively few publications address the functionality of ligands in a global way. 
Indeed, if some functional data has been produced around a series of chemical analogues 
completing the classical binding displacement approach, rather few address the global and 
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where given compounds were characterized as partial agonists that turned out to be inverse 
agonists instead [49], leading to a yet another level of complexity of melatonin receptor phar-
macology. We recently embarked in such a task, by screening the agonist/antagonist behav-
ior of a series of compounds (Legros & Boutin, in preparation) after assessing the various 
methods [50]. We also extended these coupling measurements to a small series of potential 
antagonists specific of MT2 [51], to conclude that the compounds were not antagonists but 
rather partial agonists. As stated and described by Kenakin [52], one should further dig the 
concept of biased ligands. Indeed, it seems clear, now, that some at least of the downstream 
pathways of melatonin receptors are elicited by some agonist ligands while not by other ones. 
This concept has been a bias of the approach to melatonin research. Indeed, while seeking for 
tools to understand these pathways and their implications in various pathological models, 
we never had access to real, stable, and potent antagonists, despite past claims for such com-
pounds [53, 54]. Even when large-scale screening campaigns were attempted [55], the poor 
affinity (compared to the already existing compounds: low μM affinity in the best cases versus 
low nM already available ones) of those newly discovered compounds was not in favor of 
trying to develop series of chemicals around those hits. A similar situation occurred when we 
attempted to find peptide ligands at melatonin receptors [56].

After the first evidences that crystallogenesis of membrane proteins would be a challenge, we 
thought we would continue to search for ligands with a trial-and-error approach as we did for 
years, without the help of the visualization of the compounds in the protein as it became “mun-
dane” these last years concerning co-crystallizations of compounds in their soluble protein 
targets. By multiplying the number of ligands in attempts to better describe the topography 
of the melatonin-binding site, even using mutagenesis [57–60], we also multiplied the assays 
on the functionality of the receptors, because we more and more discovered the ways the 
receptors were transferring their message to the cell. The simplistic view that a handful of such 
pathways between the receptors and the inner cell existed became obsolete. The by-product of 
such variety was that we found biased ligands that activated one but not the other(s) signaling 
pathways downstream melatonin receptor, as it is briefly discussed elsewhere.

Then, another new aspect came up: receptors can dimerize, a feature that was known for quite 
some time (see Rodbell [61], and see seminal review by Bockaert and Pin, [62]). Even though it 
was often believed to be an artifact of the purification attempts, the reality of such structures in 
situ was evidenced when one realized and demonstrated heterodimerisation between various 
types of such receptors: heterodimers between isoforms of a receptor, GABA [63], heterodi-
mers between two unrelated GPCRs or even between GPCR, and another type of protein [64]. 
A paramount of examples were published, and their studies were made possible using the 
BRET technology [65]. In brief, engineering two receptors to make each of them fused with a 
carefully chosen fluorescent protein leads to a system in which the excitation of one of them 
results in the emission of fluorescent in the region exciting the other one. This cannot occur if 
the proteins are not physically in a very close vicinity of one another. Melatonin receptors have 
been also shown to be able to dimerize with serotonin 5HT2c receptor [66], as well as between 
MT1 and MT2 [67] or between MT1 and GPR50 [68], the melatonin-related receptor (evolved 
from Mel1c [24] and that has lost its property to bind melatonin [69]). More recently, the het-
erodimerisation of GPR50 and the transforming growth factor-β receptor [70] potentially open 
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interesting routes toward the role of this orphan receptor as well as its implication in cancer 
development. Obviously many control experiments should be run in these explorations, as it 
would be attempting to conclude that any receptor can dimerize—and thus regulate the sig-
naling pathway of—any other receptor (see Damian et al. [71] for a counter example, among 
some others).

3.3. Purification/structure

Attempts to crystallize GPCRs have been done for years with various successes. Beside sev-
eral reports of models of the receptors [72–74], that turned to be more or less disappointing 
because they poorly brought new information—somewhat as expected. Thus, several lines 
of strategies were further explored. One of them led to a pure, functional MT1 receptor, after 
several years of technical challenges: expression, stabilization, purification, and functional-
ity measurement [75, 76]. We embarked several years ago in an approach that attempted to 
be original: as a first step in this purification/crystallization of melatonin receptor(s) project, 
we cloned melatonin receptors from as many and as various species as possible. Many such 
melatonin receptors have been reported in the literature, such as various sheep strains, buf-
falo, fishes, and even coral, many of which has been deposited in GenBank but not described 
in a publication. The rationale behind this Noah-ark type of research was to systematically 
use melatonin receptors from those variously evolved species (birds, reptilians, mammals 
from various environments, some harsh insects, etc.) that have in common their capacity to 
recognize melatonin—by definition. We aimed at comparing their thermal stability once they 
were stably expressed in CHO cells. We would choose the most resistant one and use that as 
a model in the process of purification/reconstitution established previously by Logez et al. in 
our laboratory [75, 76]. Despite a few success [25], we terminated the program for resource 
limitation reasons.

4. Melatonin catabolism

Melatonin catabolism has been described and discussed in-depth by Hardeland throughout 
the living kingdom [77]. In short, the main route of melatonin elimination (from the body) is 
not catabolism but rather conjugation and excretion via the urine. Thus there are three ways 
to consider: (i) the unchanged melatonin that one can find in urine; (ii) the conjugates, mostly 
glucuronides and sulfates; and (iii) the catabolism itself. Catabolism means that the molecule 
is transformed into something quite different from the original molecule. For example, in mel-
atonin case, several reports demonstrated the opening of the indol ring. This opening possibly 
occurred through cytochrome c [78] or through 1,2-dioxygenase [79]. This was of importance 
because not too many compounds bear a formyl moiety such as the one produced during 
the cleavage of the indol cycle by either of these enzymes. This catabolism process would 
generate several products including N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK) 
and N1-acetyl-5-methoxykynuramine (AMK) [80]. The same paper, though, pointed out the 
absence of such metabolite(s) in human urine, strongly suggesting that the main catabolic 
route of melatonin would rather be through conjugation, even after oxidative stress.
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5. The melatonin paradox

The field suffered from two paradoxes: safety and high affinity to natively poorly expressed 
receptors. First, melatonin is a very safe molecule, as far as we know; there is no report 
of human toxicity for overdose, and in mice the lethal dose is superior to 800 mg/kg [81]. 
Nevertheless, the French Agency for Food, Environmental and Occupational Health & 
Safety (www.anses.fr) emitted a report—in French—pointing at several cases of toxicity 
linked to melatonin consumption. Although they were ~100 cases in France reported dur-
ing a 30-year period survey (i.e., a relatively modest number of cases, some of which have 
not been univocally linked to melatonin intake), the literature on clinical trials of melato-
nin is large enough to consider melatonin as reasonably safe [82], with the usual cases of 
deliberate overdose. In any case, it is not unusual to find reports in the literature where 
the dosage of melatonin in vivo or in cellulo is important. It was reported at several occa-
sions—even if it probably depends on the cell type—cells treated with 1 mM of melatonin 
without apparent cell toxicity and even, in some cases, with beneficial effects [83–87]. Why 
is it a flaw? Because one can treat almost anything with this compound, at almost whatever 
dosage, and observe something, including relevant benefits for the situation (see Table 1 
and further examples in Boutin [88]). Furthermore, melatonin has a friendly behavior in 
terms of pharmacokinetics. When compared to another multi-card compound, resveratrol, 
it seems that unlike it, melatonin circulates in the blood after oral consumption at a fairly 
high concentration, while only 1 to 2% of resveratrol was found at the peak after ingestion 
of 25 mg/kg of resveratrol [89].

Finally, as stated elsewhere in the present essay, the affinity of melatonin for its receptors is 
in the low nanomolar range [45]. Many strict analogues have been synthesized with simi-
lar high affinities for the receptors. Thus, it has been complicated and sometimes impos-
sible to start new chemical programs ad initio, or at least starting from molecules issued 
from high-throughput screening campaigns, for example, from which hits are rather in the 
high micromolar range. Therefore, new compounds with unexpected structures have been 
slowly emerged in the field. As a representative example, D600 (hydroxyl-verapamil) is one 
of the few compounds showing strong specificity for MT1 [90]. No chemical program to 
date has been published to explore this observation and to deliver a specific ligand at MT1 
receptor with some pharmacological properties (and specificity) rendering it amenable to 
in cellulo or in vivo experiments.

6. Melatonin actions

6.1. Overall

Melatonin is the core master of rhythms. This part of the story is beyond any doubt. It trans-
lates the succession of days (light) and night (darkness) to the body. In the absence of light, the 
pineal gland (and more particularly the AANAT, the limiting step of melatonin biosynthesis) 
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synthesizes melatonin. Nevertheless, a report [91] shows that, at least in the European ham-
ster, the circannual rhythm could be maintained even after pinealectomy, thanks to light 
action in an accelerated photoperiodic regime, demonstrating the hypothalamic integration of 
the photoperiodic signal even in pinealectomized animals and, thus, in the absence of pineal 
gland synthesis of melatonin.

Melatonin circadian rhythm can be measured in the blood from healthy volunteers and is 
clearly linked to the successions of days and nights. The timezyme (AANAT) is the master 
key of this process: active during dark periods and inactive during day (as the enzyme is 
destroyed by the light-induced proteasome).

6.1.1. Foreword

Melatonin exerts protective actions far beyond mammals, as several reports showed the 
role of melatonin in protecting yeast [92], bacteria [93], zebrafish [94], and plants [95] from 
various types of insult. For a discussion of melatonin throughout evolution, see also Tan 
et al. [96]. For decades, melatonin has been described as a compound able to fight almost 
any pathological situations. Tekbas et al. [97] even seriously considered melatonin as an 
antibiotic and Anderson et al. as an anti-Ebola virus agent [98]. A sample of those numerous 
actions can be found in Boutin [88], up to 2015. Table 1 of the present essay is the follow-up 
of that particular list of beneficial properties. Many of those properties of melatonin seem 
to be linked to the capacity of the compound to limit reactive oxygen species (ROS) actions. 
ROS have been first documented as an “infamous” group of highly reactive molecules 
responsible for oxidative stress. In an enlightening review, Roy and coworkers [99] defined 
the field of reactive oxygen species, by starting to recall that ROS are also regulating signal-
ing pathways in physiological situations. They also emphasized the fact that treatments 
with so-called antioxidants failed to show efficacy or/and positive effects in the prevention 
of diseases or health complications coming from oxidative stress. Nevertheless, it seems 
that according to a common belief, melatonin falls outside that particular category and is 
the ultimate scavenger/antioxidant molecule that has multiple capacities to prevent almost 
any diseases.

It is sometimes complicated to find common sense in such a plethora of actions. Table 1 lists 
some of these many actions, as published between 2015 and today. There is no way to be able 
to understand why melatonin has been reported for so many years in so many pathological 
situations. And the purpose of the present essay is not to do so. It is rather to make a com-
pendium of those actions and to let the community know that such papers exist and that the 
reason why melatonin is so ubiquitously active remains a mystery.

It is attempting, though, to make a rapid survey of those publications and to conclude that the 
common factor is the production of ROS. Then, we can hypothesize that most of these benefi-
cial actions were due to a capacity of melatonin to induce antioxidant enzymatic defenses. To 
conclude on this working hypothesis, one will have to identify the nuclear receptor mediating 
this property. Nuclear factor erythroid 2-related factor 2 (Nrf2) might be a good candidate, 
but a wishful thinking is certainly not a proof of fact.
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ROS have been first documented as an “infamous” group of highly reactive molecules 
responsible for oxidative stress. In an enlightening review, Roy and coworkers [99] defined 
the field of reactive oxygen species, by starting to recall that ROS are also regulating signal-
ing pathways in physiological situations. They also emphasized the fact that treatments 
with so-called antioxidants failed to show efficacy or/and positive effects in the prevention 
of diseases or health complications coming from oxidative stress. Nevertheless, it seems 
that according to a common belief, melatonin falls outside that particular category and is 
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It is sometimes complicated to find common sense in such a plethora of actions. Table 1 lists 
some of these many actions, as published between 2015 and today. There is no way to be able 
to understand why melatonin has been reported for so many years in so many pathological 
situations. And the purpose of the present essay is not to do so. It is rather to make a com-
pendium of those actions and to let the community know that such papers exist and that the 
reason why melatonin is so ubiquitously active remains a mystery.

It is attempting, though, to make a rapid survey of those publications and to conclude that the 
common factor is the production of ROS. Then, we can hypothesize that most of these benefi-
cial actions were due to a capacity of melatonin to induce antioxidant enzymatic defenses. To 
conclude on this working hypothesis, one will have to identify the nuclear receptor mediating 
this property. Nuclear factor erythroid 2-related factor 2 (Nrf2) might be a good candidate, 
but a wishful thinking is certainly not a proof of fact.
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Abdel-Moneim et al. 2015 Naja naja venom toxicity — 10 mg/kg Rat [100]

Allagui et al. 2015 Aluminum-induced 
toxicity

/ 10 mg/kg Rat [101]

Al-Olayan et al. 2015 Aluminum-induced injury Neurons 10 mg/kg Rat [102]

Al-Rasheed et al. 2016 CCl4-induced toxicity Liver 20 mg/kg Rat [103]

Amin et al. 2015 Diabetes-induced apoptosis Heart 10 mg/kg Rat [104]

Asghari et al. 2017 Aluminum phosphide 
toxicity

Heart 20–50 mg/kg Rat [105]

Banaei et al. 2016 Ischemia–reperfusion 
injury

Kidney 10 mg/kg Rat [106]

Barberino et al. 2017 Cisplatin-induceddamage Ovaries 5–20 mg/kg Mouse [107]

Berkiks et al. 2017 Ccognitive disorders Brain 5 mg/kg Rat [108]

Cao et al. 2017 Subarachnoid hemorrhage Brain 150 mg/kg Rat [109]

Cebi et al. 2018 Radioiodine treatment Testicles 12 mg/kg/day Rat [110]

Chang et al. 2016 Ischemia–reperfusion 
injury

Kidney 90 mg Rat [111]

Chang et al. 2015 Ischemia/reperfusion injury Adipose stem 
cells

120 mg/kg Rat [112]

Chen et al. 2016 Endoplasmic reticulum 
stress

Pancreas 0.5–2 mM Rat [113]

Chen et al. 2017 Neuropathic pain / ??? Rat [114]

Czechowska et al. 2015 Thioacetamide-induced 
fibrosis

Liver 10 mg/kg Rat [115]

Das et al. 2017 Mitochondrial dysfunction Hepatocytes 10–20 mg/kg/day Mouse [116]

Ding et al. 2018 Post-traumtic cardiac 
function

Heart 100 μM Rat [117]

Ding et al. 2015 Traumatic injury-induced 
apoptosis

Brain 10 mg/kg Mouse [118]

Dos Santos et al. 2018 Lupus nephritis injury Kidney 10 mg/kg/day Mouse [119]

Drag-Kozak et al. 2018 Cadmium-induced toxicity Reproductive 
organ

4 mg/L Carp [120]

Ewida et al. 2016 Metabolic syndroma Kidney 5 mg/kg Rat [121]

Favero et al. 2017 Fibromyalgia-related 
alterations

Muscle 2.5–5 mg/kg Rat [122]

Fernandez-Gil et al. 2017 Radiotherapy-iondued 
toxicity

Intestine 45 mg/day Rat [123]

Galley et al. 2017 Paclitaxel-induced 
dysfunction

Mitochondria 5–50 mg/kg Rat [124]
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Ghaznavi et al. 2016 Gentamicin-induced 
toxicity

Kidney 15 mg/kg/day Rat [125]

Ghosh et al. 2017 Copper ascorbate-induced 
damage

Heart 
mitochondria

1 μM Goat [126]

Goc et al. 2017 Sodium nitroprusside 
toxicity

Organs 10 mg/kg Mouse [127]

Goudarzi et al. 2017 Cyclophophamide-induced 
stress

Kidneys 5–20 mg/kg Mouse [128]

Hermoso et al. 2016 Steatosis Liver 10 mg/kg Rat [129]

Hsu et al. 2017 Trauma-induced 
hemorrhage

Liver 2 mg/kg Rat [130]

Hu et al. 2017 BBB damage BBB 15 mg/kg Rat [131]

Ji et al. 2017 Sepsis-associated 
encephalopathy

Brain 10 mg/kg Mouse [132]

Jiang et al. 2016 Diabetic-induced 
inflammation

Retina 10 mg/kg/day Rat [133]

Jin et al. 2016 Non-alcoholic fatty liver 
disease

Liver / Mouse [134]

Karaer et al. 2015 Radiation damage Inner ear 5 mg/kg Rat [135]

Karimfar et al. 2015 Cryopreservation stress Sperm 0.001–1 mM Human [136]

Khaksar et al. 2017 Fluoxetine-induced tissue 
injury

Organs 1 mg/kg Rat [137]

Khalil et al. 2015 Zonisamide-induced 
toxicity

/ 10 mg/kg Rat [138]

Koc et al. 2016 Apoptosis Olfactive 
neurons

10 mg/kg/day Rat [139]

Lebda et al. 2018 Thioacetamide-induced 
fibrosis

Liver 5 mg/kg/day Rat [140]

Lee et al. 2016 H2O2-mediated cell death Keratinocytes 2.5–10 μM Human [141]

Li et al. 2016 Cadmium-induced toxicity Testicles 1 mg Mouse [142]

Li et al. 2015 Maturation defect Oocyte 0.001–1 μM Pig [143]

Lopez et al. 2017 MPTP-toxicity Brain 10 mg/kg Mouse [144]

Lv et al. 2018 Cr(VI) toxicity Testicles 25 mg/kg Mouse [145]

Ma et al. 2018 Oxidative injury Heart 100 μM Rat [146]

Ma et al. 2017 Tripterygium glycosides 
toxicity

Ovaries 20 mg/kg/day Mouse [147]

Ma et al. 2015 Adriamicyn-toxicity Breast cancer 
cells

10 mg/kg/day Rat [148]

Mehrzadi et al. 2016 Gentamicin-induced 
toxicity

Kidney 20 mg/kg/day Rat [149]
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Lv et al. 2018 Cr(VI) toxicity Testicles 25 mg/kg Mouse [145]

Ma et al. 2018 Oxidative injury Heart 100 μM Rat [146]
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Mirhoseini et al. 2017 Torsion/detorsion model Testicles 25 μg/kg Rat [150]

Montasser et al. 2017 Methotrexate-induced 
toxicity

Liver 10 mg/kg Rat [151]

Mukherjee et al. 2015 Isoproterenol-induced 
damage

Heart 
mitochondria

0.125–4 μM Goat [152]

Munoz et al. 2017 Cumene peroxide-induced 
stress

Pineal gland 10 mg/kg/day Rat [153]

Naseri et al. 2017 Irradiation-induced toxicity Brain 100 mg/kg Rat [154]

Naskar et al. 2015 MPTP-induced 
Parkinsonism

Brain 10–30 mg/kg Mouse [155]

O’Neal-Moffitt et al. 2015 Alzheimer neiuropathology / Ad libitum??? Mouse [156]

Ortiz et al. 2015 Radiation-induced 
mucositis

Mouth 45 mg/kg/day Rat [157]

Othman et al. 2016 Bisphenopl A-induced 
toxicity

Testicles 10 mg/kg Rat [158]

Ozsoy et al. 2016 Mitochondrial dysfunction Liver 10 mg/kg Rat [159]

Ozsoy et al. 2015 6-hydroxydopamine stress Neurons 10 mg/kg Rat [160]

Pal et al. 2016 Stress-induced behavior 
changes

/ 10–100 mg/kg Rat [161]

Pang et al. 2016 Frozen–thawed cycles Sperm 0.01–1 mM Bovine [162]

Patino et al. 2016 o2 & Glucose deprivation Brain slices 10–30 μM Rat [163]

Paul et al. 2018 Oxidative stress Substancia 
nigra

10–30 mg/kg Rat [164]

Rajput et al. 2017 Alcohol-induced stress Brain 20 mg/kg Mouse [165]

Sadek and Khattab 2017 Arginine-induced 
pancreatis

Pancreas 50 mg/kg Rat [166]

Sarihan et al. 2015 TCDD-induced injury Heart 5 mg/kg/day Rat [167]

Scheuer et al. 2016 UVR-induced erythrema Skin 0.5–12.5% Human [168]

Shahrokhi et al. 2016 Ischmia/reperfusion-
oxidative stress

Estomac 10 mg/kg Rat [169]

Shang et al. 2016 Colitis-induced neuron 
damage

Colon 2.5 mg/kg/day Rat [170]

Shao et al. 2015 LPS-induced mastitis Breast 5–20 mg/kg Mouse [171]

Shokri et al. 2015 Pilocarpine-induced 
epilesy

Brain 5–20 mg/kg Rat [172]

Shokrzadeh et al. 2015 Cyclophosphamide toxicity Lung 2.5–20 mg/kg Mouse [173]

Sinha et al. 2018 Hypoxy/Ischemy Brain 10 mg/kg Mouse [174]

Tanabe et al. 2015 Oxidative stress ??? 100 μg/kg Mouse [175]

Tang et al. 2017 Abdominal aortic 
aneurysm

Aorta 10 mg/kg/day Rat [176]

Tas et al. 2015 Ischemia/reperfusion injury Intestine 50 mg/kg Rat [177]
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Torabi et al. 2017 Cyclophosphamide-
induced toxicity

Testicles 10 mg/kg/day Rat [178]

Uygur et al. 2016 As-induced apoptosis Testicles 25 mg/kg/day Rat [179]

Vazan et al. 2015 Epinephrine-induced 
injury

Heart 50 μM Rat [180]

Vinod et al. 2016 Aging-induced NO rhythm 
loss

Brain 30 μg/kg/day Rat [181]

Wang et al. 2018 Intracerebral Hemorrahge Brain ??? Rat [182]

Wang et al. 2016 Smoke-induiced vascular 
injury

Blood samples 10 mg/kg Rat [183]

Wang et al. 2016 Smoke-induiced vascular 
injury

Blood samples 3 mg/day Human [183]

Xue et al. 2017 Kainic-induced cell death Brain 20 mg/kg Mouse [184]

Yang et al. 2018 Subarachnoid hemorrhage Brain 0.1–10 μM Mouse [185]

Yi et al. 2017 Stress-induced 
inflammation

Macrophages 50–100 mg/kg Mouse [186]

Yildirim et al. 2016 Ureteral obstruction-
induced injury

Kidney 10 mg/kg Rat [187]

Yu et al. 2018 Ischemia–reperfusion 
injury

Heart 10 mg/kg Rat [188]

Yu et al. 2018 MEHP-induced meiosis 
defect

Oocytes ??? Pig [189]

Yu et al. 2015 Ischemia/reperfusion injury Heart 10 mg/kg/day Rat [190]

Yu et al. 2015 Ischemia/reperfusion injury Heart 20 mg/kg/day Rat [191]

Zasada et al. 2015 Nitrobenzene-induced 
peroxidation

Thyroids 0.001–10 mM Pig [192]

Zhai et al. 2017 Pathological cardiac 
hypertrophy

Heart 20 mg/kg/day Mouse [193]

Zhang et al. 2017 Bisphenol A-induced 
toxicity

Oocytes 30 mg/kg Mouse [194]

Zhang et al. 2017 Diabetic cardiomyopathy Heart 20 mg/kg/day Mouse [195]

Zhang et al. 2017 Arsenic-induced injury Liver 5–20 mg/kg Rat [196]

Zhang et al. 2016 β-amyloid-induced 
damages

Brain 50 μM Rat [197]

Zhao et al. 2017 NaF-induced injury Embryos 50–100 μM? Mouse [198]

Zhou et al. 2017 Ischemia/reperfusion injry Heart 20 mg/kg Mouse [199]

Zhu et al. 2018 Oxidative stress Heart 
endothelium

10 μM Rat [200]

Plants

Kobylinska et al. 2017 Lead-induced cell death Tobacco cells 200 nM Plant [201]

Wang et al. 2017 Drought stress Arabidopsis ??? Plant [202]
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Xu et al. 2016 Thermotolerance Tomato plants 10 μM Plant [203]

Zheng et al. 2017 Salt-stress Plant cells — Plant [204]

Cells

Baburina et al. 2017 Aging Mitochondria 7 mg/kg/day Rat [205]

Bardak et al. 2017 2-ethylpyridine-induced 
stress

ARPE-19 cells 200 μM Human [206]

Charao et al. 2015 Paraquat-induced toxicity A549 cells 10 μg/mL Human [207]

Chen et al. 2015 Bile acid-induced oxidative 
stress

L02 cells 1 μM Human [208]

Fu et al. 2017 Chloranil-induced toxicity PC12 cells 25–200 μM Mouse [209]

Gurer-Orhan et al. 2016 b-amyloid-induced damage Cells 10–100 μM Hamster [210]

Han et al. 2017 Obesity-associated stress Oocytes 30 mg/kg/day Mouse [211]

Janjetovic et al. 2017 UVB-induced damage Melanocytes 50 μM Human [212]

Ji et al. 2016 Angiotensin-II-indued 
injury

Podocytes 0.1–1 mM Mouse [83]

Jumnongprakhon 
et al.

2015 Methamphetamine-toxicity C6 cells 1–100 nM Rat [213]

Liu et al. 2015 Hypoxia-induced N2a cells 5 μg/mL Mouse [214]

Lu et al. 2015 LPS-induced hypertrophy Myocardial 
cells

1.5–6 mg/mL Rat [215]

Maarman et al. 2017 Uric acid-induced toxicity C2C12 
myotubes

10 nM Mouse [216]

Miao et al. 2018 benzo(a)pyrene meiotic 
failure

Oocytes 1 nM–1 mM Pig [84]

Mehrzadi et al. 2017 H2O2-induced toxicity MSC 10 nM–1 mM Human [85]

Ozerkan et al. 2015 CCl4-induced cytotoxicity HepG2 & 
Hep3B

10 nM Human [217]

Pang et al. 2017 Early apoptosis Oocytes 1 nM Bovine [218]

Sagrillo-Fagundes 
et al.

2016 Hypoxia-reoxygenation 
toxicity

Trophoblasts 1 mM Human [86]

Sanchez-Bretano et al. 2017 H2O2-induced cell death 661 W cells 0.1–1 μM [219]

Song et al. 2015 LPS-induced inflammation Stem cells 100 nM Mouse [220]

Tan et al. 2016 Oxidative stress-induced 
cell death

Adipocytes 100 μM Human [221]

Waseem et al. 2017 Oxaliplatin-induced 
toxicity

SHSY-5Y cells 10 μM Human [222]

Wongprayoon et al. 2017 Methamphetamine-
induced stress

SH-SY5Y cells 0.01–1 μM Human [223]

Xie et al. 2015 Hypoxia-induced 
hypertrophy

Cardiomycyte 
cell line

1 mM Rat [87]
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6.1.2. Melatonin as an antioxidant molecule

Forman et al. in two seminal papers explained that the notion of hydroxyl radical scaven-
gers is an extreme case of wishful thinking [230, 231]. Later on, he and his coworkers clearly 
showed that a unique molecule could not be a scavenger of superoxides, hydrogen peroxides, 
or other hydroperoxides or hydroxyl radicals. Indeed, all chemicals inside a cell react chemi-
cally with radical species, that is, proteins, lipids, nucleic acids, etc. Thus, because all organic 
compounds react with radicals with rate constants approaching the diffusion limitation, no 
compound can be better than the sum of the others to scavenge those ROS [231]. This can apply 
to melatonin. Like many other chemicals, whether indol-based or not, this compound, even at 
large concentrations, cannot be, per se, a scavenger. Therefore claims that melatonin is a super 
scavenger, with many advantages over other similar naturally occurring compounds, must be 
taken with extreme caution, despite several in-depth reviews, such as the one by Galano et al. 
[232]. Even the use of “direct” detection methods of radicals (to prove this hypothesis) should 
be handled with much caution [233]. Nevertheless, melatonin sustains antioxidant properties 
(see Rodriguez et al. [234] for review). Indeed, it can increase the expression of antioxidant 
enzymes (see, e.g., Mahrzadi et al. [149] and references therein). Melatonin can also act as a 
potent antiapoptotic agent in many cells [235], maybe through an antioxidant type of activity, 
as a relationship between ROS and apoptosis and autophagy has been well documented. How 
can melatonin induce those antioxidant defenses?

6.1.3. Melatonin as a ligand of Nrf2?

At the time (2003) Rodriguez et al. wrote their review [234] on antioxidant capacities of melato-
nin, Nrf2 was not really an identified and recognized partner in this process. The relationship 
between melatonin actions and the role of nuclear factor erythroid 2-related factor 2 (Nrf2) has 
been reported more than 50 times in the literature these last years, starting around 2009 [236]. 

Authors Date Protection against Targets Amount Species Ref

Xue et al. 2017 Kainic-induced cell death N2a cells 50–100 μM Mouse [184]

Yang et al. 2017 Iron overload senescence MSCstem cells 10 nM–100 μM Mouse [224]

Yang et al. 2017 Glucocorticoid-induced 
impairment

Isolated knee 
joints

1 μM Mouse [225]

Yu et al. 2017 Ischemia–reperfusion 
injury

H9c2 10 μM Rat [226]

Zhao et al. 2018 Ab-induced neurotoxicity Primary 
neurons

0.1–100 μM Mouse [227]

Zhou et al. 2018 rotenone-induced cell 
death

SH-SY5Y cells 50–500 μM Human [228]

Zhu et al. 2015 Myocardial infarction Adipose stem 
cells

5 μM Rat [229]

Table 1. Some of the actions of melatonin observed in various pathophysiological situations.
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Authors Date Protection against Targets Amount Species Ref
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et al.
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cells
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myotubes
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et al.
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cell line

1 mM Rat [87]
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6.1.2. Melatonin as an antioxidant molecule
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between melatonin actions and the role of nuclear factor erythroid 2-related factor 2 (Nrf2) has 
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Nrf2 is a key factor in the induction of antioxidant protein defenses of the cell. It binds to a 
region called EpRE—also known as ARE [230]. This transcription factor (belonging to the huge 
family of Cap’n’collar transcription factors) is neutralized in cellulo by another factor, Kelch-like 
ECH-associated protein 1 (Keap1). The heterodimer is directed to the proteasome where the 
proteins are destroyed. Upon some conditions, including pharmacological ones (for instance, 
sprout-derived chemicals [237]), the dimer is open, and the free Nrf2 migrates to the nucleus 
of the cell where it associates with the EpRE region. This translates by the induction of several 
key proteins of the antioxidant cellular armada, such as heme oxygenase 1, quinone reductase 
1, glutathione S-transferase π1, etc., but also enzymes from the phase 2 drug metabolism, such 
as UDP glucuronosyltransferases. There is a large literature indicating that melatonin induces 
Nrf2 expression and/or its separation with its corepressor, Keap1 (about 50 publications reported 
at least the induction of Nrf2 by melatonin). Furthermore, it has been shown several times that 
upon melatonin treatment, the cytosolic Nrf2 migrates to the nucleus where it can exert its induc-
tive function. One question remains unanswered, though; it is the possibility that Nrf2 was the 
elusive nuclear factor described at several occasions [26]? Unfortunately, the tridimensional 
structure of Nrf2 and/or of its complex with Keap1 has not been reported. It seems that Nrf2 has 
no a priori structure and is only adopting define 3D shape either once linked to Keap1 (a com-
plex that is then directed to the proteasome) or when in complex with a ligand. Much more need 
to be done to understand this relationship that might enlighten part of the observation of Table 1.

6.2. Through MT1/MT2

The specificity of actions linked to the binding of melatonin to one of its receptors, MT1 and 
MT2, is still a matter of debate. Indeed, a thorough survey of its action is not possible in vivo 
in wildtype animals, because we are still lacking reliable and isoform-specific antagonists (see 
discussion in Jockers et al. [45]). It is possible, though, to study the role of one or the other of the 
receptors using either natural KO animals [such as the Siberian hamster, but not the European 
hamster (Gautier & Boutin [281])] or, alternatively, MT1 or MT2 (or both) KO animals, which 
have been engineered [238–240], but results are slow to be issued [241–243] (see also discussion 
in Jockers et al. [45]). Nevertheless, general conclusions can be drawn from accumulated data, 
as reviewed by the same authors [45]. It is difficult, as of today, without drowning in the 3970 
available reviews on melatonin, to clearly segregate between the subtype roles. Among the clear-
est facts, mice lacking MT1 receptors exhibit higher mean blood glucose levels than wildtype 
mice [244]. Those KO animals tend to be more glucose intolerant and insulin resistant than their 
wildtype counterparts. Through many different parameters, both MT1 and MT2 receptors seem 
to have a role in the phase shift of circadian rhythms, as demonstrated by several lines of indica-
tions, including knockout animals, the use of specific MT2 antagonists (luzindole, 4P-PDOT), as 
well as ex vivo experiments. Melatonin can activate an immune response. Remarkably, that was 
proposed as early as 1926 by Berman. This activity seems to depend on the MT1 receptor [245], 
but opposite claims have also been published [246]. Liu et al. showed that it was MT2 that was 
the receptor implicated in axogenesis and the formation of functional synapses [247].

Nevertheless, it seems to me improbable that even only some of the actions in Table 1 were 
through the binding of melatonin onto its receptors.
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6.3. Through QR2

As stated previously, it was rapidly discovered that two melatonin-binding sites were GPCR 
in mammals and an extra one, Mel1c, in reptilians and birds. The group of Dubocovich also 
pointed at a binding site, ML2 [248, 249], with rather unconventional properties (particularly 
with very fast exchange) baptized MT3. In 1999 we embarked in an attempt to clone this par-
ticular receptor, after having obtained similar results for the pharmacological description of 
this particular “receptor” [250]. We had the chance to identify it by using a series of inverse 
pharmacology techniques, comprising an analogue of a specific MT3 ligand, MCA-NAT, on 
which affinity chromatography succeeded. The binding site was an enzyme with a peculiar 
story, quinone reductase 2 (QR2 a.k.a. NQO2) [23]. The activity of this enzyme was first 
described in the early 1960s as a reductase using unconventional donors as co-substrates, such 
as N-benzyl, N-methyl, or N-ribosyl dihydronicotinamides, and Talalay’s group established 
that the enzyme was the enzyme once described by Liao et al. [251]. Interestingly, they clearly 
established the nature of the enzyme and particularly its incapacity to recognize NADH or 
NAD(P)H as co-substrates, as well as its sensitivity to some chemical, in an orthogonal way 
to QR1. For instance, QR2 is insensitive to the reference QR1 inhibitor, dicoumarol. When 
we discovered that QR2 was indeed MT3, we had to reinforce this observation by generating 
KO cell lines [252], KO mouse strain [253] and various tools that would help to understand 
the potential role of this enzyme (see Vella et al. [254] and references there in). Although 
the enzyme was identified during a pure melatonin-related program, it turned out to have 
nothing in common, a priori, with the melatoninergic systems. Indeed, while able to bind 
melatonin with a rather strong affinity—in the nM range—QR2 is only poorly inhibited by 
melatonin, in the 50 μM range, suggesting that melatonin regulation was not a player in the 
QR2 game. Indeed, as often in the drug metabolism area, enzymes from both phases I and 
II, such as cytochrome P450, UGTs, or glutathione S-transferases, are often enzymes with 
enough plasticity in their catalytic sites in order to accommodate xenobiotics that are, by 
definition, molecules of various chemical structures issued from the environment at large.

Nevertheless, I suggested that QR2 inhibition at high dose of melatonin could be an explana-
tion for melatonin exerting its antioxidant capacities [88].

6.4. Through mitochondria

Incidentally, a couple of papers reported not only the synthesis of melatonin in mitochondria 
but also the presence in these organelles—at least those isolated from the brain—of a measurable 
binding, signing the presence of MT1 receptors. Again, as long as the mitochondrial DNA is not 
reported for genes encoding for these GPCRs, it seems possible to hypothesize that those binding 
sites were a leftover from the brain preparation of mitochondria, a possibility reinforced by the 
difficulty of preparing “pure” mitochondria from these lipid- and membrane-rich organs. Beyond 
these hypothetical technical considerations lays also the fact that our laboratory had experienced 
“very” often cells with no binding activity, suggesting that mitochondria would express melato-
nin receptors only in melatonin receptor-rich organs—such as the brain—an indirect suggestion 
that the presence of those receptors in these organelles might be a “simple” signature of a difficult 
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separation between all the kinds of membranes present in a neuronal cell. There were several 
reports over the last decade showing a protective effect of melatonin onto mitochondria functions 
(see Table 2). Then several reviews suggested that melatonin was synthesized by mitochondria 
(see, for instance, Manchester et al., 2015 [255], Reiter et al., 2017 [256] and 2018 [257]). Particularly 
interesting is the fact that Cellular and Molecular Life Science published a special issue in 2017 
(volume 74, issue 21) dealing with melatonin and mitochondria, emphasizing the interest of the 
community for these observations and their consequences. A reason for this hypothesis was given: 
mitochondria, like chloroplasts in plants, evolved from bacteria. Because originally cyanobacteria 
were subjected to heavy exposition to toxic free radicals, they evolved in keeping melatonin as an 
antioxidant, scavenging these radicals and thus preserving their integrity. Because this happened 
about 3 billion years ago, melatonin has been selected to protect and defend those microorganisms.

Of course, when bacteria colonized eukaryotic cells, the trait was maintained throughout evo-
lution, including in mammals. Thus, no matter how high or low the blood melatonin concen-
tration is, this particular intra-mitochondria concentration remains constant (not depending 
on the circadian rhythm), protecting mitochondria from the never ending production of free 
radicals that is the signature of sane mitochondria. An impressive series of publications were 
issued in these last few years (see Table 2) dealing with situations where toxicity was prevented 
by melatonin. This can be further extended to the protection afforded by mitochondria-synthe-
sized melatonin to oocytes [278]. Finally, one can also add the observation that mitochondria 
melatonin protects plants from drought episodes [202]. Particularly interesting was the last one 
in which Suofu et al. [10] demonstrated the presence of the main melatonin synthesis enzymes, 
arylalkylamine N-acetyltransferase (AANAT) and acetylserotonin O-methyltransferase 
(HIOMT), in mitochondria matrix, as well as the high concentration of melatonin inside those 
mitochondria matrix. Furthermore, they showed the presence of MT1 receptor and the actual 
coupling of this receptor, turning this observation into a major progress in the domain, as rare 
are the receptors signaling in the mitochondria. This observation was challenged by Ahluwalia 
et al. [279] (replied by Suofu et al. [11]) that was able to show the presence of the melatonin 
receptors in muscle fibers, but not in mitochondria thereof. It is clear that this breakthrough 
information will be better understood after the observation will be confirmed independently. 
Of course, questions remain in the skeptical reader mind: if the melatonin system evolved from 
bacteria over several billion years, then the genetic material should have evolved together with 
it, meaning that the mitochondrial DNA should encode for MT1, AANAT, and ASMT, which 
does not seem to be the case. This observation would also lead to an extra complexity involv-
ing the protein importation system (TOM, Tim, etc.) and the ad hoc addressing sequence(s) 
onto those proteins, all of which have not been seen so far. Furthermore, the discovery and 
description of an inward transport of melatonin in mitochondria [280] are not fitting an in situ 
synthesis. For those of us who have been working with subcellular organelles, it is very hard 
to assess the purity of those organelles because of the continuum that exists between all the 
membranes from cells. One should also add to this the particular complexity of the brain tissue 
that is by essence very lipid-rich, leading to an extra difficulty in preparing pure membranes 
or pure subcellular organelles. Nevertheless, the several evidences on the melatonin actions at 
the level of mitochondria cannot be doubted and change our view of its role and of the role of 
MT1, as MT2 seems to be absent from the organelle.
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7. Future paths?

Trying to summarize the literature on subjects like melatonin is obviously impossible. One 
will give his/her view on some of the points that are the most attractive to him/her. It was 
thus vain to attempt to solve issues with such an essay on this neurohormone. The future will 
tell if melatonin is an exceptional molecule with many capacities. What is clear, as of today, 
is that melatonin has been described on a plethora of situations with beneficial endpoints. If 
melatonin is an antioxidant—but the concept behind this word is different from one author 

Protection against Authors Year Reference

Doxorubicin Xu and Ashraf 2002 [258]

Oxidative stress Jou et al. 2004 [259]

NO synthase induced dysfunction Escames et al. 2006 [260]

Apoptosis Han et al. 2006 [261]

Ischemia-Reperfusion Petrosillo et al. 2006 [262]

Apoptosis Luchetti et al. 2007 [263]

Oxidative stress Jou et al. 2007 [264]

UV exposition Fischer et al. 2008 [265]

Aging Petrosillo et al. 2008 [266]

Oxidative stress Hibaoui et al. 2009 [267]

Permeability transition Jou et al. 2010 [268]

Permeability transition Jou et al. 2011 [269]

Bisphenol A Anjum et al. 2011 [270]

CCl4 Chechshevik et al. 2012 [271]

Isoproterenol Mukherjee et al. 2012 [272]

Ischemia-Reperfusion Yang et al. 2013 [273]

UV exposition Canonico et al. 2013 [274]

Demyelination induced stress Kashani et al. 2014 [275]

Cd Guo et al. 2014 [276]

Isoproterenol Mukherjee et al. 2015 [272]

Ischemic-Stroke Yang et al. 2015 [277]

Lipid toxicity Ozsoy et al. 2016 [159]

Aging Baburina et al. 2017 [205]

Lipid toxicity Das et al. 2017 [116]

Paclitaxel Galley et al. 2017 [124]

Copper Ghosh et al. 2017 [126]

Table 2. Melatonin protects mitochondria against various stresses.
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separation between all the kinds of membranes present in a neuronal cell. There were several 
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(see, for instance, Manchester et al., 2015 [255], Reiter et al., 2017 [256] and 2018 [257]). Particularly 
interesting is the fact that Cellular and Molecular Life Science published a special issue in 2017 
(volume 74, issue 21) dealing with melatonin and mitochondria, emphasizing the interest of the 
community for these observations and their consequences. A reason for this hypothesis was given: 
mitochondria, like chloroplasts in plants, evolved from bacteria. Because originally cyanobacteria 
were subjected to heavy exposition to toxic free radicals, they evolved in keeping melatonin as an 
antioxidant, scavenging these radicals and thus preserving their integrity. Because this happened 
about 3 billion years ago, melatonin has been selected to protect and defend those microorganisms.

Of course, when bacteria colonized eukaryotic cells, the trait was maintained throughout evo-
lution, including in mammals. Thus, no matter how high or low the blood melatonin concen-
tration is, this particular intra-mitochondria concentration remains constant (not depending 
on the circadian rhythm), protecting mitochondria from the never ending production of free 
radicals that is the signature of sane mitochondria. An impressive series of publications were 
issued in these last few years (see Table 2) dealing with situations where toxicity was prevented 
by melatonin. This can be further extended to the protection afforded by mitochondria-synthe-
sized melatonin to oocytes [278]. Finally, one can also add the observation that mitochondria 
melatonin protects plants from drought episodes [202]. Particularly interesting was the last one 
in which Suofu et al. [10] demonstrated the presence of the main melatonin synthesis enzymes, 
arylalkylamine N-acetyltransferase (AANAT) and acetylserotonin O-methyltransferase 
(HIOMT), in mitochondria matrix, as well as the high concentration of melatonin inside those 
mitochondria matrix. Furthermore, they showed the presence of MT1 receptor and the actual 
coupling of this receptor, turning this observation into a major progress in the domain, as rare 
are the receptors signaling in the mitochondria. This observation was challenged by Ahluwalia 
et al. [279] (replied by Suofu et al. [11]) that was able to show the presence of the melatonin 
receptors in muscle fibers, but not in mitochondria thereof. It is clear that this breakthrough 
information will be better understood after the observation will be confirmed independently. 
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Ischemia-Reperfusion Petrosillo et al. 2006 [262]

Apoptosis Luchetti et al. 2007 [263]

Oxidative stress Jou et al. 2007 [264]

UV exposition Fischer et al. 2008 [265]

Aging Petrosillo et al. 2008 [266]

Oxidative stress Hibaoui et al. 2009 [267]

Permeability transition Jou et al. 2010 [268]

Permeability transition Jou et al. 2011 [269]

Bisphenol A Anjum et al. 2011 [270]

CCl4 Chechshevik et al. 2012 [271]

Isoproterenol Mukherjee et al. 2012 [272]

Ischemia-Reperfusion Yang et al. 2013 [273]

UV exposition Canonico et al. 2013 [274]

Demyelination induced stress Kashani et al. 2014 [275]

Cd Guo et al. 2014 [276]

Isoproterenol Mukherjee et al. 2015 [272]

Ischemic-Stroke Yang et al. 2015 [277]

Lipid toxicity Ozsoy et al. 2016 [159]

Aging Baburina et al. 2017 [205]

Lipid toxicity Das et al. 2017 [116]

Paclitaxel Galley et al. 2017 [124]

Copper Ghosh et al. 2017 [126]

Table 2. Melatonin protects mitochondria against various stresses.
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to another—it is not as a scavenger of radical oxygen species, but most probably through its 
capacity to induce cellular defenses against oxidative stress. Melatonin has different known 
targets; two, MT1 and MT2, are well described, but these receptors bring more unexpected nov-
elties over the years, an enzyme—QR2—the study of which could be part of an explanation for 
the antioxidant properties of melatonin, and, finally, a pathway, linked to Nrf2 that seems to 
be another part of the explanation for these properties. There are many routes still to explore 
to understand what is behind this molecule, and the spectacular associated with it should be 
concealed and mastered until beyond (and despite) our hopes; facts will be revealed.
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Abstract

Melatonin is an endogenous hormone derived from tryptophan that is mainly released 
from the pineal gland in the dark. Melatonin regulates many biological functions such as 
sleep, circadian rhythm, immunity, and reproduction. Melatonin has a free radical scaven-
ger, anti-inflammatory, and antioxidant effects. It scavenges reactive oxygen and nitrogen 
species and increases antioxidant defenses, thus it prevents tissue damage and blocks 
transcriptional factors of pro-inflammatory cytokines. Due to its small size and amphiphi-
lic nature, it increases the efficacy of mitochondrial electron transport chain and reduces 
electron leakage. Melatonin prevents degenerative changes in the central nervous system 
in models of Alzheimer’s and Parkinson’s disease and reduces free radical damage to DNA 
which may lead to cancer and many other situations. Consequently, melatonin has benefi-
cial effects including stimulation of antioxidant enzymes, inhibition of lipid peroxidation, 
and so it contributes to protection from oxidative damages.

Keywords: melatonin, antioxidant, free radical, oxidative stress, anti-inflammatory, 
neurohormone, tryptophan, disease

1. Introduction

Melatonin, N-acetyl-5-methoxytryptamine, which was first isolated from bovine pineal glands 
[1], is an endogenous neurohormone derived from tryptophan [2]. Melatonin controls various 
physiologic processes, including circadian rhythms, mood regulation, anxiety, sleep, appetite, 
immune responses, and cardiac functions [3]. The sleep–wake cycle is the most overt circadian 
rhythm [4]. More or less sleep shows negative effects on biological and physiological processes 
including alterations in metabolic, endocrine, and immune pathways that lead to health problems 
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Abstract

Melatonin is an endogenous hormone derived from tryptophan that is mainly released 
from the pineal gland in the dark. Melatonin regulates many biological functions such as 
sleep, circadian rhythm, immunity, and reproduction. Melatonin has a free radical scaven-
ger, anti-inflammatory, and antioxidant effects. It scavenges reactive oxygen and nitrogen 
species and increases antioxidant defenses, thus it prevents tissue damage and blocks 
transcriptional factors of pro-inflammatory cytokines. Due to its small size and amphiphi-
lic nature, it increases the efficacy of mitochondrial electron transport chain and reduces 
electron leakage. Melatonin prevents degenerative changes in the central nervous system 
in models of Alzheimer’s and Parkinson’s disease and reduces free radical damage to DNA 
which may lead to cancer and many other situations. Consequently, melatonin has benefi-
cial effects including stimulation of antioxidant enzymes, inhibition of lipid peroxidation, 
and so it contributes to protection from oxidative damages.

Keywords: melatonin, antioxidant, free radical, oxidative stress, anti-inflammatory, 
neurohormone, tryptophan, disease

1. Introduction

Melatonin, N-acetyl-5-methoxytryptamine, which was first isolated from bovine pineal glands 
[1], is an endogenous neurohormone derived from tryptophan [2]. Melatonin controls various 
physiologic processes, including circadian rhythms, mood regulation, anxiety, sleep, appetite, 
immune responses, and cardiac functions [3]. The sleep–wake cycle is the most overt circadian 
rhythm [4]. More or less sleep shows negative effects on biological and physiological processes 
including alterations in metabolic, endocrine, and immune pathways that lead to health problems 
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involving obesity, diabetes, hypertension, and respiratory diseases [4–6]. Timing of melatonin 
secretion is closely associated with the timing of sleep propensity, and it also coincides with 
decreases in core body temperature, alertness, and performance [7]. Melatonin regulates memory 
formation by directly affecting hippocampal neurons. There are antinociceptive, antidepressant, 
anxiolytic, antineophobic, and locomotor activity regulating effects of melatonin [3, 8]. Melatonin 
plays important roles in neurogenesis, neuroprotection, maintenance of oxidant/antioxidant bal-
ance, modulation of cardiovascular and/or immune system, and diabetes control. It exerts a direct 
antioxidant effect on tissues/organs and antiapoptotic effects on cells [9]. Other actions of mela-
tonin include inhibition of dopamine release in the hypothalamus and retina, involvement in the 
aging process and pubertal development, blood pressure control, and free radical scavenging [7]. 
Melatonin dysfunction may contribute to many divergent diseases, such as neurodegenerative 
diseases, circadian and mood disorders, insomnia, type 2 diabetes, and pain [3]. Low levels of 
melatonin have been shown in Parkinson’s disease (PD), Alzheimer’s disease (AD), insomnia, 
epilepsy, ischemic injury, and neuropsychiatric disorders; in addition, roles for melatonin in the 
development of cataracts, aging, and retinitis have also been reported [10]. Melatonin has been 
utilized in several countries for circadian rhythm disorders, sleep disturbances, jet lag, and sleep–
wake cycle disturbances in blind people and shift workers [7, 11, 12].

Melatonin is secreted primarily by the pineal gland in response to darkness [2, 13, 14]. It was 
later found to be also present or synthesized in extrapineal sites such as retina, Harderian 
gland, lymphocytes, gastrointestinal tract, bone marrow cells, platelets and skin [13, 15–17]. 
The neurohormone melatonin is not stored in the pineal gland but rather is released into the 
bloodstream and can penetrate all body tissues [18]. The synthesis of melatonin shows a clear 
circadian rhythm with low levels during the daytime and its secretory peak at night [19, 20]. The 
nocturnal synthesis and release of melatonin by the pineal gland are strictly controlled by the 
suprachiasmatic nucleus (SCN) clock and inhibited by lighting conditions [19, 21]. In humans 
and other mammals, detection of light drives activity in retinal ganglion cells that project to 
the SCN in the hypothalamus, causing the release of inhibitory γ-amino butyric acid that sup-
presses the circuit controlling melatonin synthesis and release [22]. Serum melatonin reaches a 
peak value (80–150 pg/mL) between midnight and 3 a.m., while its concentration during the day 
is low (10–20 pg/mL) [23]. Both normal melatonin patterns and the influence of light can vary 
considerably between individuals, either in terms of personal characteristics or as a consequence 
of aging or a chronic disease [24]. Serum concentrations of melatonin vary considerably with 
age, and infants secrete very low levels of melatonin before 3 months of age. Amplitude of the 
nocturnal peak in melatonin secretion reaches the highest levels between the 4th and 7th year of 
age [15, 19]. Other factors that alter melatonin levels are nightwork, impaired light–dark cycles, 
and obesity. Additionally, some nutritional factors could change melatonin production [13].

Melatonin, hormone of darkness, is synthesized from tryptophan, which is an essential 
amino acid by the pineal gland. The synthesis of melatonin is a multistep process. Firstly, 
tryptophan is hydroxylated by tryptophan-5-hydroxylase (TPH) to form 5-hydroxytryp-
tophan, which is subsequently decarboxylated to 5-hydroxytryptamine (serotonin) by 
L-aromatic amino acid decarboxylase (AADC). Serotonin is N-acetylated by arylalkyl-
amine N-acetyltransferase (AA-NAT, also called “Timezyme,” is the rate-limiting enzyme 
for melatonin synthesis), to form N-acetylserotonin, which is converted to N-acetyl-5-
methoxytryptamine (melatonin) by N-acetylserotonin-O-methyltransferase (ASMT, also 
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called hydroxyindole-O-methyltransferase or HIOMT). The last step is the rate-limiting step 
in the biosynthesis of melatonin (Figure 1) [18, 20, 25–28].

Melatonin synthesis depends on intact beta-adrenergic receptor function. Norepinephrine 
activates the N-acetyltransferase, and beta-receptor blockers depress melatonin secretion [29]. 
Both AA-NAT and ASMT activities are controlled by noradrenergic and neuropeptidergic pro-
jections to the pineal gland. The pineal gland receives input from postganglionic fibers, leading 
to the release of norepinephrine. Norepinephrine induces its α1/β-adrenoceptors that activate 
adenylate cyclase-cAMP system. Thus, intracellular levels of the second messengers include 
cAMP, Ca2+, phosphatidylinositol, diacetylglycerol, and protein kinase C increase. These mes-
sengers induce the expression and activity of AA-NAT and HIOMT [7, 14, 15, 18, 30].

The pineal gland is located outside the blood brain barrier, and loses it connections with the 
central nervous system, having sympathetic innervation as its main source. This may explain 
for the pineal gland ability to have a large uptake of tryptophan leading to a high melatonin 
production and secretion in response to darkness [18]. Once synthesized, melatonin is quickly 
released into the systemic circulation to reach central and peripheral target tissues. The effects 
of melatonin depend on the localization and types of melatonin receptors [15]. Melatonin 
activates two high-affinity G-protein-coupled receptors, termed MT1 and MT2. The MT1 and 
MT2 lead to an inhibition of the adenylate cyclase in target cells and regulate a variety of 
cellular and physiological processes including neuronal firing, arterial vasoconstriction, cell 
proliferation, immune responses, and reproductive and metabolic functions [8, 16, 27, 31–33]. 
MT1 and MT2 receptors are 350 and 362 amino acids long, located on chromosome 4q35.1 
and chromosome 11q21-q22, respectively. MT1 receptors are expressed in the brain, cardio-
vascular system, immune system, testes, ovary, skin, liver, kidney, adrenal cortex, placenta, 
breast, retina, pancreas, and spleen. MT2 has been found in the immune system, brain, retina, 
pituitary, blood vessels, testes, kidney, gastrointestinal tract, mammary glands, adipose tis-
sue, and the skin [27, 31, 32]. The MT3 receptor has a low affinity, unlike MT1 and MT2; it 
is not coupled to G proteins; it has a nanomolar affinity for melatonin, and it is not sensitive 

Figure 1. Biosynthesis of melatonin from tryptophan (TPH, tryptophan-5-hydroxylase; AADC, L-aromatic amino acid 
decarboxylase; AA-NAT, arylalkylamine N-acetyltransferase; HIOMT, hydroxyindole-O-methyltransferase).
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age [15, 19]. Other factors that alter melatonin levels are nightwork, impaired light–dark cycles, 
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tophan, which is subsequently decarboxylated to 5-hydroxytryptamine (serotonin) by 
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amine N-acetyltransferase (AA-NAT, also called “Timezyme,” is the rate-limiting enzyme 
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Melatonin synthesis depends on intact beta-adrenergic receptor function. Norepinephrine 
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sengers induce the expression and activity of AA-NAT and HIOMT [7, 14, 15, 18, 30].

The pineal gland is located outside the blood brain barrier, and loses it connections with the 
central nervous system, having sympathetic innervation as its main source. This may explain 
for the pineal gland ability to have a large uptake of tryptophan leading to a high melatonin 
production and secretion in response to darkness [18]. Once synthesized, melatonin is quickly 
released into the systemic circulation to reach central and peripheral target tissues. The effects 
of melatonin depend on the localization and types of melatonin receptors [15]. Melatonin 
activates two high-affinity G-protein-coupled receptors, termed MT1 and MT2. The MT1 and 
MT2 lead to an inhibition of the adenylate cyclase in target cells and regulate a variety of 
cellular and physiological processes including neuronal firing, arterial vasoconstriction, cell 
proliferation, immune responses, and reproductive and metabolic functions [8, 16, 27, 31–33]. 
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and chromosome 11q21-q22, respectively. MT1 receptors are expressed in the brain, cardio-
vascular system, immune system, testes, ovary, skin, liver, kidney, adrenal cortex, placenta, 
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to Na+2, Mg+2, and Ca+2. The MT3 is equivalent to enzyme quinone reductase II [27]. The rela-
tionship between multiple physiological function of melatonin and this enzyme is possibly 
involved in the regulation of cellular redox status, although the exact role of this relationship 
remains unclear [16, 34]. Melatonin appears to be a natural ligand for the retinoid-related 
orphan nuclear hormone receptor family (RZR/ROR). RZR/RORα is expressed in a variety of 
organs, whereas RZRβ is specific for the brain and retina [35]. In addition, melatonin inter-
acts with intracellular proteins such as calmodulin, calreticulin, or tubulin and antagonizes 
the binding of Ca2+ to calmodulin [7]. ROR/RZR has been proposed to work in coordination 
with the plasma membrane receptors MT1/MT2 to regulate gene expression. The low-affinity 
interaction between melatonin and calmodulin may be involved in its antioxidant action as 
well as other signaling processes [15, 16]. The membrane receptors have been defined in the 
central nervous system and in peripheral organs, such as liver, gastrointestinal tract, skin, kid-
ney, heart, and adipose and lymphoid tissues in many mammalians [33]. Melatonin also acts 
through nonreceptor-mediated mechanisms, for example, serving as a scavenger for reactive 
oxygen species (ROS) and reactive nitrogen species (RNS) [27]. Melatonin and its metabolites 
have potent antioxidative and radioprotective properties [36]. Melatonin has been proven to 
be an efficient oxidant scavenger of a variety of radical and nonradical reactants [37].

In the circulation, melatonin is partially bound to albumin and can also bind to hemoglobin 
[38]. Melatonin metabolism is a rapid process, and its half-life in humans varies between 10 
and 60 min following exogenous administration. It is deactivated mostly by the liver and 
excreted in the urine [13, 26]. There are three major pathways of melatonin degradation: (1) 
the classical hepatic degradation pathway that generates 6-hydroxymelatonin, (2) the alterna-
tive indolic pathway that produces 5-methoxyindole acetic acid (5-MIAA) or 5-methoxytryp-
tophol (5-MTOL), and (3) the kynurenic pathway that produces the main brain metabolites of 
melatonin, N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK), and its deformylated prod-
uct N1-acetyl-5-methoxykynuramine (AMK). These metabolites are highly remarkable and 
are generated enzymatically, pseudoenzymatically, by free radical, and via photochemical 
processes. Recently, it was reported that AFMK and AMK detoxify reactive species and pre-
serve tissues from damage by reactive intermediates [39]. This chapter summarizes effects of 
melatonin and its metabolites as antioxidants and their clinical significance in several diseases.

2. Free radicals

Free radicals are atoms or molecules that containing one or more unpaired electrons in the 
external orbitals of the molecules, usually unstable and highly reactive. The free radical 
chemical reactivity is directly associated with the damage that they can inflict to biological 
molecules. In biology system, oxygen-derived radicals and nitrogen-derived radicals are two 
types of free radicals. Oxygen-derived radicals, such as superoxide (O2

•−), hydroxyl radicals 
(OH•), alkoxyl radicals (RO•), as well as nonradicals such as hydrogen peroxide (H2O2), ozone 
and hypochlorous acid, are defined as reactive oxygen species (ROS). ROS are produced dur-
ing the oxygen metabolism. Nitrogen-derived radicals and nonradicals, such as nitrogen 
dioxide (NO2), nitric oxide radicals (NO•), and peroxynitrite (ONOO), are known as reactive 
nitrogen species (RNS) which are derived from nitric oxide and superoxide by inducible nitric 
oxide synthase (iNOS) and NADPH oxidase, respectively [16, 40–44]. Oxidants are produced 
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as a result of normal intracellular metabolism in mitochondria and peroxisomes, as well as 
from diverse cytosolic enzyme systems such as lipoxygenases, NADPH oxidase, and cyto-
chrome P450. Furthermore, various external agents including ionizing radiation, ultraviolet 
light, environmental toxins, inflammatory, and cytokines can trigger ROS production [16, 44]. 
Mitochondria are the major source of ROS and RNS production [45]. Generation of O2

•− during 
oxidative phosphorylation takes place mainly in the mitochondria. O2

•− is quickly converted 
to H2O2 enzymatically by superoxide dismutases (SODs). After that, H2O2 is converted into 
water or highly toxic hydroxyl radical [16]. Although hydroxyl radical formation can occur in 
several ways, by far the most important mechanism in vivo is likely to be the transition metal-
catalyzed decomposition of superoxide anion and hydrogen peroxide [46]. Hydroxyl radicals 
are generated from hydrogen peroxide during cellular oxygen metabolism via the Fenton and 
Haber-Weiss reactions (Figure 2) [47], in the presence of free iron or copper ions [48]. The OH• 
is formed during the Fenton reaction when H2O2 interacts with transition metals (Fe2+, Cu1+, 
etc.) [16, 40, 41]. It can also be produced by ultraviolet and ionizing radiations [41].

Alkoxyl radicals that are formed from the reduction of peroxides, are less reactive than OH• 
and significantly more reactive than ROO radicals, provided that R is the same in both spe-
cies. Therefore, they are suggested to be ideal candidates to evaluate the efficiency of antioxi-
dants and also the reactivity of any species reacting with ROS. As regards RNS, the chemical 
reactivity and direct toxicity of NO• are quite low. However, it reacts with O2

•− forming per-
oxynitrite, which is a powerful oxidant. NO2 is a mild oxidant, and its reactivity is between 
those of NO• and ONOO− [41, 42, 44].

In healthy organisms, there is a delicate balance between the production and the removal 
of free radicals, which guarantees that they remain in low/moderate concentrations. Under 
such conditions, free radicals have beneficial effects [41]. ROS and RNS play important roles 
in regulation of a wide variety of physiology functions like gene expression, cellular growth, 
differentiation, modulation of chemical reactions, and induction of transcription factors such 
as nuclear factor-kappa B (NF-кB) and activator protein-1 (AP-1) and activation of signal 
transduction pathways. They also participate in blood pressure control, are mediators in 
the biosynthesis of prostaglandins, function in embryonic development, and act as signal-
ing molecules within the individual cell and among cells during their life span [44–46]. The 
harmful and useful effects of ROS/RNS are associated with their concentrations, the cell type 
and the subcellular compartments that are produced, and their timing of production [16]. An 
imbalance between excessive ROS and RNS generation and rate of their elimination by the 
antioxidant capacity leads to oxidative stress [49, 50]. It has been shown that oxidative stress 
is involved in over 100 diseases, as their cause or consequence [51]. Oxidative stress results 
in macromolecular damage and is implicated in various disease states such as atherosclero-
sis, diabetes, cancer, neurodegeneration, and aging [52]. The cellular dysfunctions caused by 
excessive ROS and/or RNS might produce loss of energy metabolism, altered cell signaling 

Figure 2. Fenton and Haber-Weiss reactions.
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serve tissues from damage by reactive intermediates [39]. This chapter summarizes effects of 
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molecules. In biology system, oxygen-derived radicals and nitrogen-derived radicals are two 
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•− during 
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is formed during the Fenton reaction when H2O2 interacts with transition metals (Fe2+, Cu1+, 
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of free radicals, which guarantees that they remain in low/moderate concentrations. Under 
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in regulation of a wide variety of physiology functions like gene expression, cellular growth, 
differentiation, modulation of chemical reactions, and induction of transcription factors such 
as nuclear factor-kappa B (NF-кB) and activator protein-1 (AP-1) and activation of signal 
transduction pathways. They also participate in blood pressure control, are mediators in 
the biosynthesis of prostaglandins, function in embryonic development, and act as signal-
ing molecules within the individual cell and among cells during their life span [44–46]. The 
harmful and useful effects of ROS/RNS are associated with their concentrations, the cell type 
and the subcellular compartments that are produced, and their timing of production [16]. An 
imbalance between excessive ROS and RNS generation and rate of their elimination by the 
antioxidant capacity leads to oxidative stress [49, 50]. It has been shown that oxidative stress 
is involved in over 100 diseases, as their cause or consequence [51]. Oxidative stress results 
in macromolecular damage and is implicated in various disease states such as atherosclero-
sis, diabetes, cancer, neurodegeneration, and aging [52]. The cellular dysfunctions caused by 
excessive ROS and/or RNS might produce loss of energy metabolism, altered cell signaling 

Figure 2. Fenton and Haber-Weiss reactions.
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and cell cycle, gene mutations, and impaired cellular transport mechanisms. The oxidative 
stress promotes decreased biological activities, immune activation, and inflammation [50]. It 
seems that both high levels of ROS (oxidative stress) and excessively low levels of ROS (reduc-
tive stress) are deleterious and apparently play a causative role in the pathologies caused by 
malfunctioning processes related to the dramatic change of redox environment [53].

3. Antioxidants

Based on the oxidative stress related to free radical theory, the antioxidants are the first line of 
choice to take care of the stress [45]. Antioxidants act as free radical scavengers and can prevent 
oxidative reactions that lead to various diseases [54]. The antioxidant defense system includes 
endogenous (enzymatic and nonenzymatic) and exogenous (dietary) antioxidants that interact in 
establishing redox homeostasis in the body [49]. Endogenous antioxidants, which are products 
of the body’s metabolism, may be enzymatic or nonenzymatic compounds localized generally in 
the cytoplasm and diverse cell organelles [45, 49]. In eukaryotics, various antioxidant enzymes, 
for instance, SOD, catalase (CAT), and some peroxidases, transform ROS into more stable 
molecules (e.g., water and O2) via complex cascade of reactions [45]. One of the most effective 
intracellular enzymatic antioxidants is SOD. In humans, there are three forms of SOD: cytosolic 
CuZn-SOD, mitochondrial Mn-SOD, and extracellular SOD. SOD catalyzes the dismutation of 
O2

•− to H2O2, decreasing the amount of O2
•− and thereby lowering the formation of ONOO− [44, 

50]. Other important enzymatic antioxidants include CAT, glutathione peroxidase (GPx), gluta-
thione reductase (GR), and peroxiredoxins (Prxs). These enzymes neutralize hydrogen peroxide, 
yielding water (CAT, GPx) and oxygen molecule (CAT) [45, 49]. CAT which is found in the per-
oxisomes and cytoplasm [55] presents a molecule of ferric ion at its active site and converts two 
molecules of H2O2 into one molecule each of water and diatomic oxygen [37]. Glutathione peroxi-
dase can be found in many subcellular compartments including the mitochondria and nucleus 
depending on the family member [55]. Selenium, as a selenocysteine, is a component of the active 
site of GPx [37, 55, 56]. GPx uses reduced glutathione (GSH) as a substrate to transfer electrons 
to H2O2 (and other peroxides), thereby converting it into two molecules of water [37]. When 
hydrogen peroxide is metabolized by glutathione peroxidase, reduced glutathione is oxidized to 
glutathione disulfide (GSSG) which is converted back to GSH by the enzyme GR [57–59].

Small molecular nonenzymic antioxidants (e.g., GSH, NADPH, thioredoxin, vitamin E 
(α-tocopherol), vitamin C (ascorbic acid), and trace metals, such as selenium) also function as 
direct scavengers of ROS [45]. In particular, glutathione plays a central role in defense against 
oxidative stress [54]. The antioxidant properties of GSH which is a tripeptide, γ-l-glutamyl-
l-cysteinyl-glycine, depend on the presence of a peptide bond between the amino group of 
cysteine and the alpha-carboxyl group, which provide an excellent protection against ami-
nopeptidases, and the expression of the thiol group which derive from the cysteine residue. 
Complexation of metal ions, participation in the oxidation reactions, and formation of thiol 
radicals and disulfides are the most important functions of thiol groups in the biological sys-
tems [49]. Maintaining or reestablishment of redox homeostasis are ensured by endogenous 
and exogenous antioxidants that act synergistically [49, 60], such as during the regeneration 
of vitamin E by GSH or vitamin C to prevent lipid peroxidation, which can affect membrane 
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fluidity and damage membrane proteins [60, 61]. Vitamin E and Vitamin C are the most fre-
quently used antioxidant vitamins [62] that are thought to have a protective effect by either 
reducing or preventing oxidative damage [63]. Vitamin E belongs to the group of fat-soluble 
vitamins existing in eight different forms. The methylation pattern of the chroman ring deter-
mines the classification as α, β, γ, and δ tocopherols. These compounds have antioxidant 
properties. Vitamin E scavenges peroxyl radicals and hence acts to break the chain reaction 
of lipid peroxidation [64]. Besides its antioxidant role, vitamin E might also have a structural 
role in stabilizing membranes [46, 65, 66]. Vitamin C, which is readily water soluble, is an 
important antioxidant and thus works in aqueous environments of the body [46, 57, 67]. As an 
antioxidant, ascorbate is an efficient scavenger, or reducing antioxidant, capable of donating 
its electrons to ROS and eliminating them [44]. Loss of one electron generates the ascorbyl 
radical intermediate, and loss of two electrons generates dehydroascorbate (DHA, which can 
also be formed via dismutation of the ascorbyl radical) [61, 68]. It makes ascorbate a powerful 
important antioxidant [44]. Vitamin C serves as a co-antioxidant with vitamin E to regenerate 
α-tocopherol from α-tocopherol radicals in membranes and lipoproteins and protect protein 
thiol group against oxidation by increasing intracellular levels of GSH [46, 61, 69]. Vitamin C 
can also neutralize ROS (e.g., hydrogen peroxide) [46, 70]. Recently, toxicity of ascorbic acid 
has also been attributed to its autoxidation [45].

An efficient antioxidant should not only be ubiquitous but should also be present in adequate 
amounts in cells and easily reacts with a wide variety of free radicals which have short half-
life due to high reactivity. A good antioxidant has the ability to cross physiologic barriers 
and to be quickly transported into the cells. Thus, it must be available to all cells. It is also 
important for an antioxidant to be available. Antioxidants should be available when needed. 
They should be easily acquired through the diet or produced in situ. Antioxidants should 
be suitable for regeneration. The reaction between an antioxidant and a free radical yields 
an oxidized form of the antioxidant which has less scavenging activity than the original 
compound. Therefore, many antioxidants have physiologically reducing mechanisms, or its 
oxidized forms can still efficiently react with new free radicals. An ideal antioxidant should be 
conserved by the kidneys. Otherwise, large urinary losses would occur and the half-life will 
be short. An important aspect to consider for evaluating the suitability of a compound as an 
antioxidant is its toxicity. It should be nontoxic prior to and after the free radical scavenging 
process takes place. In addition, it is also important to be aware of possible interactions with 
any drug that may be concurrently consumed [41, 71, 72].

Melatonin is a potent direct scavenger of free radicals. Unlike most of other radical scaven-
gers, it is a multifunctional antioxidant. Melatonin can easily pass through cell membranes 
because of its high lipophilicity and hydrophilicity [73]. Melatonin is also widespread within 
cells. Its concentrations in human serum and cerebrospinal fluid vary widely. Melatonin is 
endogenously generated, and it is ingested in the food as it is widely available in fruits and 
vegetables. Hence, melatonin is produced internally and is also ingested in the diet. Only 
small amounts of melatonin are excreted into the urine in its unchanged form. It has minimal 
toxicity. Numerous in vivo studies on animals involving massive doses of melatonin have 
shown that acute and chronic toxicity of melatonin is extremely low [41, 74]. Unlike most 
small molecule biological antioxidants such as ascorbic acid, α-tocopherol, lipoic acid, etc., 
melatonin does not undergo redox cycling and, thus, does not promote oxidation. Melatonin 
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and cell cycle, gene mutations, and impaired cellular transport mechanisms. The oxidative 
stress promotes decreased biological activities, immune activation, and inflammation [50]. It 
seems that both high levels of ROS (oxidative stress) and excessively low levels of ROS (reduc-
tive stress) are deleterious and apparently play a causative role in the pathologies caused by 
malfunctioning processes related to the dramatic change of redox environment [53].

3. Antioxidants

Based on the oxidative stress related to free radical theory, the antioxidants are the first line of 
choice to take care of the stress [45]. Antioxidants act as free radical scavengers and can prevent 
oxidative reactions that lead to various diseases [54]. The antioxidant defense system includes 
endogenous (enzymatic and nonenzymatic) and exogenous (dietary) antioxidants that interact in 
establishing redox homeostasis in the body [49]. Endogenous antioxidants, which are products 
of the body’s metabolism, may be enzymatic or nonenzymatic compounds localized generally in 
the cytoplasm and diverse cell organelles [45, 49]. In eukaryotics, various antioxidant enzymes, 
for instance, SOD, catalase (CAT), and some peroxidases, transform ROS into more stable 
molecules (e.g., water and O2) via complex cascade of reactions [45]. One of the most effective 
intracellular enzymatic antioxidants is SOD. In humans, there are three forms of SOD: cytosolic 
CuZn-SOD, mitochondrial Mn-SOD, and extracellular SOD. SOD catalyzes the dismutation of 
O2

•− to H2O2, decreasing the amount of O2
•− and thereby lowering the formation of ONOO− [44, 

50]. Other important enzymatic antioxidants include CAT, glutathione peroxidase (GPx), gluta-
thione reductase (GR), and peroxiredoxins (Prxs). These enzymes neutralize hydrogen peroxide, 
yielding water (CAT, GPx) and oxygen molecule (CAT) [45, 49]. CAT which is found in the per-
oxisomes and cytoplasm [55] presents a molecule of ferric ion at its active site and converts two 
molecules of H2O2 into one molecule each of water and diatomic oxygen [37]. Glutathione peroxi-
dase can be found in many subcellular compartments including the mitochondria and nucleus 
depending on the family member [55]. Selenium, as a selenocysteine, is a component of the active 
site of GPx [37, 55, 56]. GPx uses reduced glutathione (GSH) as a substrate to transfer electrons 
to H2O2 (and other peroxides), thereby converting it into two molecules of water [37]. When 
hydrogen peroxide is metabolized by glutathione peroxidase, reduced glutathione is oxidized to 
glutathione disulfide (GSSG) which is converted back to GSH by the enzyme GR [57–59].

Small molecular nonenzymic antioxidants (e.g., GSH, NADPH, thioredoxin, vitamin E 
(α-tocopherol), vitamin C (ascorbic acid), and trace metals, such as selenium) also function as 
direct scavengers of ROS [45]. In particular, glutathione plays a central role in defense against 
oxidative stress [54]. The antioxidant properties of GSH which is a tripeptide, γ-l-glutamyl-
l-cysteinyl-glycine, depend on the presence of a peptide bond between the amino group of 
cysteine and the alpha-carboxyl group, which provide an excellent protection against ami-
nopeptidases, and the expression of the thiol group which derive from the cysteine residue. 
Complexation of metal ions, participation in the oxidation reactions, and formation of thiol 
radicals and disulfides are the most important functions of thiol groups in the biological sys-
tems [49]. Maintaining or reestablishment of redox homeostasis are ensured by endogenous 
and exogenous antioxidants that act synergistically [49, 60], such as during the regeneration 
of vitamin E by GSH or vitamin C to prevent lipid peroxidation, which can affect membrane 
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fluidity and damage membrane proteins [60, 61]. Vitamin E and Vitamin C are the most fre-
quently used antioxidant vitamins [62] that are thought to have a protective effect by either 
reducing or preventing oxidative damage [63]. Vitamin E belongs to the group of fat-soluble 
vitamins existing in eight different forms. The methylation pattern of the chroman ring deter-
mines the classification as α, β, γ, and δ tocopherols. These compounds have antioxidant 
properties. Vitamin E scavenges peroxyl radicals and hence acts to break the chain reaction 
of lipid peroxidation [64]. Besides its antioxidant role, vitamin E might also have a structural 
role in stabilizing membranes [46, 65, 66]. Vitamin C, which is readily water soluble, is an 
important antioxidant and thus works in aqueous environments of the body [46, 57, 67]. As an 
antioxidant, ascorbate is an efficient scavenger, or reducing antioxidant, capable of donating 
its electrons to ROS and eliminating them [44]. Loss of one electron generates the ascorbyl 
radical intermediate, and loss of two electrons generates dehydroascorbate (DHA, which can 
also be formed via dismutation of the ascorbyl radical) [61, 68]. It makes ascorbate a powerful 
important antioxidant [44]. Vitamin C serves as a co-antioxidant with vitamin E to regenerate 
α-tocopherol from α-tocopherol radicals in membranes and lipoproteins and protect protein 
thiol group against oxidation by increasing intracellular levels of GSH [46, 61, 69]. Vitamin C 
can also neutralize ROS (e.g., hydrogen peroxide) [46, 70]. Recently, toxicity of ascorbic acid 
has also been attributed to its autoxidation [45].

An efficient antioxidant should not only be ubiquitous but should also be present in adequate 
amounts in cells and easily reacts with a wide variety of free radicals which have short half-
life due to high reactivity. A good antioxidant has the ability to cross physiologic barriers 
and to be quickly transported into the cells. Thus, it must be available to all cells. It is also 
important for an antioxidant to be available. Antioxidants should be available when needed. 
They should be easily acquired through the diet or produced in situ. Antioxidants should 
be suitable for regeneration. The reaction between an antioxidant and a free radical yields 
an oxidized form of the antioxidant which has less scavenging activity than the original 
compound. Therefore, many antioxidants have physiologically reducing mechanisms, or its 
oxidized forms can still efficiently react with new free radicals. An ideal antioxidant should be 
conserved by the kidneys. Otherwise, large urinary losses would occur and the half-life will 
be short. An important aspect to consider for evaluating the suitability of a compound as an 
antioxidant is its toxicity. It should be nontoxic prior to and after the free radical scavenging 
process takes place. In addition, it is also important to be aware of possible interactions with 
any drug that may be concurrently consumed [41, 71, 72].

Melatonin is a potent direct scavenger of free radicals. Unlike most of other radical scaven-
gers, it is a multifunctional antioxidant. Melatonin can easily pass through cell membranes 
because of its high lipophilicity and hydrophilicity [73]. Melatonin is also widespread within 
cells. Its concentrations in human serum and cerebrospinal fluid vary widely. Melatonin is 
endogenously generated, and it is ingested in the food as it is widely available in fruits and 
vegetables. Hence, melatonin is produced internally and is also ingested in the diet. Only 
small amounts of melatonin are excreted into the urine in its unchanged form. It has minimal 
toxicity. Numerous in vivo studies on animals involving massive doses of melatonin have 
shown that acute and chronic toxicity of melatonin is extremely low [41, 74]. Unlike most 
small molecule biological antioxidants such as ascorbic acid, α-tocopherol, lipoic acid, etc., 
melatonin does not undergo redox cycling and, thus, does not promote oxidation. Melatonin 
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can be considered a suicidal or terminal antioxidant. It undergoes molecular rearrangement, 
effectively removing the free electron from the system. Each of these products of rearrange-
ment is also a potent antioxidant in its own right. Furthermore, most of these processes 
involve more than one ROS per step, so that one melatonin molecule has the capacity to 
scavenge up to 10 ROS versus the classic antioxidants that scavenge one or less ROS [17, 
20, 70, 74]. It has been found that melatonin promotes the repair of oxidized DNA. This is 
probably due to the melatonin’s capability of transforming guanosine radical to guanosine 
by electron transfer [42]. It was shown that melatonin reduced the formation of 8-hydroxy-2′-
deoxyguanosine (8-OH-dG), a damaged DNA product, 60–70 times more effective than some 
classic antioxidants (ascorbate and α-tocopherol) [75]. Additionally, the relative position of 
melatonin and its metabolites in the antioxidant “pecking order” (electrochemical potential) 
may contribute greatly to its utility in biological systems [76]. Melatonin protects lipids, pro-
teins, and nuclear DNA from oxidative damage suggests that its intracellular distribution 
is wide [17]. Melatonin turned out to be considerably more efficient than the majority of its 
naturally occurring structural analogs, indicating that the substituents of the indole moiety 
strongly influenced reactivity and selectivity [77].

4. Melatonin and its metabolites as antioxidants

Melatonin is an indoleamine with two side chains, a 5-methoxy group and 3-amide group. Its 
molecular weight is 232.2 g/mol [42]. Melatonin has multifunctional activities in addition to its 
function as a synchronizer of the biological clock and seasonal reproduction [78, 79]. One such 
activity is its antioxidant capacity. Melatonin and its metabolites were found to have important 
antioxidant properties owing to their direct and indirect antioxidant actions. Melatonin can 
easily cross cell membranes [80] and the blood brain barrier [78] and protects various biomol-
ecules against damage caused by free radicals by acting as a direct scavenger to detoxify reac-
tive oxygen and nitrogen species. In addition, melatonin can indirectly reduce oxidative stress 
by increasing the activities of antioxidative defense systems; stimulating the expression and 
function of a number of antioxidant enzymes, as well as glutathione, another very important 
nonenzymatic, low molecular weight antioxidant; interacting synergistically with other anti-
oxidants; and increasing the efficiency of the mitochondrial electron transport chain [40, 78–82]. 
Also, melatonin has a chelating property which may contribute in reducing metal-induced 
toxicity [83]. Melatonin was shown to be much more specific than its structural analogs in 
undergoing reactions, which lead to the termination of the radical reaction chain and in avoid-
ing prooxidant, C- or O-centered intermediates [33, 38]. Moreover, it has been shown that it has 
an ability to scavenge free radicals, including hydroxyl radicals, hydrogen peroxide, peroxyl 
radicals, singlet oxygen, nitric oxide, and peroxynitrite. It was demonstrated that melatonin 
inhibits the activity of NO synthase, beside it’s NO and peroxynitrite scavenging activity [84].

Melatonin, an endogenously produced indoleamine, is a highly effective antioxidant and free 
radical scavenger [82]. Melatonin has been reported to neutralize the most toxic oxidizing 
agents, hydroxyl radical and the peroxynitrite anion, generated within the cells. Moreover, 
melatonin reportedly scavenges singlet oxygen (1O2), superoxide anion radical, hydrogen per-
oxide, nitric oxide, and hypochlorous acid (HClO) [17]. Due to the electron-deficient nature of 
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halide ions, haloperoxyl radicals are significantly more reactive than the alkylperoxyl radical; 
accordingly, the trichloromethylperoxyl radical (CCl3OO•) was found to be potently trapped 
by melatonin [85]. Not only melatonin but also several of its metabolites that are formed 
when it functions as a direct free radical scavenger, i.e., cyclic 3-hydroxymelatonin (c3OHM), 
AFMK, AMK, etc., are also radical scavengers [57, 86]. Melatonin and its metabolites work in a 
“task-division” way, with some of them acting mainly as free radical scavengers, while others 
act as metal chelating agents and inhibitors of the hydroxyl radical (OH•) production [87]. 
The sequential scavenging of ROS by melatonin and its metabolites is known as melatonin’s 
antioxidant cascade [16]. The efficiency of AMK for scavenging ROS and preventing protein 
oxidation has been reported to be higher than that of AFMK. Therefore, it seems that at least 
in general, their protective activities against oxidative stress follow the order AMK > melato-
nin > AFMK [88] (Table 1).

4.1. Effects of melatonin and its metabolites on reactive oxygen species

Electron donation is the principal mechanism by which melatonin detoxifies the free radicals 
[17]. While melatonin has the capability of donating one or more electrons to free radicals 
resulting in their detoxification, the metabolites that are formed during this process, i.e., 
c3OHM, AFMK, and AMK, also have similar capabilities [90]. After donating an electron to 
OH•, melatonin becomes a free radical itself, the indolyl radical cation. However, its reactivity 
is very low, and, therefore, it is not toxic to cells [41]. Oxidation of melatonin by hydroxyl 
radicals leads to several hydroxylated products which can be explained by interaction of 
melatonin with two hydroxyl radicals, one acting by hydrogen abstraction and the other by 
combining with the reaction partner especially, at the sides C2, C3, C6, and C7 [91].

6-Hydroxymelatonin (6OHM) is the major hepatic metabolite and photodegradation product 
of melatonin. It is an efficient metabolite for protecting against oxidative damage induced by 
UV irradiation. Due to its capability of scavenging 1O2 and O2

•−, 6OHM can reduce neurotoxic-
ity induced by quinolinic acid. It also lowers Fe(II)-induced neurotoxicity and iron-induced 
lipid peroxidation. It also inhibits the oxidative damage induced by this metal, UV radiation, 
thiobarbituric acid, and cyanide. It may be more efficient than melatonin in this capacity. 
Moreover, it inhibits oxidative stress induced by Cu+2-ascorbate mixtures and OH• produc-
tion by sequestering Cu+2 ions. 6OHM also protects DNA damage induced by Fenton reagents 
and UV radiation [84, 92].

It was showed that the main hydroxylated metabolite of melatonin interaction with hypochlorous 
acid is 2-hydroxymelatonin (2OHM). Subsequently, 2OHM and its keto tautomer, melatonin 
2-indolinone, were the oxidative products of melatonin’s interaction with oxoferryl hemoglobin 
or OH• [93]. 4-Hydroxymelatonin (4OHM) is an excellent peroxyl radical scavenger and also a 
preventing antioxidant by inhibiting Cu(II). This effect would reduce the Cu(I) availability, which 
is the redox state required for the OH• to be formed, via Fenton-like reactions. 4OHM terminates 
the oxidant effects of copper-ascorbate mixtures. The key structural feature in the antioxidant 
activity of 4OHM is the presence of phenolic group, unlike 2OHM which has a relative low anti-
oxidant protection [94]. 4OHM and 2OHM are generated during the UV-induced metabolism of 
melatonin. Further investigation needs to understand the antioxidant activity of these two com-
pounds, as well as their potential role in protecting biomolecules against oxidative damage [87].

An Overview of Melatonin as an Antioxidant Molecule: A Biochemical Approach
http://dx.doi.org/10.5772/intechopen.79421

67



can be considered a suicidal or terminal antioxidant. It undergoes molecular rearrangement, 
effectively removing the free electron from the system. Each of these products of rearrange-
ment is also a potent antioxidant in its own right. Furthermore, most of these processes 
involve more than one ROS per step, so that one melatonin molecule has the capacity to 
scavenge up to 10 ROS versus the classic antioxidants that scavenge one or less ROS [17, 
20, 70, 74]. It has been found that melatonin promotes the repair of oxidized DNA. This is 
probably due to the melatonin’s capability of transforming guanosine radical to guanosine 
by electron transfer [42]. It was shown that melatonin reduced the formation of 8-hydroxy-2′-
deoxyguanosine (8-OH-dG), a damaged DNA product, 60–70 times more effective than some 
classic antioxidants (ascorbate and α-tocopherol) [75]. Additionally, the relative position of 
melatonin and its metabolites in the antioxidant “pecking order” (electrochemical potential) 
may contribute greatly to its utility in biological systems [76]. Melatonin protects lipids, pro-
teins, and nuclear DNA from oxidative damage suggests that its intracellular distribution 
is wide [17]. Melatonin turned out to be considerably more efficient than the majority of its 
naturally occurring structural analogs, indicating that the substituents of the indole moiety 
strongly influenced reactivity and selectivity [77].

4. Melatonin and its metabolites as antioxidants

Melatonin is an indoleamine with two side chains, a 5-methoxy group and 3-amide group. Its 
molecular weight is 232.2 g/mol [42]. Melatonin has multifunctional activities in addition to its 
function as a synchronizer of the biological clock and seasonal reproduction [78, 79]. One such 
activity is its antioxidant capacity. Melatonin and its metabolites were found to have important 
antioxidant properties owing to their direct and indirect antioxidant actions. Melatonin can 
easily cross cell membranes [80] and the blood brain barrier [78] and protects various biomol-
ecules against damage caused by free radicals by acting as a direct scavenger to detoxify reac-
tive oxygen and nitrogen species. In addition, melatonin can indirectly reduce oxidative stress 
by increasing the activities of antioxidative defense systems; stimulating the expression and 
function of a number of antioxidant enzymes, as well as glutathione, another very important 
nonenzymatic, low molecular weight antioxidant; interacting synergistically with other anti-
oxidants; and increasing the efficiency of the mitochondrial electron transport chain [40, 78–82]. 
Also, melatonin has a chelating property which may contribute in reducing metal-induced 
toxicity [83]. Melatonin was shown to be much more specific than its structural analogs in 
undergoing reactions, which lead to the termination of the radical reaction chain and in avoid-
ing prooxidant, C- or O-centered intermediates [33, 38]. Moreover, it has been shown that it has 
an ability to scavenge free radicals, including hydroxyl radicals, hydrogen peroxide, peroxyl 
radicals, singlet oxygen, nitric oxide, and peroxynitrite. It was demonstrated that melatonin 
inhibits the activity of NO synthase, beside it’s NO and peroxynitrite scavenging activity [84].

Melatonin, an endogenously produced indoleamine, is a highly effective antioxidant and free 
radical scavenger [82]. Melatonin has been reported to neutralize the most toxic oxidizing 
agents, hydroxyl radical and the peroxynitrite anion, generated within the cells. Moreover, 
melatonin reportedly scavenges singlet oxygen (1O2), superoxide anion radical, hydrogen per-
oxide, nitric oxide, and hypochlorous acid (HClO) [17]. Due to the electron-deficient nature of 
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halide ions, haloperoxyl radicals are significantly more reactive than the alkylperoxyl radical; 
accordingly, the trichloromethylperoxyl radical (CCl3OO•) was found to be potently trapped 
by melatonin [85]. Not only melatonin but also several of its metabolites that are formed 
when it functions as a direct free radical scavenger, i.e., cyclic 3-hydroxymelatonin (c3OHM), 
AFMK, AMK, etc., are also radical scavengers [57, 86]. Melatonin and its metabolites work in a 
“task-division” way, with some of them acting mainly as free radical scavengers, while others 
act as metal chelating agents and inhibitors of the hydroxyl radical (OH•) production [87]. 
The sequential scavenging of ROS by melatonin and its metabolites is known as melatonin’s 
antioxidant cascade [16]. The efficiency of AMK for scavenging ROS and preventing protein 
oxidation has been reported to be higher than that of AFMK. Therefore, it seems that at least 
in general, their protective activities against oxidative stress follow the order AMK > melato-
nin > AFMK [88] (Table 1).

4.1. Effects of melatonin and its metabolites on reactive oxygen species

Electron donation is the principal mechanism by which melatonin detoxifies the free radicals 
[17]. While melatonin has the capability of donating one or more electrons to free radicals 
resulting in their detoxification, the metabolites that are formed during this process, i.e., 
c3OHM, AFMK, and AMK, also have similar capabilities [90]. After donating an electron to 
OH•, melatonin becomes a free radical itself, the indolyl radical cation. However, its reactivity 
is very low, and, therefore, it is not toxic to cells [41]. Oxidation of melatonin by hydroxyl 
radicals leads to several hydroxylated products which can be explained by interaction of 
melatonin with two hydroxyl radicals, one acting by hydrogen abstraction and the other by 
combining with the reaction partner especially, at the sides C2, C3, C6, and C7 [91].

6-Hydroxymelatonin (6OHM) is the major hepatic metabolite and photodegradation product 
of melatonin. It is an efficient metabolite for protecting against oxidative damage induced by 
UV irradiation. Due to its capability of scavenging 1O2 and O2

•−, 6OHM can reduce neurotoxic-
ity induced by quinolinic acid. It also lowers Fe(II)-induced neurotoxicity and iron-induced 
lipid peroxidation. It also inhibits the oxidative damage induced by this metal, UV radiation, 
thiobarbituric acid, and cyanide. It may be more efficient than melatonin in this capacity. 
Moreover, it inhibits oxidative stress induced by Cu+2-ascorbate mixtures and OH• produc-
tion by sequestering Cu+2 ions. 6OHM also protects DNA damage induced by Fenton reagents 
and UV radiation [84, 92].

It was showed that the main hydroxylated metabolite of melatonin interaction with hypochlorous 
acid is 2-hydroxymelatonin (2OHM). Subsequently, 2OHM and its keto tautomer, melatonin 
2-indolinone, were the oxidative products of melatonin’s interaction with oxoferryl hemoglobin 
or OH• [93]. 4-Hydroxymelatonin (4OHM) is an excellent peroxyl radical scavenger and also a 
preventing antioxidant by inhibiting Cu(II). This effect would reduce the Cu(I) availability, which 
is the redox state required for the OH• to be formed, via Fenton-like reactions. 4OHM terminates 
the oxidant effects of copper-ascorbate mixtures. The key structural feature in the antioxidant 
activity of 4OHM is the presence of phenolic group, unlike 2OHM which has a relative low anti-
oxidant protection [94]. 4OHM and 2OHM are generated during the UV-induced metabolism of 
melatonin. Further investigation needs to understand the antioxidant activity of these two com-
pounds, as well as their potential role in protecting biomolecules against oxidative damage [87].

An Overview of Melatonin as an Antioxidant Molecule: A Biochemical Approach
http://dx.doi.org/10.5772/intechopen.79421

67



7-Hydroxymelatonin has been rarely considered, although the calculated activation energy for 
the respective reaction is as low as that for 6-hydroxylation. 3-Hydroxylation leads to an unusual 
compound cyclic 3-hydroxymelatonin (c3-OHM) [91]. c3-OHM is an intermediate metabolite 
of melatonin [16]. c3-OHM effectively scavenges OH•, ABTS•+ (2,20-azino-bis(3-ethylbenzthia-
zoline-6-sulphonic acid)) [95], and peroxyl radicals [96] and can also chelate Cu(II), preventing 
its reduction and the consequent OH• production via Fenton-like reactions [93, 97]. It is demon-
strated that c3-OHM inhibits oxidative DNA damage and 8-OHdG lesions, induced by Fenton 
reagents, under in vitro conditions [98]. Indeed, c3-OHM is considered a footprint molecule, 
excreted in small amounts in the urine, and evidence of the in vivo scavenging activity of mela-
tonin [41]. c3-OHM also undergoes oxidation resulting in the formation of AFMK [16, 77, 99].

AFMK is one of the metabolites of melatonin and can be formed by both enzymatic or pseudo-
enzymatic and nonenzymatic metabolic pathways [10, 88]. Pyrole ring cleavage of melatonin 
by varied enzymes including indoleamine 2,3-dioxygenase (IDO), myeloperoxidase (MPO), 
and hemoperoxidases, varied pseudoenzymatic catalysts such as oxoferryl hemoglobin and 
in varied reactions with ROS involving free radicals and singlet oxygen, generates AFMK 
[39, 88, 100]. Melatonin oxidation by MPO and IDO generally requires O2

•− that produced in 
large amounts in inflammatory circumstances [100]. Besides, there are also multiple hydrox-
ylations, which are formed in the peroxidase and peroxidase-like reactions and in the conver-
sion of c3-OHM to AFMK [39]. Nonenzymatically, direct reaction of melatonin with highly 
reactive oxygen species (e.g., hydroxyl radical and singlet oxygen) formed AFMK [100]. The 
formation of AFMK by singlet oxygen deserves attention, as this reactive oxygen species is 
formed under the influence of UV light [101]. In light of these findings, it appears that AFMK 
is a product common to several interactions of melatonin with oxygen-based reactants [85]. 
The generation of AMK occurs via deformylation of AFMK [10, 16, 77]. These compounds 
are also major melatonin metabolites in detoxifying ROS and reducing oxidative stress  

ROS/RNS neutralized by melatonin and its 
metabolites

Antioxidative enzymes that are stimulated by  
melatonin

Hydroxyl radical Superoxide dismutase

Hydrogen peroxide Glutathione peroxidase

Superoxide anion radical Catalase

Nitric oxide Glutathione reductase

Alkoxyl radical Glutamyl-cysteine ligase

Peroxynitrite Cyclooxygenase

Singlet oxygen Heme oxygenase

Hydrogen peroxide Nitric oxide synthase

Hypochlorous acid Paraoxonase

Others Myeloperoxidase

Lipoxygenase

Table 1. Antioxidant effects of melatonin and its metabolites [89].
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[10, 16]. AFMK is obviously more stable than many other oxidative metabolites or its sec-
ondary product, AMK [39]. AFMK reduces lipid peroxidation and oxidative DNA damage 
induced by a variety of oxidative stressors under various conditions [16]. It protects neuronal 
cell from injuries caused by hydrogen peroxide and amyloid-β (Aβ) peptide [85, 88, 93]. It has 
been suggested that neuroprotection of AFMK against radiation-induced oxidative damage 
to the brain is due to its free radical scavenging function [88].

Lipid peroxidation is a natural metabolic process under normal aerobic conditions, and it is one 
of the most investigated consequences of ROS action on membrane structure and function [44]. 
Alterations in the fluidity of membranes result in negative effects on their functions such as signal 
transduction processes and implicate in aging as well as in diseases [102]. Melatonin is known 
to be a stabilizer or protector of cell and organelle membranes because of its inhibitory effects on 
lipid peroxidation. Melatonin and its metabolites scavenge free radicals and thus terminate the 
initiation and propagation of lipid peroxidation [103]. Although melatonin and its metabolites, 
AFMK and AMK, are peroxyl radical scavengers, it is indicated that melatonin’s ability to resist 
lipid peroxidation may also involve its metabolite, c3-OHM [104]. For the reaction with the per-
oxyl radical, c3-OHM was several orders of magnitude faster than melatonin, AFMK and AMK, 
and it was roughly 100-fold faster than water soluble vitamin E (Trolox) [96, 105]. Melatonin also 
directly scavenges the alkoxyl radical, a product resulting from the transition metal-catalyzed 
degradation of lipid peroxides. This is important for the control of lipid peroxidation since the 
alkoxyl radical can abstract a hydrogen atom from a polyunsaturated fatty acids; the resulting 
peroxyl radical can obviously continue the propagation of lipid degradation [104, 106].

4.2. Effects of melatonin and its metabolites on reactive nitrogen species

Reactive nitrogen species represent another category of potentially destructive substances, 
which react with melatonin [77]. ONOO• itself is a very damaging species able to react with 
proteins, lipids, and DNA. Therefore, the reaction between two rather innocuous free radi-
cals produces a much more reactive one [41]. Melatonin readily combines with a superoxide 
releasing NO, thus preventing the formation of peroxynitrite, a free radical even more harm-
ful than NO. It has been described as a direct peroxynitrite scavenger [40].

Scavenging of nitric oxide by melatonin in a nitrosation reaction is well documented. Whether 
this can be regarded as a detoxification reaction keeping NO from forming, the more danger-
ous peroxynitrite is uncertain because nitrosomelatonin easily decomposes, thereby releasing 
NO. Melatonin also scavenges peroxynitrite, but it is difficult to discriminate direct reactions 
with peroxynitrite and with hydroxyl radicals generated by decomposition of peroxynitrous 
acid. The interaction with products from the peroxynitrite-CO2 adduct (ONOOCO2

−) which 
carbonate radicals (CO3

•−) and NO2
• seems to be more important than direct scavenging of 

peroxynitrite [33, 77]. There is evidence for the formation of cyclic 2-hydroxymelatonin, cyclic 
3-hydroxymelatonin, and 6-hydroxymelatonin about the reaction of melatonin with ONOO−. 
It was suggested that one electron is transferred from melatonin to ONOO− in the melato-
nin +ONOO− reaction and/or nitrated intermediates occur in the oxidation. In addition, the 
6-hydroxymelatonin is not generated in the presence of CO2. Therefore, it was suggested that 
formation of 6-hydroxymelatonin required an activated peroxynitrite that can only exist in 
the absence of bicarbonate [41, 107, 108]. AFMK has the ability to interact with the ABTS 
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induced by a variety of oxidative stressors under various conditions [16]. It protects neuronal 
cell from injuries caused by hydrogen peroxide and amyloid-β (Aβ) peptide [85, 88, 93]. It has 
been suggested that neuroprotection of AFMK against radiation-induced oxidative damage 
to the brain is due to its free radical scavenging function [88].
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transduction processes and implicate in aging as well as in diseases [102]. Melatonin is known 
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AFMK and AMK, are peroxyl radical scavengers, it is indicated that melatonin’s ability to resist 
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directly scavenges the alkoxyl radical, a product resulting from the transition metal-catalyzed 
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peroxyl radical can obviously continue the propagation of lipid degradation [104, 106].
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which react with melatonin [77]. ONOO• itself is a very damaging species able to react with 
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cals produces a much more reactive one [41]. Melatonin readily combines with a superoxide 
releasing NO, thus preventing the formation of peroxynitrite, a free radical even more harm-
ful than NO. It has been described as a direct peroxynitrite scavenger [40].

Scavenging of nitric oxide by melatonin in a nitrosation reaction is well documented. Whether 
this can be regarded as a detoxification reaction keeping NO from forming, the more danger-
ous peroxynitrite is uncertain because nitrosomelatonin easily decomposes, thereby releasing 
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cation radical as well as with ROS/RNS to form AMK. When AMK interacts with the ABTS 
cation radical or with ONOO−, it forms products that may also be ROS and RNS scavengers 
[59]. AMK was described as better a NO scavenger than melatonin or AFMK [88]. AMK effec-
tively inhibits neuronal nitric oxide synthase activity and reduces intracellular NO levels [93].

4.3. Effects of melatonin and its metabolites on antioxidant enzymes

Cells are protected against oxidative stress by an interacting network of antioxidant enzymes 
[70]. Antioxidative enzymes provide a major defense mechanism against free radical dam-
age either by metabolizing them to less reactive species or to nontoxic by-products [85]. The 
activities of antioxidative enzymes depend on the duration and severity of oxidative stress. 
Under prolonged oxidative stress conditions, free radicals directly damage the antioxidant 
enzymes or reduce enzyme activities [90, 109]. Besides its ability to directly neutralize a num-
ber of free radicals and reactive oxygen and nitrogen species, melatonin stimulates several 
antioxidative enzymes which increase its efficiency as an antioxidant [58]. The major anti-
oxidative enzymes such as intracellular superoxide dismutases (CuZn-SOD and Mn-SOD), 
the selenium-containing glutathione peroxidases and catalase, are stimulated by melatonin 
under basal conditions [43, 75, 110]. Melatonin plays a significant role in maintaining indirect 
protection versus free radical injury by stimulating gene expression of antioxidant enzymes 
including those for SOD and GSH-Px [43, 58, 62, 111]. Melatonin affects both antioxidant 
enzyme activity and cellular mRNA levels for these enzymes under physiological circum-
stances and during increased oxidative stress, presumably through epigenetic mechanisms. 
These properties in a single molecule are unique for an antioxidant, and both actions protect 
against pathologically generated free radicals [43, 62].

The concentration of the intracellular antioxidant, glutathione, is very high in many cells. During 
high oxidative stress conditions total glutathione levels can be reduced [90]. Melatonin main-
tains the activities of enzymes that enhance intracellular levels of reduced GSH. The recycling 
of GSH may well be a major effect of melatonin in reducing oxidative stress. GSH is oxidized to 
its disulfide, GSSG, which is then quickly reduced back to GSH by GR, an enzyme which has 
been demonstrated to be stimulated by melatonin. The ability of melatonin to regulate the GSH/
GSSG balance by modulating enzyme activities seems to involve an action of melatonin at a 
nuclear binding site [85, 112]. The other GSH-metabolizing enzyme, i.e., CAT, also increases its 
activity in response to melatonin [85]. Furthermore, one of the melatonin actions is stimulation 
of gamma-glutamylcysteine synthetase that is the rate-limiting enzyme in glutathione produc-
tion, thus glutathione levels do not drop significantly [36, 43, 58, 75, 77, 85, 86, 90, 110, 112, 113].

There are a number of prooxidative enzymes in multicellular organisms which gener-
ate free radicals [90]. Melatonin not only upregulates the expression of genes involved in 
detoxifying free radicals, but it also suppresses the activity or expression of genes involved 
in the generation of free radicals [16, 113]. Melatonin inhibits the prooxidative enzyme nitric 
oxide synthase which generates NO• and lipoxygenase which result in the formation of the 
superoxide anion [90, 113, 114]. Although NO• is not a strong free radical, when it couples 
with O2

•−, it forms the peroxynitrite anion which is potently reactive and damaging [90]. 
Lipoxygenase reaction is another possible source of ROS and other radicals. It catalyzes the 
hydroperoxidation of polyunsaturated fatty acids [115]. The prooxidative enzymes inhibited 
by melatonin also include myeloperoxidase and eosinophil peroxidase [110]. As a result, 
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free radical and/or toxic reactant generation is alleviated [90, 114]. In addition, AFMK and AMK 
also have the ability to downregulate prooxidative and pro-inflammatory enzymes including 
iNOS [102] and cyclooxygenase-2 (COX-2) and to carry out free radical avoidance functions [93].

4.4. Effects of melatonin and its metabolites on the mitochondria

Mitochondria are critical in the control of metabolism and responsible for orchestrating cel-
lular energy production. Therefore, they are central to the maintenance of life and the gate-
keepers of cell death [116]. The production of energy in the form of ATP is crucial to optimal 
cell function, including aiding in repairing any cellular damage that has occurred and in 
improving survivability of the cell, of the tissue, and of the organism [90]. Up to 95% of the 
ATP produced in aerobic cells is a result of mitochondrial oxidative phosphorylation [59]. 
The ETC which is coupled to oxidative phosphorylation [59] is a system of oxidoreductase 
protein complexes (complexes I, II, III, and IV) [85]. Deficiencies in the ETC can result in the 
leakage of electrons which thereafter generate free radicals and other toxic reactants which 
leads to molecular damage in mitochondria; this damage culminates in and promotes what 
are referred to as mitochondria-related diseases [85]. Mitochondria are the primary source 
of free radicals [44, 45]. Increased free radical generation, enhanced mitochondrial iNOS 
activity, enhanced NO production, decreased respiratory complex activity, impaired electron 
transport system, and opening of mitochondrial permeability transition pores have all been 
suggested as factors responsible for impaired mitochondrial function [117].

Melatonin has important actions at the level of mitochondria [85]. Melatonin exhibits remarkable 
functional versatility to protect the morphological and functional aspects of the cell membrane 
scavenging free radicals, enhancing the activity of the antioxidant enzymes, and optimizing the 
transfer of electrons through the ETC in the inner mitochondrial membrane [118]. Melatonin 
increases the efficiency of the ETC and thus reduces electron leakage and free radical generation 
[38, 75, 105] that is a consequence of the respiratory process by stimulating complex I and com-
plex IV of the mitochondrial respiratory chain that are involved in oxidative phosphorylation [38, 
58, 59, 118]. By directly detoxifying ROS/RNS, melatonin enhances ATP production via maintain-
ing high levels of mitochondrial GSH, protects mitochondrial proteins and DNA from oxidative 
damage, and improves ETC activity [16, 90, 118]. Moreover, AMK, like its precursor melatonin, 
promotes mitochondrial complex I activity to elevate ATP production by lowering electron leak-
age and inhibiting the opening of the mitochondrial permeability transition pore [93].

4.5. Effects of melatonin and its metabolites on transition metals

Heavy metals are known to cause oxidative deterioration of biomolecules by initiating free 
radical-mediated chain reaction resulting in lipid peroxidation, protein oxidation, and oxi-
dation of nucleic acid like DNA and RNA [119]. The ability of antioxidants to chelate and 
deactivate transition metals prevents such metals from participating in the initiation of lipid 
peroxidation and oxidative stress through metal-catalyzed reaction [120]. Chemical mean of 
inhibiting metal-induced oxidation is chelation. This particular process is directly involved 
in the OH•-inactivating ligand (OIL) behavior of antioxidants. There are two different ways 
of action in the protection exerted by OIL species against OH•-induced oxidative damage: (i) 
inhibiting the reduction of metal ions; thus, their reduced forms are not available for Fenton-
like reactions or (ii) deactivating OH• after being produced by Fenton-like reactions [87].
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hydroperoxidation of polyunsaturated fatty acids [115]. The prooxidative enzymes inhibited 
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free radical and/or toxic reactant generation is alleviated [90, 114]. In addition, AFMK and AMK 
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transport system, and opening of mitochondrial permeability transition pores have all been 
suggested as factors responsible for impaired mitochondrial function [117].
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increases the efficiency of the ETC and thus reduces electron leakage and free radical generation 
[38, 75, 105] that is a consequence of the respiratory process by stimulating complex I and com-
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58, 59, 118]. By directly detoxifying ROS/RNS, melatonin enhances ATP production via maintain-
ing high levels of mitochondrial GSH, protects mitochondrial proteins and DNA from oxidative 
damage, and improves ETC activity [16, 90, 118]. Moreover, AMK, like its precursor melatonin, 
promotes mitochondrial complex I activity to elevate ATP production by lowering electron leak-
age and inhibiting the opening of the mitochondrial permeability transition pore [93].

4.5. Effects of melatonin and its metabolites on transition metals

Heavy metals are known to cause oxidative deterioration of biomolecules by initiating free 
radical-mediated chain reaction resulting in lipid peroxidation, protein oxidation, and oxi-
dation of nucleic acid like DNA and RNA [119]. The ability of antioxidants to chelate and 
deactivate transition metals prevents such metals from participating in the initiation of lipid 
peroxidation and oxidative stress through metal-catalyzed reaction [120]. Chemical mean of 
inhibiting metal-induced oxidation is chelation. This particular process is directly involved 
in the OH•-inactivating ligand (OIL) behavior of antioxidants. There are two different ways 
of action in the protection exerted by OIL species against OH•-induced oxidative damage: (i) 
inhibiting the reduction of metal ions; thus, their reduced forms are not available for Fenton-
like reactions or (ii) deactivating OH• after being produced by Fenton-like reactions [87].
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Melatonin is able to prevent the oxidative actions of metals by neutralizing the produced 
ROS and capturing such metals to form chelates [83]. It was demonstrated that the inter-
play of melatonin with metals such as aluminum, cadmium, copper, iron, lead, and zinc 
depended on concentration. Melatonin chelates both iron(III) and iron(II), which is the form 
that attends the Fenton reaction. If iron is bound to a protein (e.g., hemoglobin), melato-
nin restores the highly covalent iron such as oxyferryl (FeIV-O) hemoglobin back to iron(III), 
thereby reestablishing the biological activity of the protein [89]. It is suggested that, under 
physiological circumstances, direct chelation mechanism would be the major chelation route 
for Cu(II). It was demonstrated that melatonin and its metabolites, 3OHM, AFMK, and AMK, 
fully inhibited the oxidative stress induced by Cu(II)-ascorbate mixtures, via Cu(II) chelation 
[97]. Melatonin decreases the Cu(II)/H2O2-induced damage to proteins and protects against 
copper-mediated lipid peroxidation, which led to the suggestion that the antioxidant and 
neuroprotective effects of melatonin may involve removing toxic metals from the central 
nervous system [42].

5. Melatonin and its metabolites as anti-inflammatory agents

Inflammation is an essential response to tissue injuries induced by physical, chemical, or bio-
logical insults [17]. The production of inflammatory cytokines including TNF-α (tumor necro-
sis factor-α), IL-1β (interleukin-1β), or IL-6 attenuates by melatonin in numerous experimental 
models of inflammation [2]. Melatonin has several additional anti-inflammatory effects, which 
are probably related to a direct interaction with specific binding sites located in lymphocytes 
and macrophages [103]. Anti-inflammatory activity of melatonin includes inhibition of the acti-
vation of COX-2 and iNOS, as well as blocking of the transcriptional factors that triggers pro-
inflammatory cytokine production. These include not only NF-кB but also HIF, Nrf2, cAMP, 
CREB, STAT, PPARs, and AP-1 [2, 43, 121]. Melatonin may be useful for the treatment of inflam-
matory disease, as it reduces inflammatory injury by blocking transcription factors and NF-κB, 
thereby decreasing further ROS formation within cells [43]. In peripheral monocytes, melatonin 
and, even more, AFMK suppressed TNF-α and IL-8 production and, in macrophages, COX-2 
and iNOS expression. Moreover, melatonin was found to be efficiently oxidized to AFMK by 
macrophages [91]. AMK was reported to downregulate COX-2—but not COX-1—expression in 
macrophages, an effect shared by its precursors AFMK and melatonin [122].

6. The clinical significance of melatonin

Melatonin plays important roles in neurogenesis, neuroprotection, maintenance of oxidant/
antioxidant balance, and modulation of cardiovascular and/or immune system. It also exerts 
a direct antioxidant effect on tissues/organs and antiapoptotic effects on cells [9]. Melatonin 
has been investigated in a wide range of diseases, such as neurodegenerative, cardiovascular, 
liver, and kidney diseases, cancer, and diabetes [43].

Melatonin is a ubiquitously acting direct free radical scavenger and also an indirect antioxidant. 
Melatonin and its metabolites are efficient in scavenging ROS and RNS. It plays an effective role 
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in regulating mitochondrial homeostasis [33, 38]. Mitochondrial dysfunction, i.e., cell energy 
impairment, apoptosis, and overproduction of ROS, is a final common pathogenic mecha-
nism in aging and in neurodegenerative disease [43, 123]. Melatonin may be possible to treat 
neurodegenerative disorders by inhibiting mitochondrial cell death pathways. It may easily 
protect brain mitochondrial membranes from free radical attack, stabilizing them. The ability 
of melatonin to prevent GSH loss probably reflects its effect on the activities of the GSH redox 
cycle enzymes [33, 38, 83, 103]. Moreover, several neurological diseases including Alzheimer’s 
disease, Parkinson’s disease, Huntington’s disease, and Wilson’s disease (hepatolenticular 
degeneration) are characterized by an overload of copper and/or other metals. Melatonin and 
its metabolites, c3OHM, AFMK, and AMK, have the copper sequestering ability [89].

Excessive and/or sustained increase in ROS generation plays a pivotal role in the initiation, 
progression, and clinical consequences of cardiovascular diseases (CVDs) [64, 124]. Clinically, 
melatonin is being increasingly recognized in the pathophysiology of CVD. Low levels of 
serum melatonin as well as its urinary metabolite, 6-sulphatoxymelatonin, have been 
reported in various CVDs including coronary heart disease, angina, congestive heart failure, 
and myocardial infarcts [125]. Melatonin plays an important role in the regulation of several 
parameters of the cardiovascular system, including blood pressure, and is considered to be a 
putative antihypertensive agent [126]. It may have cardio-protective properties via its direct 
free radical scavenger activity and its indirect antioxidant activity together with its signifi-
cant anti-inflammatory properties [127, 128]. Mitochondrial respiration, mainly at the level 
of complex I and complex III, is an important source of ROS generation and hence a potential 
contributor of cardiac reperfusion injury [129]. Most of the beneficial actions of melatonin at 
the heart level may depend on its effect on mitochondrial bioenergetics mediated through 
various mechanisms including general antioxidant actions at the level of ETC dysfunction, 
electron leakage, and mitochondrial oxidative damage and also through a direct action of 
melatonin on mitochondrial permeability transition pore opening [127]. It was reported 
that melatonin protects against mitochondrial dysfunction associated with cardiac ischemia 
reperfusion, by preventing alterations to several parameters involved in mitochondrial bio-
energetics [17].

Melatonin may also exhibit anticancer and protective oncostatic activity through several 
mechanisms, including inhibition of cancer cell proliferation, decrease in oxidative stress, and 
increase in immune system activity [130, 131]. Oxidative stress has complex and different 
effects on each type of cancer development [132]. Oxidation of cellular lipids and proteins can 
adversely affect several steps of the carcinogenic process through changes in a variety of cell 
regulatory functions, including signal transduction and gene expression. ROS are postulated 
to be involved in carcinogenesis process, especially in the stages of initiation and promo-
tion [133]. It appears that the DNA damage is predominantly linked with the initiation pro-
cess [132]. Free radicals and ROS generated by environmental carcinogens, or by metabolic 
alterations, cause DNA damage and genetic instability [134]. Furthermore, DNA damage, 
apoptosis resistance, enhanced proliferation, mutation, COX-2 upregulation, oxidative stress, 
tumor vascularity, and metastatic potential may be caused by nitric oxide synthase overex-
pression and increased nitric oxide and other RNS productions [132]. A growing body of 
evidence implicates melatonin’s antioxidant/free radical scavenging actions in the inhibition 
of cancer development and growth [75]. Melatonin is a powerful scavenger of ROS, such as 
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Melatonin is able to prevent the oxidative actions of metals by neutralizing the produced 
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in regulating mitochondrial homeostasis [33, 38]. Mitochondrial dysfunction, i.e., cell energy 
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hydroxyl radical, peroxyl radical, singlet oxygen, and nitric oxide, as well as a stimulator of 
the antioxidant enzymes, SOD, GPx, and CAT, all leading to a decrease in DNA damage [135]. 
Additionally, this indole stimulates antioxidant enzymes that remove ROS before they can 
inflict damage and aids in the repair of damaged DNA [136]. Melatonin could be an excellent 
candidate for the prevention and treatment of several cancers, such as breast cancer, prostate 
cancer, gastric cancer, and colorectal cancer [137].

A variety of antioxidants protect the liver from free radical-mediated damage, one of the best 
of which is melatonin. Clinical studies have confirmed that melatonin protects the liver from 
nonalcoholic liver disease and also during the surgical procedure of partial liver resection 
[138]. Melatonin is a well-known natural antioxidant and has many bioactivities. Melatonin 
exerts antioxidant effects in hepatocytes and epithelium of the liver by reducing lipid peroxi-
dation and increasing the level of reduced liver glutathione. Melatonin is a highly valuable 
OH and H2O2 scavenger, during its metabolism to AFMK. It also induces several antioxida-
tive enzymes such as glutathione peroxidase, glutathione reductase, and SOD and increases 
the synthesis of GSH [2, 88]. Melatonin exhibits potent anti-inflammatory, antioxidant, and 
fibrosuppressive activities against thioacetamide-induced hepatic fibrogenesis via the sup-
pression of oxidative stress, DNA damage, pro-inflammatory cytokines, and fibrogenic gene 
transcripts [139]. Melatonin protects against lipid-induced mitochondrial dysfunction in 
hepatocytes and inhibits stellate cell activation during hepatic fibrosis in mice [140].

Inflammation and increased oxidative stress are also common features in chronic kidney dis-
ease patients [130, 141]. Oxidative stress and inflammation promote renal injury via damage 
to molecular components of the kidney by different mechanisms of action. ROS lead to the loss 
of significant functional properties, lipid peroxidation of cell membrane, decrease membrane 
viability, and cleavage, and cross-linking of renal DNA occurs leading to harmful mutations 
by oxidizing amino acids in the nephron. Furthermore, other ROS interactions in the nephron 
increase secondary radical production [130, 142]. Diabetes-associated hyperglycemia leads to 
mitochondrial ETC dysfunction culminating in a rise in ROS production [143]. Experimental 
evidence suggests that the indoleamine hormone melatonin is capable of influencing in 
development of diabetic complications by neutralizing the unnecessary ROS generation and 
protection of beta cells, as they possess low antioxidant potential and normalize redox state 
in the cell [144]. Melatonin acts as a cell survival agent by modulating autophagy in various 
cell types and under different conditions through amelioration of oxidative stress, ER stress, 
and inflammation [143].

7. Conclusion

Melatonin is a circulating neurohormone secreted predominantly at night, thereby called as 
hormone of darkness. It can cross all physiological barriers to exert widespread regulatory 
effects on body tissues. Melatonin is a universal antioxidant with multifunctional activities 
such as anti-inflammatory, antiapoptotic, and antioxidant effects in addition to its function as 
a synchronizer of the biological clock and seasonal reproduction. Melatonin and its deriva-
tives have been shown to be powerful direct free radical scavengers. Besides direct scaveng-
ing of ROS/RNS, melatonin also stimulates antioxidant enzymes; suppresses prooxidant 
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enzymes; improves mitochondrial function, hence reducing radical formation; and reduces 
metal-induced toxicity. Results from previous studies support these effects on several diseases 
including cancer, diabetes, neurodegenerative, cardiovascular, liver; and kidney diseases.

Conflict of interest

The authors do not have any conflict of interest to declare.

Author details

Aysun Hacışevki* and Burcu Baba

*Address all correspondence to: aysunsevki@gmail.com

Department of Biochemistry, Faculty of Pharmacy, Gazi University, Etiler, Ankara, Turkey

References

[1] Lerner AB, Case JD, Takahashi Y. Isolation of melatonin, a pineal factor that lightens 
melanocytes. Journal of the American Chemical Society. 1958;80:2587

[2] Eghbal MA, Eftekhari A, Ahmadian E, Yadollah Azarmi Y, Parvizpur A. A review of 
biological and pharmacological actions of melatonin: Oxidant and prooxidant proper-
ties. Pharmaceutical Bioprocessing. 2016;4(4):069-081

[3] Comai S, Gobbi G. Unveiling the role of melatonin MT2 receptors in sleep, anxiety and 
other neuropsychiatric diseases: A novel target in psychopharmacology. Journal of 
Psychiatry & Neuroscience. 2014;39(1):6-21

[4] Yin J, Jin X, Shan Z, Li S, Huang H, Li P, Peng X, Peng Z, Yu K, Bao W, Yang W, Chen X, 
Liu L. Relationship of sleep duration with all-cause mortality and cardiovascular events: 
A systematic review and dose-response meta-analysis of prospective cohort studies. 
Journal of the American Heart Association. 2017;6(9):1-15

[5] Altman NG, Izci-Balserak B, Schopfer E, Jackson N, Rattanaumpawan P, Gehrman PR, 
Patel NP, Grandner MA. Sleep duration versus sleep insufficiency as predictors of car-
diometabolic health outcomes. Sleep Medicine. 2012;13(10):1261-1270

[6] Cappuccio FP, Cooper D, D'Elia L, Strazzullo P, Miller MA. Sleep duration predicts car-
diovascular outcomes: A systematic review and meta-analysis of prospective studies. 
European Heart Journal. 2011;32(12):1484-1492

[7] Pandi-Perumal SR, Trakht I, Srinivasan V, Spence DW, Maestroni GJ, Zisapel N, 
Cardinali DP. Physiological effects of melatonin: Role of melatonin receptors and signal 
transduction pathways. Progress in Neurobiology. 2008;85(3):335-353

An Overview of Melatonin as an Antioxidant Molecule: A Biochemical Approach
http://dx.doi.org/10.5772/intechopen.79421

75



hydroxyl radical, peroxyl radical, singlet oxygen, and nitric oxide, as well as a stimulator of 
the antioxidant enzymes, SOD, GPx, and CAT, all leading to a decrease in DNA damage [135]. 
Additionally, this indole stimulates antioxidant enzymes that remove ROS before they can 
inflict damage and aids in the repair of damaged DNA [136]. Melatonin could be an excellent 
candidate for the prevention and treatment of several cancers, such as breast cancer, prostate 
cancer, gastric cancer, and colorectal cancer [137].

A variety of antioxidants protect the liver from free radical-mediated damage, one of the best 
of which is melatonin. Clinical studies have confirmed that melatonin protects the liver from 
nonalcoholic liver disease and also during the surgical procedure of partial liver resection 
[138]. Melatonin is a well-known natural antioxidant and has many bioactivities. Melatonin 
exerts antioxidant effects in hepatocytes and epithelium of the liver by reducing lipid peroxi-
dation and increasing the level of reduced liver glutathione. Melatonin is a highly valuable 
OH and H2O2 scavenger, during its metabolism to AFMK. It also induces several antioxida-
tive enzymes such as glutathione peroxidase, glutathione reductase, and SOD and increases 
the synthesis of GSH [2, 88]. Melatonin exhibits potent anti-inflammatory, antioxidant, and 
fibrosuppressive activities against thioacetamide-induced hepatic fibrogenesis via the sup-
pression of oxidative stress, DNA damage, pro-inflammatory cytokines, and fibrogenic gene 
transcripts [139]. Melatonin protects against lipid-induced mitochondrial dysfunction in 
hepatocytes and inhibits stellate cell activation during hepatic fibrosis in mice [140].

Inflammation and increased oxidative stress are also common features in chronic kidney dis-
ease patients [130, 141]. Oxidative stress and inflammation promote renal injury via damage 
to molecular components of the kidney by different mechanisms of action. ROS lead to the loss 
of significant functional properties, lipid peroxidation of cell membrane, decrease membrane 
viability, and cleavage, and cross-linking of renal DNA occurs leading to harmful mutations 
by oxidizing amino acids in the nephron. Furthermore, other ROS interactions in the nephron 
increase secondary radical production [130, 142]. Diabetes-associated hyperglycemia leads to 
mitochondrial ETC dysfunction culminating in a rise in ROS production [143]. Experimental 
evidence suggests that the indoleamine hormone melatonin is capable of influencing in 
development of diabetic complications by neutralizing the unnecessary ROS generation and 
protection of beta cells, as they possess low antioxidant potential and normalize redox state 
in the cell [144]. Melatonin acts as a cell survival agent by modulating autophagy in various 
cell types and under different conditions through amelioration of oxidative stress, ER stress, 
and inflammation [143].

7. Conclusion

Melatonin is a circulating neurohormone secreted predominantly at night, thereby called as 
hormone of darkness. It can cross all physiological barriers to exert widespread regulatory 
effects on body tissues. Melatonin is a universal antioxidant with multifunctional activities 
such as anti-inflammatory, antiapoptotic, and antioxidant effects in addition to its function as 
a synchronizer of the biological clock and seasonal reproduction. Melatonin and its deriva-
tives have been shown to be powerful direct free radical scavengers. Besides direct scaveng-
ing of ROS/RNS, melatonin also stimulates antioxidant enzymes; suppresses prooxidant 

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches74

enzymes; improves mitochondrial function, hence reducing radical formation; and reduces 
metal-induced toxicity. Results from previous studies support these effects on several diseases 
including cancer, diabetes, neurodegenerative, cardiovascular, liver; and kidney diseases.

Conflict of interest

The authors do not have any conflict of interest to declare.

Author details

Aysun Hacışevki* and Burcu Baba

*Address all correspondence to: aysunsevki@gmail.com

Department of Biochemistry, Faculty of Pharmacy, Gazi University, Etiler, Ankara, Turkey

References

[1] Lerner AB, Case JD, Takahashi Y. Isolation of melatonin, a pineal factor that lightens 
melanocytes. Journal of the American Chemical Society. 1958;80:2587

[2] Eghbal MA, Eftekhari A, Ahmadian E, Yadollah Azarmi Y, Parvizpur A. A review of 
biological and pharmacological actions of melatonin: Oxidant and prooxidant proper-
ties. Pharmaceutical Bioprocessing. 2016;4(4):069-081

[3] Comai S, Gobbi G. Unveiling the role of melatonin MT2 receptors in sleep, anxiety and 
other neuropsychiatric diseases: A novel target in psychopharmacology. Journal of 
Psychiatry & Neuroscience. 2014;39(1):6-21

[4] Yin J, Jin X, Shan Z, Li S, Huang H, Li P, Peng X, Peng Z, Yu K, Bao W, Yang W, Chen X, 
Liu L. Relationship of sleep duration with all-cause mortality and cardiovascular events: 
A systematic review and dose-response meta-analysis of prospective cohort studies. 
Journal of the American Heart Association. 2017;6(9):1-15

[5] Altman NG, Izci-Balserak B, Schopfer E, Jackson N, Rattanaumpawan P, Gehrman PR, 
Patel NP, Grandner MA. Sleep duration versus sleep insufficiency as predictors of car-
diometabolic health outcomes. Sleep Medicine. 2012;13(10):1261-1270

[6] Cappuccio FP, Cooper D, D'Elia L, Strazzullo P, Miller MA. Sleep duration predicts car-
diovascular outcomes: A systematic review and meta-analysis of prospective studies. 
European Heart Journal. 2011;32(12):1484-1492

[7] Pandi-Perumal SR, Trakht I, Srinivasan V, Spence DW, Maestroni GJ, Zisapel N, 
Cardinali DP. Physiological effects of melatonin: Role of melatonin receptors and signal 
transduction pathways. Progress in Neurobiology. 2008;85(3):335-353

An Overview of Melatonin as an Antioxidant Molecule: A Biochemical Approach
http://dx.doi.org/10.5772/intechopen.79421

75



[8] Emet M, Ozcan H, Ozel L, Yayla M, Halici Z, Hacimuftuoglu A. A review of melatonin, 
its receptors and drugs. Eurasian Journal of Medicine. 2016;48:135-141

[9] Onaolapo OJ, Onaolapo AY. Melatonin, adolescence, and the brain: An insight into 
the period-specific influences of a multifunctional signaling molecule. Birth Defects 
Research. 2017;109(20):1659-1671

[10] Singh M, Jadhav HR. Melatonin: Functions and ligands. Drug Discovery Today. 
2014;19(9):1410-1418

[11] Kubatka P, Zubor P, Busselberg D, Kwon TK, Adamek M, Petrovic D, Opatrilova R,  
Gazdikova K, Caprnda M, Rodrigo L, Danko J, Kruzliak P. Melatonin and breast cancer: 
Evidences from preclinical and human studies. Critical Reviews in Oncology/Hematology. 
2018;122:133-143

[12] Rios ER, Venâncio ET, Rocha NF, Woods DJ, Vasconcelos S, Macedo D, Sousa FC, 
Fonteles MM. Melatonin: Pharmacological aspects and clinical trends. The International 
Journal of Neuroscience. 2010;120(9):583-590

[13] Peuhkuri K, Sihvola N, Korpela R. Dietary factors and fluctuating levels of melatonin. 
Food & Nutrition Research. 2012;56:1-9

[14] Konturek SJ1, Konturek PC, Brzozowska I, Pawlik M, Sliwowski Z, Cześnikiewicz-
Guzik M, Kwiecień S, Brzozowski T, Bubenik GA, Pawlik WW. Localization and biologi-
cal activities of melatonin in intact and diseased gastrointestinal tract (GIT). Journal of 
Physiology and Pharmacology. 2007;58(3):381-405

[15] Tordjman S, Chokron S, Delorme R, Charrier A, Bellissant E, Jaafari N, Fougerou C. 
Melatonin: Pharmacology, functions and therapeutic benefits. Current Neuropharmaco-
logy. 2017;15(3):434-443

[16] Zhang HM, Zhang Y. Melatonin: A well-documented antioxidant with conditional pro-
oxidant actions. Journal of Pineal Research. 2014;57(2):131-146

[17] Anwar MJ, Muhammad BY, Bader AA, Abdulghani M, Mahmood D, Haider M. An 
insight into the scientific background and future perspectives for the potential uses of 
melatonin. Egyptian Journal of Basic and Applied Sciences. 2015;2:139-152

[18] Masters A, Pandi-Perumal SR, Seixas A, Girardin JL, McFarlane SI. Melatonin, the 
hormone of darkness: From sleep promotion to ebola treatment. Brain Disorders and 
Therapy. 2014;4(1):1-10

[19] Karasek M, Winczyk K. Melatonin in humans. Journal of Physiology and Pharmacology. 
2006;57(5):19-39

[20] Tan DX, Manchester LC, Esteban-Zubero E, Zhou Z, Reiter RJ. Melatonin as a potent 
and inducible endogenous antioxidant: Synthesis and metabolism. Molecules. 2015;20 
(10):18886-18906

[21] Pevet P, Challet E. Melatonin: Both master clock output and internal time-giver in the 
circadian clocks network. Journal of Physiology, Paris. 2011;105(4-6):170-182

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches76

[22] Bedrosian TA, Herring KL, Walton JC, Fonken LK, Weil ZM, Nelson RJ. Evidence for 
feedback control of pineal melatonin secretion. Neuroscience Letters. 2013;542:123-125

[23] Maitra S, Baidya DK, Khanna P. Melatonin in perioperative medicine: Current perspec-
tive. Saudi Journal of Anaesthesia. 2013;7(3):315-321

[24] De Almeida EA, Di Mascio P, Harumi T, Spence DW, Moscovitch A, Hardeland R, 
Cardinali DP, Brown GM, Pandi-Perumal SR. Measurement of melatonin in body fluids: 
Standards, protocols and procedures. Child's Nervous System. 2011;27(6):879-891

[25] Ren W, Liu G, Chen S, Yin J, Wang J, Tan B, Wu G, Bazer FW, Peng Y, Li T, Reiter RJ, Yin 
Y. Melatonin signaling in T cells: Functions and applications. Journal of Pineal Research. 
2017;62(3):1-15

[26] Zawilska JB, Skene DJ, Arendt J. Physiology and pharmacology of melatonin in relation 
to biological rhythms. Pharmacological Reports. 2009;61(3):383-410

[27] Slominski RM, Reiter RJ, Schlabritz-Loutsevitch N, Ostrom RS, Slominski AT. Melatonin 
membrane receptors in peripheral tissues: Distribution and functions. Molecular and 
Cellular Endocrinology. 2012;351(2):152-166

[28] Chattoraj A, Liu T, Zhang LS, Huang Z, Borjigin J. Melatonin formation in mammals: 
In vivo perspectives. Reviews in Endocrine & Metabolic Disorders. 2009;10(4):237-243

[29] Malhotra S, Sawhney G, Pandhi P. The therapeutic potential of melatonin: A review of 
the science. Medscape General Medicine. 2004;6(2):1-45

[30] Mahmood D, Muhammad BY, Alghani M, Anwar J, el-Lebban N, Haider M. Advancing 
role of melatonin in the treatment of neuropsychiatric disorders. Egyptian journal of 
basic and applied sciences. 2016;3:203-218

[31] Liu J, Clough SJ, Hutchinson AJ, Adamah-Biassi EB, Popovska-Gorevski M, Dubocovich 
ML. MT1 and MT2 melatonin receptors: A therapeutic perspective. Annual Review of 
Pharmacology and Toxicology. 2016;56:361-383

[32] Jockers R, Delagrange P, Dubocovich ML, Markus RP, Renault N, Tosini G, Cecon E, 
Zlotos DP. Update on melatonin receptors: IUPHAR review 20. British Journal of Pharm-
acology. 2016;173(18):2702-2725

[33] Hardeland R, Cardinali DP, Srinivasan V, Spence DW, Brown GM, Pandi-Perumal SR. 
Melatonin—A pleiotropic, orchestrating regulator molecule. Progress in Neurobiology. 
2011;93(3):350-384

[34] Mailliet F, Ferry G, Vella F, Berger S, Cogé F, Chomarat P, Mallet C, Guénin SP, 
Guillaumet G, Viaud-Massuard MC, Yous S, Delagrange P, Boutin JA. Characterization 
of the melatoninergic MT3 binding site on the NRH:Quinone oxidoreductase 2 enzyme. 
Biochemical Pharmacology. 2005;71(1-2):74-88

[35] Ekmekcioglu C. Melatonin receptors in humans: Biological role and clinical relevance. 
Biomedicine & Pharmacotherapy. 2006;60:97-108

An Overview of Melatonin as an Antioxidant Molecule: A Biochemical Approach
http://dx.doi.org/10.5772/intechopen.79421

77



[8] Emet M, Ozcan H, Ozel L, Yayla M, Halici Z, Hacimuftuoglu A. A review of melatonin, 
its receptors and drugs. Eurasian Journal of Medicine. 2016;48:135-141

[9] Onaolapo OJ, Onaolapo AY. Melatonin, adolescence, and the brain: An insight into 
the period-specific influences of a multifunctional signaling molecule. Birth Defects 
Research. 2017;109(20):1659-1671

[10] Singh M, Jadhav HR. Melatonin: Functions and ligands. Drug Discovery Today. 
2014;19(9):1410-1418

[11] Kubatka P, Zubor P, Busselberg D, Kwon TK, Adamek M, Petrovic D, Opatrilova R,  
Gazdikova K, Caprnda M, Rodrigo L, Danko J, Kruzliak P. Melatonin and breast cancer: 
Evidences from preclinical and human studies. Critical Reviews in Oncology/Hematology. 
2018;122:133-143

[12] Rios ER, Venâncio ET, Rocha NF, Woods DJ, Vasconcelos S, Macedo D, Sousa FC, 
Fonteles MM. Melatonin: Pharmacological aspects and clinical trends. The International 
Journal of Neuroscience. 2010;120(9):583-590

[13] Peuhkuri K, Sihvola N, Korpela R. Dietary factors and fluctuating levels of melatonin. 
Food & Nutrition Research. 2012;56:1-9

[14] Konturek SJ1, Konturek PC, Brzozowska I, Pawlik M, Sliwowski Z, Cześnikiewicz-
Guzik M, Kwiecień S, Brzozowski T, Bubenik GA, Pawlik WW. Localization and biologi-
cal activities of melatonin in intact and diseased gastrointestinal tract (GIT). Journal of 
Physiology and Pharmacology. 2007;58(3):381-405

[15] Tordjman S, Chokron S, Delorme R, Charrier A, Bellissant E, Jaafari N, Fougerou C. 
Melatonin: Pharmacology, functions and therapeutic benefits. Current Neuropharmaco-
logy. 2017;15(3):434-443

[16] Zhang HM, Zhang Y. Melatonin: A well-documented antioxidant with conditional pro-
oxidant actions. Journal of Pineal Research. 2014;57(2):131-146

[17] Anwar MJ, Muhammad BY, Bader AA, Abdulghani M, Mahmood D, Haider M. An 
insight into the scientific background and future perspectives for the potential uses of 
melatonin. Egyptian Journal of Basic and Applied Sciences. 2015;2:139-152

[18] Masters A, Pandi-Perumal SR, Seixas A, Girardin JL, McFarlane SI. Melatonin, the 
hormone of darkness: From sleep promotion to ebola treatment. Brain Disorders and 
Therapy. 2014;4(1):1-10

[19] Karasek M, Winczyk K. Melatonin in humans. Journal of Physiology and Pharmacology. 
2006;57(5):19-39

[20] Tan DX, Manchester LC, Esteban-Zubero E, Zhou Z, Reiter RJ. Melatonin as a potent 
and inducible endogenous antioxidant: Synthesis and metabolism. Molecules. 2015;20 
(10):18886-18906

[21] Pevet P, Challet E. Melatonin: Both master clock output and internal time-giver in the 
circadian clocks network. Journal of Physiology, Paris. 2011;105(4-6):170-182

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches76

[22] Bedrosian TA, Herring KL, Walton JC, Fonken LK, Weil ZM, Nelson RJ. Evidence for 
feedback control of pineal melatonin secretion. Neuroscience Letters. 2013;542:123-125

[23] Maitra S, Baidya DK, Khanna P. Melatonin in perioperative medicine: Current perspec-
tive. Saudi Journal of Anaesthesia. 2013;7(3):315-321

[24] De Almeida EA, Di Mascio P, Harumi T, Spence DW, Moscovitch A, Hardeland R, 
Cardinali DP, Brown GM, Pandi-Perumal SR. Measurement of melatonin in body fluids: 
Standards, protocols and procedures. Child's Nervous System. 2011;27(6):879-891

[25] Ren W, Liu G, Chen S, Yin J, Wang J, Tan B, Wu G, Bazer FW, Peng Y, Li T, Reiter RJ, Yin 
Y. Melatonin signaling in T cells: Functions and applications. Journal of Pineal Research. 
2017;62(3):1-15

[26] Zawilska JB, Skene DJ, Arendt J. Physiology and pharmacology of melatonin in relation 
to biological rhythms. Pharmacological Reports. 2009;61(3):383-410

[27] Slominski RM, Reiter RJ, Schlabritz-Loutsevitch N, Ostrom RS, Slominski AT. Melatonin 
membrane receptors in peripheral tissues: Distribution and functions. Molecular and 
Cellular Endocrinology. 2012;351(2):152-166

[28] Chattoraj A, Liu T, Zhang LS, Huang Z, Borjigin J. Melatonin formation in mammals: 
In vivo perspectives. Reviews in Endocrine & Metabolic Disorders. 2009;10(4):237-243

[29] Malhotra S, Sawhney G, Pandhi P. The therapeutic potential of melatonin: A review of 
the science. Medscape General Medicine. 2004;6(2):1-45

[30] Mahmood D, Muhammad BY, Alghani M, Anwar J, el-Lebban N, Haider M. Advancing 
role of melatonin in the treatment of neuropsychiatric disorders. Egyptian journal of 
basic and applied sciences. 2016;3:203-218

[31] Liu J, Clough SJ, Hutchinson AJ, Adamah-Biassi EB, Popovska-Gorevski M, Dubocovich 
ML. MT1 and MT2 melatonin receptors: A therapeutic perspective. Annual Review of 
Pharmacology and Toxicology. 2016;56:361-383

[32] Jockers R, Delagrange P, Dubocovich ML, Markus RP, Renault N, Tosini G, Cecon E, 
Zlotos DP. Update on melatonin receptors: IUPHAR review 20. British Journal of Pharm-
acology. 2016;173(18):2702-2725

[33] Hardeland R, Cardinali DP, Srinivasan V, Spence DW, Brown GM, Pandi-Perumal SR. 
Melatonin—A pleiotropic, orchestrating regulator molecule. Progress in Neurobiology. 
2011;93(3):350-384

[34] Mailliet F, Ferry G, Vella F, Berger S, Cogé F, Chomarat P, Mallet C, Guénin SP, 
Guillaumet G, Viaud-Massuard MC, Yous S, Delagrange P, Boutin JA. Characterization 
of the melatoninergic MT3 binding site on the NRH:Quinone oxidoreductase 2 enzyme. 
Biochemical Pharmacology. 2005;71(1-2):74-88

[35] Ekmekcioglu C. Melatonin receptors in humans: Biological role and clinical relevance. 
Biomedicine & Pharmacotherapy. 2006;60:97-108

An Overview of Melatonin as an Antioxidant Molecule: A Biochemical Approach
http://dx.doi.org/10.5772/intechopen.79421

77



[36] Najafi M, Shirazi A, Motevaseli E, Geraily G, Norouzi F, Heidari M, Rezapoor S. The mela-
tonin immunomodulatory actions in radiotherapy. Biophysical Reviews. 2017;9(2):139-148

[37] Rodriguez C, Mayo JC, Sainz RM, Antolín I, Herrera F, Martín V, Reiter RJ. Regulation 
of antioxidant enzymes: A significant role for melatonin. Journal of Pineal Research. 
2004;36(1):1-9

[38] Srinivasan V, Spence DW, Pandi-Perumal SR, Brown GM, Cardinali DP. Melatonin in 
mitochondrial dysfunction and related disorders. International Journal of Alzheimer's 
Disease. 2011;2011:326320

[39] Hardeland R, Tan DX, Reiter RJ. Kynuramines, metabolites of melatonin and other 
indoles: The resurrection of an almost forgotten class of biogenic amines. Journal of 
Pineal Research. 2009;47(2):109-126

[40] Loren P, Sánchez R, Arias ME, Felmer R, Risopatrón J, Cheuquemán C. Melatonin scav-
enger properties against oxidative and Nitrosative stress: Impact on gamete handling 
and in vitro embryo production in humans and other mammals. International Journal of 
Molecular Sciences. 2017;18(6):1-17

[41] Galano A, Tan DX, Reiter RJ. Melatonin as a natural ally against oxidative stress: A 
physicochemical examination. Journal of Pineal Research. 2011;51:1-16

[42] Galano A, Castañeda-Arriaga R, Pérez-González A, Tan DX, Reiter RJ. Phenolic melatonin-
related compounds: Their role as chemical protectors against oxidative stress. Molecules. 
2016;21(11):1-42

[43] Bonnefont-Rousselot D, Collin F. Melatonin: Action as antioxidant and potential appli-
cations in human disease and aging. Toxicology. 2010;278(1):55-67

[44] Kohen R, Nyska A. Oxidation of biological systems: Oxidative stress phenomena, anti-
oxidants, redox reactions, and methods for their quantification. Toxicologic Pathology. 
2002;30(6):620-650

[45] Rahal A, Kumar A, Singh V, Yadav B, Tiwari R, Chakraborty S, Dhama K. Oxidative 
stress, prooxidants, and antioxidants: The interplay. BioMed Research International. 
2014;2014:761264

[46] Kurutas EB. The importance of antioxidants which play the role in cellular response 
against oxidative/nitrosative stress: Current state. Nutrition Journal. 2016;15(71):1-22

[47] Patel M, Ramavataram DV. Non transferrin bound iron: Nature, manifestations and 
analytical approaches for estimation. Indian Journal of Clinical Biochemistry Indian. 
2012;27(4):322-332

[48] Łuczaj W, Gęgotek A1, Skrzydlewska E. Antioxidants and HNE in redox homeostasis. 
Free Radical Biology & Medicine. 2017;111:87-101

[49] Mirończuk-Chodakowska I, Witkowska AM, Zujko ME. Endogenous non-enzymatic 
antioxidants in the human body. Advances in Medical Sciences. 2018;63(1):68-78

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches78

[50] Peyrot F, Ducrocq C. Potential role of tryptophan derivatives in stress responses char-
acterized by the generation of reactive oxygen and nitrogen species. Journal of Pineal 
Research. 2008;45(3):235-246

[51] Poljsak B, Šuput D, Milisav I. Achieving the balance between ROS and antioxidants: 
When to use the synthetic antioxidants. Oxidative Medicine and Cellular Longevity. 
2013;2013(956792):1-11

[52] Ray PD, Huang BW, Tsuji Y. Reactive oxygen species (ROS) homeostasis and redox 
regulation in cellular signaling. Cellular Signalling. 2012;24(5):981-990

[53] Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive oxygen species (ROS) and 
ROS-induced ROS release. Physiological Reviews. 2014;94(3):909-950

[54] Sarangarajan R, Meera S, Rukkumani R, Sankar P, Anuradha G. Antioxidants: Friend or 
foe? Asian Pacific Journal of Tropical Medicine. 2017;10(12):1111-1116

[55] Weydert CJ, Cullen JJ. Measurement of superoxide dismutase, catalase and glutathione 
peroxidase in cultured cells and tissue. Nature Protocols. 2010;5(1):51-66

[56] Wołonciej M, Milewska E, Roszkowska-Jakimiec W. Trace elements as an activator of 
antioxidant enzymes. Postȩpy Higieny i Medycyny Doświadczalnej. 2016;70:1483-1498

[57] Reiter RJ, Tan DX, Gitto E, Sainz RM, Mayo JC, Leon J, Manchester LC, Vijayalaxmi KE, 
Kilic U. Pharmacological utility of melatonin in reducing oxidative cellular and molecu-
lar damage. Polish Journal of Pharmacology. 2004;56(2):159-170

[58] Reiter RJ, Tan DX, Osuna C, Gitto E. Actions of melatonin in the reduction of oxidative 
stress. A review. Journal of Biomedical Science. 2000;7(6):444-458

[59] Reiter RJ, Paredes SD, Korkmaz A, Jou MJ, Tan DX. Melatonin combats molecular terror-
ism at the mitochondrial level. Interdisciplinary Toxicology. 2008;1(2):137-149

[60] Bouayed J, Bohn T. Exogenous antioxidants–Double-edged swords in cellular redox 
state: Health beneficial effects at physiologic doses versus deleterious effects at high 
doses. Oxidative Medicine and Cellular Longevity. 2010;3(4):228-237

[61] Hacışevki A. An overview of ascorbic acid biochemistry. Journal of Faculty of Pharmacy 
of Ankara University. 2009;38(3):235-257

[62] Korkmaz A, Reiter RJ, Topal T, Manchester LC, Oter S, Tan DX. Melatonin: An estab-
lished antioxidant worthy of use in clinical trials. Molecular Medicine. 2009;15(1-2):43-50

[63] Ryan MJ, Dudash HJ, Docherty M, Geronilla KB, Baker BA, Haff GG, Cutlip RG, 
Alway SE. Vitamin E and C supplementation reduces oxidative stress, improves anti-
oxidant enzymes and positive muscle work in chronically loaded muscles of aged rats. 
Experimental Gerontology. 2010;45(11):882-895

[64] Hacışevki A, Torun M, Çengel A. Effect of short-term α-tocopherol supplementation on 
biomarkers of oxidative stress and antioxidant defence in subject with angina pectoris. 
Oxidation Communications. 2012;35(1):128-137

An Overview of Melatonin as an Antioxidant Molecule: A Biochemical Approach
http://dx.doi.org/10.5772/intechopen.79421

79



[36] Najafi M, Shirazi A, Motevaseli E, Geraily G, Norouzi F, Heidari M, Rezapoor S. The mela-
tonin immunomodulatory actions in radiotherapy. Biophysical Reviews. 2017;9(2):139-148

[37] Rodriguez C, Mayo JC, Sainz RM, Antolín I, Herrera F, Martín V, Reiter RJ. Regulation 
of antioxidant enzymes: A significant role for melatonin. Journal of Pineal Research. 
2004;36(1):1-9

[38] Srinivasan V, Spence DW, Pandi-Perumal SR, Brown GM, Cardinali DP. Melatonin in 
mitochondrial dysfunction and related disorders. International Journal of Alzheimer's 
Disease. 2011;2011:326320

[39] Hardeland R, Tan DX, Reiter RJ. Kynuramines, metabolites of melatonin and other 
indoles: The resurrection of an almost forgotten class of biogenic amines. Journal of 
Pineal Research. 2009;47(2):109-126

[40] Loren P, Sánchez R, Arias ME, Felmer R, Risopatrón J, Cheuquemán C. Melatonin scav-
enger properties against oxidative and Nitrosative stress: Impact on gamete handling 
and in vitro embryo production in humans and other mammals. International Journal of 
Molecular Sciences. 2017;18(6):1-17

[41] Galano A, Tan DX, Reiter RJ. Melatonin as a natural ally against oxidative stress: A 
physicochemical examination. Journal of Pineal Research. 2011;51:1-16

[42] Galano A, Castañeda-Arriaga R, Pérez-González A, Tan DX, Reiter RJ. Phenolic melatonin-
related compounds: Their role as chemical protectors against oxidative stress. Molecules. 
2016;21(11):1-42

[43] Bonnefont-Rousselot D, Collin F. Melatonin: Action as antioxidant and potential appli-
cations in human disease and aging. Toxicology. 2010;278(1):55-67

[44] Kohen R, Nyska A. Oxidation of biological systems: Oxidative stress phenomena, anti-
oxidants, redox reactions, and methods for their quantification. Toxicologic Pathology. 
2002;30(6):620-650

[45] Rahal A, Kumar A, Singh V, Yadav B, Tiwari R, Chakraborty S, Dhama K. Oxidative 
stress, prooxidants, and antioxidants: The interplay. BioMed Research International. 
2014;2014:761264

[46] Kurutas EB. The importance of antioxidants which play the role in cellular response 
against oxidative/nitrosative stress: Current state. Nutrition Journal. 2016;15(71):1-22

[47] Patel M, Ramavataram DV. Non transferrin bound iron: Nature, manifestations and 
analytical approaches for estimation. Indian Journal of Clinical Biochemistry Indian. 
2012;27(4):322-332

[48] Łuczaj W, Gęgotek A1, Skrzydlewska E. Antioxidants and HNE in redox homeostasis. 
Free Radical Biology & Medicine. 2017;111:87-101

[49] Mirończuk-Chodakowska I, Witkowska AM, Zujko ME. Endogenous non-enzymatic 
antioxidants in the human body. Advances in Medical Sciences. 2018;63(1):68-78

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches78

[50] Peyrot F, Ducrocq C. Potential role of tryptophan derivatives in stress responses char-
acterized by the generation of reactive oxygen and nitrogen species. Journal of Pineal 
Research. 2008;45(3):235-246

[51] Poljsak B, Šuput D, Milisav I. Achieving the balance between ROS and antioxidants: 
When to use the synthetic antioxidants. Oxidative Medicine and Cellular Longevity. 
2013;2013(956792):1-11

[52] Ray PD, Huang BW, Tsuji Y. Reactive oxygen species (ROS) homeostasis and redox 
regulation in cellular signaling. Cellular Signalling. 2012;24(5):981-990

[53] Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive oxygen species (ROS) and 
ROS-induced ROS release. Physiological Reviews. 2014;94(3):909-950

[54] Sarangarajan R, Meera S, Rukkumani R, Sankar P, Anuradha G. Antioxidants: Friend or 
foe? Asian Pacific Journal of Tropical Medicine. 2017;10(12):1111-1116

[55] Weydert CJ, Cullen JJ. Measurement of superoxide dismutase, catalase and glutathione 
peroxidase in cultured cells and tissue. Nature Protocols. 2010;5(1):51-66

[56] Wołonciej M, Milewska E, Roszkowska-Jakimiec W. Trace elements as an activator of 
antioxidant enzymes. Postȩpy Higieny i Medycyny Doświadczalnej. 2016;70:1483-1498

[57] Reiter RJ, Tan DX, Gitto E, Sainz RM, Mayo JC, Leon J, Manchester LC, Vijayalaxmi KE, 
Kilic U. Pharmacological utility of melatonin in reducing oxidative cellular and molecu-
lar damage. Polish Journal of Pharmacology. 2004;56(2):159-170

[58] Reiter RJ, Tan DX, Osuna C, Gitto E. Actions of melatonin in the reduction of oxidative 
stress. A review. Journal of Biomedical Science. 2000;7(6):444-458

[59] Reiter RJ, Paredes SD, Korkmaz A, Jou MJ, Tan DX. Melatonin combats molecular terror-
ism at the mitochondrial level. Interdisciplinary Toxicology. 2008;1(2):137-149

[60] Bouayed J, Bohn T. Exogenous antioxidants–Double-edged swords in cellular redox 
state: Health beneficial effects at physiologic doses versus deleterious effects at high 
doses. Oxidative Medicine and Cellular Longevity. 2010;3(4):228-237

[61] Hacışevki A. An overview of ascorbic acid biochemistry. Journal of Faculty of Pharmacy 
of Ankara University. 2009;38(3):235-257

[62] Korkmaz A, Reiter RJ, Topal T, Manchester LC, Oter S, Tan DX. Melatonin: An estab-
lished antioxidant worthy of use in clinical trials. Molecular Medicine. 2009;15(1-2):43-50

[63] Ryan MJ, Dudash HJ, Docherty M, Geronilla KB, Baker BA, Haff GG, Cutlip RG, 
Alway SE. Vitamin E and C supplementation reduces oxidative stress, improves anti-
oxidant enzymes and positive muscle work in chronically loaded muscles of aged rats. 
Experimental Gerontology. 2010;45(11):882-895

[64] Hacışevki A, Torun M, Çengel A. Effect of short-term α-tocopherol supplementation on 
biomarkers of oxidative stress and antioxidant defence in subject with angina pectoris. 
Oxidation Communications. 2012;35(1):128-137

An Overview of Melatonin as an Antioxidant Molecule: A Biochemical Approach
http://dx.doi.org/10.5772/intechopen.79421

79



[65] Schmölz L, Birringer M, Lorkowski S, Wallert M. Complexity of vitamin E metabolism. 
World Journal of Biological Chemistry. 2016;7(1):14-43

[66] Schubert M, Kluge S, Schmölz L, Wallert M, Galli F, Birringer M, Lorkowski S. Long-
chain metabolites of vitamin E: Metabolic activation as a general concept for lipid-soluble 
vitamins? Antioxidants (Basel). 2018;7(1):1-54

[67] Bozkır A, Şimşek B, Güngör A, Torun M. Ascorbic acid and uric acid levels in lung can-
cer patients. Journal of Clinical Pharmacy and Therapeutics. 1999;24:43-47

[68] Pullar JM, Bayer S, Carr AC. Appropriate handling, processing and analysis of blood 
samples is essential to avoid oxidation of vitamin C to dehydroascorbic acid. Antioxidants 
(Basel). 2018;7(2):1-26

[69] Rahman K. Studies on free radicals, antioxidants, and co-factors. Clinical Interventions 
in Aging. 2007;2(2):219-236

[70] Lobo V, Patil A, Phatak A, Chandra N. Free radicals, antioxidants and functional foods: 
Impact on human health. Pharmacognosy Reviews. 2010;4(8):118-126

[71] Galano A. Free radicals induced oxidative stress at a molecular level: The current status, 
challenges and perspectives of computational chemistry based protocols. Journal of the 
Mexican Chemical Society. 2015;59(4):231-262

[72] Rose RC, Bode AM. Biology of free radical scavengers: An evaluation of ascorbate. The 
FASEB Journal 1993;7(12):1135-1142

[73] Tamura H, Takasaki A, Taketani T, Tanabe M, Kizuka F, Lee L, Tamura I, Maekawa R, 
Aasada H, Yamagata Y, Sugino N. The role of melatonin as an antioxidant in the follicle. 
Journal of Ovarian Research. 2012;5:1-9

[74] Tan DX, Manchester LC, Reiter RJ, Qi WB, Karbownik M, Calvo JR. Significance of mela-
tonin in antioxidative defense system: Reactions and products. Biological Signals and 
Receptors. 2000;9(3-4):137-159

[75] Anisimov VN, Popovich IG, Zabezhinski MA, Anisimov SV, Vesnushkin GM, 
Vinogradova IA. Melatonin as antioxidant, geroprotector and anticarcinogen. Biochimica 
et Biophysica Acta. 2006;1757(5-6):573-589

[76] Johns JR, Platts JA. Theoretical insight into the antioxidant properties of melatonin and 
derivatives. Organic & Biomolecular Chemistry. 2014;12(39):7820-7827

[77] Hardeland R, Pandi-Perumal SR. Melatonin, a potent agent in antioxidative defense: 
Actions as a natural food constituent, gastrointestinal factor, drug and prodrug. 
Nutrition & Metabolism (London). 2005;2(22):1-42

[78] Swarnakar S, Paul S, Singh LP, Reiter RJ. Matrix metalloproteinases in health and dis-
ease: Regulation by melatonin. Journal of Pineal Research. 2011;50(1):8-20

[79] Vázquez J, González B, Sempere V, Mas A, Torija MJ, Beltran G. Melatonin reduces oxi-
dative stress damage induced by hydrogen peroxide in Saccharomyces cerevisiae. Frontiers 
in Microbiology. 2017;8:1066, 1-14

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches80

[80] Kratz EM, Piwowar A. Melatonin, advanced oxidation protein products and total anti-
oxidant capacity as seminal parameters of prooxidant-antioxidant balance and their 
connection with expression of metalloproteinases in context of male fertility. Journal of 
Physiology and Pharmacology. 2017;68(5):659-668

[81] Bisquert R, Muñiz-Calvo S, Guillamón JM. Protective role of intracellular melato-
nin against oxidative stress and UV radiation in Saccharomyces cerevisiae. Frontiers in 
Microbiology. 2018;9(318):1-11

[82] Gitto E, Aversa S, Reiter RJ, Barberi I, Pellegrino S. Update on the use of melatonin in 
pediatrics. Journal of Pineal Research. 2011;50:21-28

[83] Romero A, Ramos E, de Los Ríos C, Egea J, Del Pino J, Reiter RJ. A review of metal-
catalyzed molecular damage: Protection by melatonin. Journal of Pineal Research. 
2014;56(4):343-370

[84] Aydogan S, Yerer MB, Goktas A. Melatonin and nitric oxide. Journal of Endocrinological 
Investigation 2006;29(3):281-287

[85] Reiter RJ, Tan DX, Mayo JC, Sainz RM, Leon J, Czarnocki Z. Melatonin as an antioxi-
dant: Biochemical mechanisms and pathophysiological implications in humans. Acta 
Biochimica Polonica. 2003;50(4):1129-1146

[86] Reiter RJ, Tan DX, Korkmaz A, Rosales-Corral SA. Melatonin and stable circadian 
rhythms optimize maternal, placental and fetal physiology. Human Reproduction 
Update. 2014;20(2):293-307

[87] Galano A, Tan DX, Reiter RJ. Melatonin: A versatile protector against oxidative DNA 
damage. Molecules. 2018;23(3):1-36

[88] Galano A, Tan DX, Reiter RJ. On the free radical scavenging activities of melatonin's 
metabolites, AFMK and AMK. Journal of Pineal Research. 2013;54(3):245-257

[89] Reiter RJ, Mayo JC, Tan DX, Sainz RM, Alatorre-Jimenez M, Qin L. Melatonin as an anti-
oxidant: Under promises but over delivers. Journal of Pineal Research. 2016;61(3):253-278

[90] Reiter RJ, Tan DX, Manchester LC, Pilar Terron M, Flores LJ, Koppisepi S. Medical impli-
cations of melatonin: Receptor-mediated and receptor-independent actions. Advances 
in Medical Sciences. 2007;52:11-28

[91] Hardeland R. Melatonin metabolism in the central nervous system. Current Neurophar-
macology. 2010;8(3):168-181

[92] Álvarez-Diduk R, Galano A, Tan DX, Reiter RJ. N-acetylserotonin and 6-hydroxymelato-
nin against oxidative stress: Implications for the overall protection exerted by melatonin. 
The Journal of Physical Chemistry. 2015;119(27):8535-8543

[93] Tan DX, Manchester LC, Terron MP, Flores LJ, Reiter RJ. One molecule, many deriva-
tives: A never-ending interaction of melatonin with reactive oxygen and nitrogen spe-
cies? Journal of Pineal Research. 2007;42(1):28-42

An Overview of Melatonin as an Antioxidant Molecule: A Biochemical Approach
http://dx.doi.org/10.5772/intechopen.79421

81



[65] Schmölz L, Birringer M, Lorkowski S, Wallert M. Complexity of vitamin E metabolism. 
World Journal of Biological Chemistry. 2016;7(1):14-43

[66] Schubert M, Kluge S, Schmölz L, Wallert M, Galli F, Birringer M, Lorkowski S. Long-
chain metabolites of vitamin E: Metabolic activation as a general concept for lipid-soluble 
vitamins? Antioxidants (Basel). 2018;7(1):1-54

[67] Bozkır A, Şimşek B, Güngör A, Torun M. Ascorbic acid and uric acid levels in lung can-
cer patients. Journal of Clinical Pharmacy and Therapeutics. 1999;24:43-47

[68] Pullar JM, Bayer S, Carr AC. Appropriate handling, processing and analysis of blood 
samples is essential to avoid oxidation of vitamin C to dehydroascorbic acid. Antioxidants 
(Basel). 2018;7(2):1-26

[69] Rahman K. Studies on free radicals, antioxidants, and co-factors. Clinical Interventions 
in Aging. 2007;2(2):219-236

[70] Lobo V, Patil A, Phatak A, Chandra N. Free radicals, antioxidants and functional foods: 
Impact on human health. Pharmacognosy Reviews. 2010;4(8):118-126

[71] Galano A. Free radicals induced oxidative stress at a molecular level: The current status, 
challenges and perspectives of computational chemistry based protocols. Journal of the 
Mexican Chemical Society. 2015;59(4):231-262

[72] Rose RC, Bode AM. Biology of free radical scavengers: An evaluation of ascorbate. The 
FASEB Journal 1993;7(12):1135-1142

[73] Tamura H, Takasaki A, Taketani T, Tanabe M, Kizuka F, Lee L, Tamura I, Maekawa R, 
Aasada H, Yamagata Y, Sugino N. The role of melatonin as an antioxidant in the follicle. 
Journal of Ovarian Research. 2012;5:1-9

[74] Tan DX, Manchester LC, Reiter RJ, Qi WB, Karbownik M, Calvo JR. Significance of mela-
tonin in antioxidative defense system: Reactions and products. Biological Signals and 
Receptors. 2000;9(3-4):137-159

[75] Anisimov VN, Popovich IG, Zabezhinski MA, Anisimov SV, Vesnushkin GM, 
Vinogradova IA. Melatonin as antioxidant, geroprotector and anticarcinogen. Biochimica 
et Biophysica Acta. 2006;1757(5-6):573-589

[76] Johns JR, Platts JA. Theoretical insight into the antioxidant properties of melatonin and 
derivatives. Organic & Biomolecular Chemistry. 2014;12(39):7820-7827

[77] Hardeland R, Pandi-Perumal SR. Melatonin, a potent agent in antioxidative defense: 
Actions as a natural food constituent, gastrointestinal factor, drug and prodrug. 
Nutrition & Metabolism (London). 2005;2(22):1-42

[78] Swarnakar S, Paul S, Singh LP, Reiter RJ. Matrix metalloproteinases in health and dis-
ease: Regulation by melatonin. Journal of Pineal Research. 2011;50(1):8-20

[79] Vázquez J, González B, Sempere V, Mas A, Torija MJ, Beltran G. Melatonin reduces oxi-
dative stress damage induced by hydrogen peroxide in Saccharomyces cerevisiae. Frontiers 
in Microbiology. 2017;8:1066, 1-14

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches80

[80] Kratz EM, Piwowar A. Melatonin, advanced oxidation protein products and total anti-
oxidant capacity as seminal parameters of prooxidant-antioxidant balance and their 
connection with expression of metalloproteinases in context of male fertility. Journal of 
Physiology and Pharmacology. 2017;68(5):659-668

[81] Bisquert R, Muñiz-Calvo S, Guillamón JM. Protective role of intracellular melato-
nin against oxidative stress and UV radiation in Saccharomyces cerevisiae. Frontiers in 
Microbiology. 2018;9(318):1-11

[82] Gitto E, Aversa S, Reiter RJ, Barberi I, Pellegrino S. Update on the use of melatonin in 
pediatrics. Journal of Pineal Research. 2011;50:21-28

[83] Romero A, Ramos E, de Los Ríos C, Egea J, Del Pino J, Reiter RJ. A review of metal-
catalyzed molecular damage: Protection by melatonin. Journal of Pineal Research. 
2014;56(4):343-370

[84] Aydogan S, Yerer MB, Goktas A. Melatonin and nitric oxide. Journal of Endocrinological 
Investigation 2006;29(3):281-287

[85] Reiter RJ, Tan DX, Mayo JC, Sainz RM, Leon J, Czarnocki Z. Melatonin as an antioxi-
dant: Biochemical mechanisms and pathophysiological implications in humans. Acta 
Biochimica Polonica. 2003;50(4):1129-1146

[86] Reiter RJ, Tan DX, Korkmaz A, Rosales-Corral SA. Melatonin and stable circadian 
rhythms optimize maternal, placental and fetal physiology. Human Reproduction 
Update. 2014;20(2):293-307

[87] Galano A, Tan DX, Reiter RJ. Melatonin: A versatile protector against oxidative DNA 
damage. Molecules. 2018;23(3):1-36

[88] Galano A, Tan DX, Reiter RJ. On the free radical scavenging activities of melatonin's 
metabolites, AFMK and AMK. Journal of Pineal Research. 2013;54(3):245-257

[89] Reiter RJ, Mayo JC, Tan DX, Sainz RM, Alatorre-Jimenez M, Qin L. Melatonin as an anti-
oxidant: Under promises but over delivers. Journal of Pineal Research. 2016;61(3):253-278

[90] Reiter RJ, Tan DX, Manchester LC, Pilar Terron M, Flores LJ, Koppisepi S. Medical impli-
cations of melatonin: Receptor-mediated and receptor-independent actions. Advances 
in Medical Sciences. 2007;52:11-28

[91] Hardeland R. Melatonin metabolism in the central nervous system. Current Neurophar-
macology. 2010;8(3):168-181

[92] Álvarez-Diduk R, Galano A, Tan DX, Reiter RJ. N-acetylserotonin and 6-hydroxymelato-
nin against oxidative stress: Implications for the overall protection exerted by melatonin. 
The Journal of Physical Chemistry. 2015;119(27):8535-8543

[93] Tan DX, Manchester LC, Terron MP, Flores LJ, Reiter RJ. One molecule, many deriva-
tives: A never-ending interaction of melatonin with reactive oxygen and nitrogen spe-
cies? Journal of Pineal Research. 2007;42(1):28-42

An Overview of Melatonin as an Antioxidant Molecule: A Biochemical Approach
http://dx.doi.org/10.5772/intechopen.79421

81



[94] Pérez-González A, Galano A, Alvarez-Idaboy JR, Tan DX, Reiter RJ. Radical-trapping 
and preventive antioxidant effects of 2-hydroxymelatonin and 4-hydroxymelatonin: 
Contributions to the melatonin protection against oxidative stress. Biochimica et 
Biophysica Acta. 2017;1861(9):2206-2217

[95] Tan DX, Hardeland R, Manchester LC, Poeggeler B, Lopez-Burillo S, Mayo JC, Sainz 
RM, Reiter RJ. Mechanistic and comparative studies of melatonin and classic anti-
oxidants in terms of their interactions with the ABTS cation radical. Journal of Pineal 
Research. 2003;34(4):249-259

[96] Galano A, Tan DX, Reiter RJ. Cyclic 3-hydroxymelatonin, a key metabolite enhancing 
the peroxyl radical scavenging activity of melatonin. RSC Advances. 2014;4:5220-5227

[97] Galano A, Medina ME, Tan DX, Reiter RJ. Melatonin and its metabolites as copper che-
lating agents and their role in inhibiting oxidative stress: A physicochemical analysis. 
Journal of Pineal Research. 2015;58(1):107-116

[98] López-Burillo S, Tan DX, Rodriguez-Gallego V, Manchester LC, Mayo JC, Sainz RM, 
Reiter RJ. Melatonin and its derivatives cyclic 3-hydroxymelatonin, N1-acetyl-N2-
formyl-5-methoxykynuramine and 6-methoxymelatonin reduce oxidative DNA dam-
age induced by Fenton reagents. Journal of Pineal Research. 2003;34:178-184

[99] Paredes Royano SD, Reiter RJ. Melatonin: Helping cells cope with oxidative disaster. 
Cell Membranes and Free Radical Research. 2010;2(3):99-111

[100] Silva SO, Ximenes VF, Livramento JA, Catalani LH, Campa A. High concentrations 
of the melatonin metabolite, N1-acetyl-N2-formyl-5-methoxykynuramine, in cerebro-
spinal fluid of patients with meningitis: A possible immunomodulatory mechanism. 
Journal of Pineal Research. 2005;39(3):302-306

[101] Hardeland R. Taxon- and site-specific melatonin catabolism. Molecules. 2017;22(11):1-23

[102] Reiter RJ, Fuentes-Broto L, Paredes SD, Tan DX, Garcia JJ. Melatonin and the patho-
physiology of cellular membranes. Marmara Pharmaceutical Journal. 2010;14:1-9

[103] Esposito E, Cuzzocrea S. Antiinflammatory activity of melatonin in central nervous 
system. Current Neuropharmacology. 2010;8(3):228-242

[104] Reiter RJ, Tan DX, Galano A. Melatonin reduces lipid peroxidation and membrane vis-
cosity. Frontiers in Physiology. 2014;5(377):1-4

[105] Manchester LC, Coto-Montes A, Boga JA, Andersen LP, Zhou Z, Galano A, Vriend J, 
Tan DX, Reiter RJ. Melatonin: An ancient molecule that makes oxygen metabolically 
tolerable. Journal of Pineal Research. 2015;59(4):403-419

[106] Zavodnik IB, Domanski AV, Lapshina EA, Bryszewska M, Reiter RJ. Melatonin 
directly scavenges free radicals generated in red blood cells and a cell-free sys-
tem: Chemiluminescence measurements and theoretical calculations. Life Sciences. 
2006;79(4):391-400

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches82

[107] Zhang H, Squadrito GL, Pryor WA. The reaction of melatonin with peroxynitrite: 
Formation of melatonin radical cation and absence of stable nitrated products. 
Biochemical and Biophysical Research Communications. 1998;251(1):83-87

[108] Zhang H, Squadrito GL, Uppu R, Pryor WA. Reaction of peroxynitrite with melatonin: 
A mechanistic study. Chemical Research in Toxicology. 1999;12:526-534

[109] Gönenç A, Hacışevki A, Tavil Y, Çengel A, Torun M. Oxidative stress in patients with 
essential hypertension: A comparison of dippers and non-dippers. European Journal of 
Internal Medicine. 2013;24:139-144

[110] Reiter RJ, Tan DX, Galano A. Melatonin: Exceeding expectations. Physiology (Bethesda, 
Md.). 2014;29(5):325-333

[111] Kotler M, Rodríguez C, Sáinz RM, Antolín I, Menéndez-Peláez A. Melatonin increases 
gene expression for antioxidant enzymes in rat brain cortex. Journal of Pineal Research. 
1998;24(2):83-89

[112] Bhatti GK, IPS S, Bhatti JS. Protective effect of melatonin against malathion induced 
alterations in antioxidant defense system and morphology of erythrocytes in Wistar 
rats. Journal of Basic & Applied Sciences. 2013;9:438-446

[113] Hardeland R. Neuroprotection by radical avoidance: Search for suitable agents. 
Molecules. 2009;14(12):5054-5102

[114] Reiter RJ, Acuña-Castroviejo D, Tan DX, Burkhardt S. Free radical-mediated molecular 
damage: Mechanisms for the protective actions of melatonin in the central nervous 
system. Annals of the New York Academy of Sciences. 2001;939:200-215

[115] Blokhina O, Virolainen E, Fagerstedt KV. Antioxidants, oxidative damage and oxygen 
deprivation stress: A review. Annals of Botany. 2003;91:179-194

[116] Osellame LD, Blacker TS, Duchen MR. Cellular and molecular mechanisms of mito-
chondrial function. Best Practice & Research. Clinical Endocrinology & Metabolism. 
2012;26(6):711-723

[117] Ganie SA, Dar TA, Bhat AH, Dar KB, Anees S, Zargar MA, Masood A. Melatonin: A 
potential anti-oxidant therapeutic agent for mitochondrial dysfunctions and related 
disorders. Rejuvenation Research. 2016;19(1):21-40

[118] García JJ, López-Pingarrón L, Almeida-Souza P, Tres A, Escudero P, García-Gil FA, Tan 
DX, Reiter RJ, Ramírez JM, Bernal-Pérez M. Protective effects of melatonin in reduc-
ing oxidative stress and in preserving the fluidity of biological membranes: A review. 
Journal of Pineal Research. 2014;56(3):225-237

[119] Flora SJ, Shrivastava R, Mittal M. Chemistry and pharmacological properties of 
some natural and synthetic antioxidants for heavy metal toxicity. Current Medicinal 
Chemistry. 2013;20(36):4540-4574

An Overview of Melatonin as an Antioxidant Molecule: A Biochemical Approach
http://dx.doi.org/10.5772/intechopen.79421

83



[94] Pérez-González A, Galano A, Alvarez-Idaboy JR, Tan DX, Reiter RJ. Radical-trapping 
and preventive antioxidant effects of 2-hydroxymelatonin and 4-hydroxymelatonin: 
Contributions to the melatonin protection against oxidative stress. Biochimica et 
Biophysica Acta. 2017;1861(9):2206-2217

[95] Tan DX, Hardeland R, Manchester LC, Poeggeler B, Lopez-Burillo S, Mayo JC, Sainz 
RM, Reiter RJ. Mechanistic and comparative studies of melatonin and classic anti-
oxidants in terms of their interactions with the ABTS cation radical. Journal of Pineal 
Research. 2003;34(4):249-259

[96] Galano A, Tan DX, Reiter RJ. Cyclic 3-hydroxymelatonin, a key metabolite enhancing 
the peroxyl radical scavenging activity of melatonin. RSC Advances. 2014;4:5220-5227

[97] Galano A, Medina ME, Tan DX, Reiter RJ. Melatonin and its metabolites as copper che-
lating agents and their role in inhibiting oxidative stress: A physicochemical analysis. 
Journal of Pineal Research. 2015;58(1):107-116

[98] López-Burillo S, Tan DX, Rodriguez-Gallego V, Manchester LC, Mayo JC, Sainz RM, 
Reiter RJ. Melatonin and its derivatives cyclic 3-hydroxymelatonin, N1-acetyl-N2-
formyl-5-methoxykynuramine and 6-methoxymelatonin reduce oxidative DNA dam-
age induced by Fenton reagents. Journal of Pineal Research. 2003;34:178-184

[99] Paredes Royano SD, Reiter RJ. Melatonin: Helping cells cope with oxidative disaster. 
Cell Membranes and Free Radical Research. 2010;2(3):99-111

[100] Silva SO, Ximenes VF, Livramento JA, Catalani LH, Campa A. High concentrations 
of the melatonin metabolite, N1-acetyl-N2-formyl-5-methoxykynuramine, in cerebro-
spinal fluid of patients with meningitis: A possible immunomodulatory mechanism. 
Journal of Pineal Research. 2005;39(3):302-306

[101] Hardeland R. Taxon- and site-specific melatonin catabolism. Molecules. 2017;22(11):1-23

[102] Reiter RJ, Fuentes-Broto L, Paredes SD, Tan DX, Garcia JJ. Melatonin and the patho-
physiology of cellular membranes. Marmara Pharmaceutical Journal. 2010;14:1-9

[103] Esposito E, Cuzzocrea S. Antiinflammatory activity of melatonin in central nervous 
system. Current Neuropharmacology. 2010;8(3):228-242

[104] Reiter RJ, Tan DX, Galano A. Melatonin reduces lipid peroxidation and membrane vis-
cosity. Frontiers in Physiology. 2014;5(377):1-4

[105] Manchester LC, Coto-Montes A, Boga JA, Andersen LP, Zhou Z, Galano A, Vriend J, 
Tan DX, Reiter RJ. Melatonin: An ancient molecule that makes oxygen metabolically 
tolerable. Journal of Pineal Research. 2015;59(4):403-419

[106] Zavodnik IB, Domanski AV, Lapshina EA, Bryszewska M, Reiter RJ. Melatonin 
directly scavenges free radicals generated in red blood cells and a cell-free sys-
tem: Chemiluminescence measurements and theoretical calculations. Life Sciences. 
2006;79(4):391-400

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches82

[107] Zhang H, Squadrito GL, Pryor WA. The reaction of melatonin with peroxynitrite: 
Formation of melatonin radical cation and absence of stable nitrated products. 
Biochemical and Biophysical Research Communications. 1998;251(1):83-87

[108] Zhang H, Squadrito GL, Uppu R, Pryor WA. Reaction of peroxynitrite with melatonin: 
A mechanistic study. Chemical Research in Toxicology. 1999;12:526-534

[109] Gönenç A, Hacışevki A, Tavil Y, Çengel A, Torun M. Oxidative stress in patients with 
essential hypertension: A comparison of dippers and non-dippers. European Journal of 
Internal Medicine. 2013;24:139-144

[110] Reiter RJ, Tan DX, Galano A. Melatonin: Exceeding expectations. Physiology (Bethesda, 
Md.). 2014;29(5):325-333

[111] Kotler M, Rodríguez C, Sáinz RM, Antolín I, Menéndez-Peláez A. Melatonin increases 
gene expression for antioxidant enzymes in rat brain cortex. Journal of Pineal Research. 
1998;24(2):83-89

[112] Bhatti GK, IPS S, Bhatti JS. Protective effect of melatonin against malathion induced 
alterations in antioxidant defense system and morphology of erythrocytes in Wistar 
rats. Journal of Basic & Applied Sciences. 2013;9:438-446

[113] Hardeland R. Neuroprotection by radical avoidance: Search for suitable agents. 
Molecules. 2009;14(12):5054-5102

[114] Reiter RJ, Acuña-Castroviejo D, Tan DX, Burkhardt S. Free radical-mediated molecular 
damage: Mechanisms for the protective actions of melatonin in the central nervous 
system. Annals of the New York Academy of Sciences. 2001;939:200-215

[115] Blokhina O, Virolainen E, Fagerstedt KV. Antioxidants, oxidative damage and oxygen 
deprivation stress: A review. Annals of Botany. 2003;91:179-194

[116] Osellame LD, Blacker TS, Duchen MR. Cellular and molecular mechanisms of mito-
chondrial function. Best Practice & Research. Clinical Endocrinology & Metabolism. 
2012;26(6):711-723

[117] Ganie SA, Dar TA, Bhat AH, Dar KB, Anees S, Zargar MA, Masood A. Melatonin: A 
potential anti-oxidant therapeutic agent for mitochondrial dysfunctions and related 
disorders. Rejuvenation Research. 2016;19(1):21-40

[118] García JJ, López-Pingarrón L, Almeida-Souza P, Tres A, Escudero P, García-Gil FA, Tan 
DX, Reiter RJ, Ramírez JM, Bernal-Pérez M. Protective effects of melatonin in reduc-
ing oxidative stress and in preserving the fluidity of biological membranes: A review. 
Journal of Pineal Research. 2014;56(3):225-237

[119] Flora SJ, Shrivastava R, Mittal M. Chemistry and pharmacological properties of 
some natural and synthetic antioxidants for heavy metal toxicity. Current Medicinal 
Chemistry. 2013;20(36):4540-4574

An Overview of Melatonin as an Antioxidant Molecule: A Biochemical Approach
http://dx.doi.org/10.5772/intechopen.79421

83



[120] Adefegha SA, Oboh G. Water extractable phytochemicals from some Nigerian 
spices inhibit Fe2+-induced lipid peroxidation in Rat’s brain–in vitro. Journal of Food 
Processing and Technology. 2011;2(1):1-6

[121] Cardinali DP, Vigo DE, Olivar N, Vidal MF, Brusco LI. Melatonin therapy in patients 
with Alzheimer's disease. Antioxidants (Basel). 2014;3(2):245-277

[122] Hardeland R. Melatonin, hormone of darkness and more: Occurrence, control 
mechanisms, actions and bioactive metabolites. Cellular and Molecular Life Sciences. 
2008;65(13):2001-2018

[123] Gonenc A, Hacisevki A, Erdemoglu AK, Dagkiran ME, Torun M. Evaluation of oxida-
tive stress markers and antioxidant status in Alzheimer disease, vascular dementia and 
the Parkinson disease. Oxidation Communications. 2013;36(1):235-245

[124] Csányi G, Miller FJ Jr. Oxidative stress in cardiovascular disease. International Journal 
of Molecular Sciences. 2014;15:6002-6008

[125] Baker J, Kimpinski K. Role of melatonin in blood pressure regulation: An adjunct anti-
hypertensive agent. Clinical and Experimental Pharmacology & Physiology. 2018:1-12. 
DOI: 10.1111/1440-1681.12942. [Epub ahead of print]

[126] Pechanova O, Paulis L, Simko F. Peripheral and central effects of melatonin on blood pres-
sure regulation. International Journal of Molecular Sciences. 2014;15(10):17920-17937

[127] Favero G, Franceschetti L, Buffoli B, Moghadasian MH, Reiter RJ, Rodella LF, Rezzani 
R. Melatonin: Protection against age-related cardiac pathology. Ageing Research 
Reviews. 2017;35:1-366

[128] Dominguez-Rodriguez A, Abreu-Gonzalez P, Sanchez-Sanchez JJ, Kaski JC, Reiter 
RJ. Melatonin and circadian biology in human cardiovascular disease. Journal of Pineal 
Research. 2010;49(1):14-22

[129] Petrosillo G, Di Venosa N, Pistolese M, Casanova G, Tiravanti E, Colantuono G, Federici 
A, Paradies G, Ruggiero FM. Protective effect of melatonin against mitochondrial dys-
function associated with cardiac ischemia- reperfusion: Role of cardiolipin. The FASEB 
Journal. 2006;20(2):269-276

[130] Sánchez A, Calpena AC, Clares B. Evaluating the oxidative stress in inflammation: Role 
of melatonin. International Journal of Molecular Sciences. 2015;16(8):16981-17004

[131] Bukowska A. Anticarcinogenic role of melatonin--potential mechanisms. Medycyna 
Pracy. 2011;62(4):425-434

[132] Matés JM, Segura JA, Alonso FJ, Márquez J. Intracellular redox status and oxidative 
stress: Implications for cell proliferation, apoptosis, and carcinogenesis. Archives of 
Toxicology. 2008;82:273-299

[133] Hacışevki A, Baba B, Gönenç A, Aslan S. Protein carbonyl content as the most gen-
eral and well-used biomarker of severe oxidative stress, oxidation. Communication. 
2012;35(2):413-422

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches84

[134] Srinivasan V, Spence DW, Pandi-Perumal SR, Trakht I, Cardinali DP. Therapeutic 
actions of melatonin in cancer: Possible mechanisms. Integrative Cancer Therapies. 
2008;7(3):189-203

[135] Jung B, Ahmad N. Melatonin in cancer management: Progress and promise. Cancer 
Research. 2006;66(20):9789-9793

[136] Reiter RJ, Rosales-Corral SA, Tan DX, Acuna-Castroviejo D, Qin L, Yang SF, Xu K. 
Melatonin, a full service anti-cancer agent: Inhibition of initiation, progression and 
metastasis. International Journal of Molecular Sciences. 2017;18(4):1-47

[137] Li Y, Li S, Zhou Y, Meng X, Zhang JJ, Xu DP, Li HB. Melatonin for the prevention and 
treatment of cancer. Oncotarget. 2017;8(24):39896-39921

[138] Chojnacki C, Walecka-Kapica E, Romanowski M, Chojnacki J, Klupinska G. Protective 
role of melatonin in liver damage. Current Pharmaceutical Design. 2014;20(30):4828-4833

[139] Lebda MA, Sadek KM, Abouzed TK, Tohamy HG, El-Sayed YS. Melatonin mitigates 
thioacetamide-induced hepatic fibrosis via antioxidant activity and modulation of pro-
inflammatory cytokines and fibrogenic genes. Life Sciences. 2018;192:136-143

[140] Das N, Mandala A Naaz S, Giri S, Jain M, Bandyopadhyay D, Reiter RJ, Roy 
SS. Melatonin protects against lipid-induced mitochondrial dysfunction in hepatocytes 
and inhibits stellate cell activation during hepatic fibrosis in mice. Journal of Pineal 
Research. 2017;62(4):1-21. DOI: 10.1111/jpi.12404

[141] Hacışevki A, Baba B, Sezer S, Özkan Y. Increased kynurenine/tryptophan and neop-
terin levels in hemodialysis. Oxidation Communications. 2013;36(1):246-253

[142] Hacışevki A, Gönenç A, Sezer S, Karakan Ş, Şimşek B, Torun M. Accumulation of an 
endogenous inhibitor of nitric oxide synthesis and oxidative DNA damage in end-stage 
renal disease. Clinical Laboratory. 2013;59:1353-1361

[143] Dehdashtian E, Mehrzadi S, Yousefi B, Hosseinzadeh A, Reiter RJ, Safa M, Ghaznavi 
H, Naseripour M. Diabetic retinopathy pathogenesis and the ameliorating effects of 
melatonin; involvement of autophagy, inflammation and oxidative stress. Life Sciences. 
2018;193:20-33

[144] Zephy D, Ahmad J. Type 2 diabetes mellitus: Role of melatonin and oxidative stress. 
Diabetes and Metabolic Syndrome: Clinical Research and Reviews. 2015;9(2):127-131

An Overview of Melatonin as an Antioxidant Molecule: A Biochemical Approach
http://dx.doi.org/10.5772/intechopen.79421

85



[120] Adefegha SA, Oboh G. Water extractable phytochemicals from some Nigerian 
spices inhibit Fe2+-induced lipid peroxidation in Rat’s brain–in vitro. Journal of Food 
Processing and Technology. 2011;2(1):1-6

[121] Cardinali DP, Vigo DE, Olivar N, Vidal MF, Brusco LI. Melatonin therapy in patients 
with Alzheimer's disease. Antioxidants (Basel). 2014;3(2):245-277

[122] Hardeland R. Melatonin, hormone of darkness and more: Occurrence, control 
mechanisms, actions and bioactive metabolites. Cellular and Molecular Life Sciences. 
2008;65(13):2001-2018

[123] Gonenc A, Hacisevki A, Erdemoglu AK, Dagkiran ME, Torun M. Evaluation of oxida-
tive stress markers and antioxidant status in Alzheimer disease, vascular dementia and 
the Parkinson disease. Oxidation Communications. 2013;36(1):235-245

[124] Csányi G, Miller FJ Jr. Oxidative stress in cardiovascular disease. International Journal 
of Molecular Sciences. 2014;15:6002-6008

[125] Baker J, Kimpinski K. Role of melatonin in blood pressure regulation: An adjunct anti-
hypertensive agent. Clinical and Experimental Pharmacology & Physiology. 2018:1-12. 
DOI: 10.1111/1440-1681.12942. [Epub ahead of print]

[126] Pechanova O, Paulis L, Simko F. Peripheral and central effects of melatonin on blood pres-
sure regulation. International Journal of Molecular Sciences. 2014;15(10):17920-17937

[127] Favero G, Franceschetti L, Buffoli B, Moghadasian MH, Reiter RJ, Rodella LF, Rezzani 
R. Melatonin: Protection against age-related cardiac pathology. Ageing Research 
Reviews. 2017;35:1-366

[128] Dominguez-Rodriguez A, Abreu-Gonzalez P, Sanchez-Sanchez JJ, Kaski JC, Reiter 
RJ. Melatonin and circadian biology in human cardiovascular disease. Journal of Pineal 
Research. 2010;49(1):14-22

[129] Petrosillo G, Di Venosa N, Pistolese M, Casanova G, Tiravanti E, Colantuono G, Federici 
A, Paradies G, Ruggiero FM. Protective effect of melatonin against mitochondrial dys-
function associated with cardiac ischemia- reperfusion: Role of cardiolipin. The FASEB 
Journal. 2006;20(2):269-276

[130] Sánchez A, Calpena AC, Clares B. Evaluating the oxidative stress in inflammation: Role 
of melatonin. International Journal of Molecular Sciences. 2015;16(8):16981-17004

[131] Bukowska A. Anticarcinogenic role of melatonin--potential mechanisms. Medycyna 
Pracy. 2011;62(4):425-434

[132] Matés JM, Segura JA, Alonso FJ, Márquez J. Intracellular redox status and oxidative 
stress: Implications for cell proliferation, apoptosis, and carcinogenesis. Archives of 
Toxicology. 2008;82:273-299

[133] Hacışevki A, Baba B, Gönenç A, Aslan S. Protein carbonyl content as the most gen-
eral and well-used biomarker of severe oxidative stress, oxidation. Communication. 
2012;35(2):413-422

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches84

[134] Srinivasan V, Spence DW, Pandi-Perumal SR, Trakht I, Cardinali DP. Therapeutic 
actions of melatonin in cancer: Possible mechanisms. Integrative Cancer Therapies. 
2008;7(3):189-203

[135] Jung B, Ahmad N. Melatonin in cancer management: Progress and promise. Cancer 
Research. 2006;66(20):9789-9793

[136] Reiter RJ, Rosales-Corral SA, Tan DX, Acuna-Castroviejo D, Qin L, Yang SF, Xu K. 
Melatonin, a full service anti-cancer agent: Inhibition of initiation, progression and 
metastasis. International Journal of Molecular Sciences. 2017;18(4):1-47

[137] Li Y, Li S, Zhou Y, Meng X, Zhang JJ, Xu DP, Li HB. Melatonin for the prevention and 
treatment of cancer. Oncotarget. 2017;8(24):39896-39921

[138] Chojnacki C, Walecka-Kapica E, Romanowski M, Chojnacki J, Klupinska G. Protective 
role of melatonin in liver damage. Current Pharmaceutical Design. 2014;20(30):4828-4833

[139] Lebda MA, Sadek KM, Abouzed TK, Tohamy HG, El-Sayed YS. Melatonin mitigates 
thioacetamide-induced hepatic fibrosis via antioxidant activity and modulation of pro-
inflammatory cytokines and fibrogenic genes. Life Sciences. 2018;192:136-143

[140] Das N, Mandala A Naaz S, Giri S, Jain M, Bandyopadhyay D, Reiter RJ, Roy 
SS. Melatonin protects against lipid-induced mitochondrial dysfunction in hepatocytes 
and inhibits stellate cell activation during hepatic fibrosis in mice. Journal of Pineal 
Research. 2017;62(4):1-21. DOI: 10.1111/jpi.12404

[141] Hacışevki A, Baba B, Sezer S, Özkan Y. Increased kynurenine/tryptophan and neop-
terin levels in hemodialysis. Oxidation Communications. 2013;36(1):246-253

[142] Hacışevki A, Gönenç A, Sezer S, Karakan Ş, Şimşek B, Torun M. Accumulation of an 
endogenous inhibitor of nitric oxide synthesis and oxidative DNA damage in end-stage 
renal disease. Clinical Laboratory. 2013;59:1353-1361

[143] Dehdashtian E, Mehrzadi S, Yousefi B, Hosseinzadeh A, Reiter RJ, Safa M, Ghaznavi 
H, Naseripour M. Diabetic retinopathy pathogenesis and the ameliorating effects of 
melatonin; involvement of autophagy, inflammation and oxidative stress. Life Sciences. 
2018;193:20-33

[144] Zephy D, Ahmad J. Type 2 diabetes mellitus: Role of melatonin and oxidative stress. 
Diabetes and Metabolic Syndrome: Clinical Research and Reviews. 2015;9(2):127-131

An Overview of Melatonin as an Antioxidant Molecule: A Biochemical Approach
http://dx.doi.org/10.5772/intechopen.79421

85



Chapter 4

Melatonin and Its Indisputable Effects on the Health
State

Hanan Farouk Aly and Maha Zaki Rizk

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79817

Provisional chapter

DOI: 10.5772/intechopen.79817

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Melatonin and Its Indisputable Effects on the Health 
State

Hanan Farouk Aly and Maha Zaki Rizk

Additional information is available at the end of the chapter

Abstract

Melatonin is a hormone synthesized from the amino acid tryptophan produced espe-
cially at night in the pineal gland and helps induce sleep. It is reported to play a role in 
preventing the production of free radicals and is thus a potent antioxidant. It can also 
enhance the function of the immune system and appears to have an antitumor effect. 
Melatonin secretion, mediated by photoperiod, directly influences reproductive function 
and dopamine which moves into frontal lobe regulating flow of information coming in 
from other areas of the brain. Additional side effects may be produced from treatment 
with melatonin and include stomach cramps, dizziness, headache, irritability, breast 
enlargement in men (called gynecomastia), and decreased sperm count. For clinical 
trials, the direct effect of exogenous melatonin administration on patients manifested 
with cancer should be studied to find its oncostatic effects on some cancers and provide 
information on its dosage and long-term safety. Moreover, mechanisms of action should 
be further investigated.

Keywords: melatonin, anti-aging, anticancer antiproliferative effect, geroprotector

1. Hormone description

Melatonin is a hormone (N-acetyl-5 methoxytryptamine) produced especially at night in the 
pineal gland which helps in the maintenance of the body’s hormone balance and regulation, in 
immune system integrity, and in circadian rhythm (daily metabolic balance). This gland func-
tions as a biological clock and time keeper of the brain by secreting melatonin and many other 
neuropeptides at night, helps to govern the sleep-wake cycle and, in animals, seasonal rhythms 
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Abstract

Melatonin is a hormone synthesized from the amino acid tryptophan produced espe-
cially at night in the pineal gland and helps induce sleep. It is reported to play a role in 
preventing the production of free radicals and is thus a potent antioxidant. It can also 
enhance the function of the immune system and appears to have an antitumor effect. 
Melatonin secretion, mediated by photoperiod, directly influences reproductive function 
and dopamine which moves into frontal lobe regulating flow of information coming in 
from other areas of the brain. Additional side effects may be produced from treatment 
with melatonin and include stomach cramps, dizziness, headache, irritability, breast 
enlargement in men (called gynecomastia), and decreased sperm count. For clinical 
trials, the direct effect of exogenous melatonin administration on patients manifested 
with cancer should be studied to find its oncostatic effects on some cancers and provide 
information on its dosage and long-term safety. Moreover, mechanisms of action should 
be further investigated.

Keywords: melatonin, anti-aging, anticancer antiproliferative effect, geroprotector

1. Hormone description

Melatonin is a hormone (N-acetyl-5 methoxytryptamine) produced especially at night in the 
pineal gland which helps in the maintenance of the body’s hormone balance and regulation, in 
immune system integrity, and in circadian rhythm (daily metabolic balance). This gland func-
tions as a biological clock and time keeper of the brain by secreting melatonin and many other 
neuropeptides at night, helps to govern the sleep-wake cycle and, in animals, seasonal rhythms 
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of migration, mating, and hibernation. Secretion of melatonin is stimulated by the dark and 
inhibited by light. Melatonin levels start to be released at sunsets, where neural signals are 
triggered which stimulate the pineal gland to begin releasing the hormone.

Melatonin is synthesized from the amino acid tryptophan. Tryptophan (l-tryptophan) is 
an essential amino acid formed from proteins during digestion by the action of proteolytic 
enzymes. Tryptophan is converted to serotonin, a brain chemical involved with mood during 
the day and the latter finally converted to the indole melatonin (Figures 1 and 2). Melatonin 
occurs naturally in some foods but in fairly small amounts. Of all the plant-based foods, oats, 
sweet corn and rice are the richest source in melatonin, containing between 1000 and 1800 
picograms while ginger, tomatoes, bananas and barley levels amount to 500 picograms per 
gram. In the human population, melatonin levels are highest in children and middle-aged 
adults and usually about 5–25 micrograms of melatonin are secreted each night. This amount 
tends to decline with age, a possible link with an age-related rise in difficulty sleeping and in 
the production of free radicals [1]. Synthetic melatonin and melatonin derived from bovine 
pineal glands are available as dietary supplements over-the-counter.

Figure 2. The biosynthesis and metabolism process of melatonin. www.impactjournals.com/oncotarget.

Figure 1. Chemical structure of Tryptophan (A) and Melatonin (B).
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2. Biological functions

Melatonin, stimulated by darkness and inhibited by light, is involved in synchronizing the 
body’s hormone secretions and in regulating their levels, setting the brain’s internal biological 
clock and hence controlling circadian rhythms (daily biorhythms) or sleep-wake. Melatonin 
regulates many neuroendocrine functions and can inhibit secretion of luteinizing hormone 
(LH) and follicle stimulating hormone (FSH) from the anterior pituitary gland. When the tim-
ing or intensity of melatonin peak is disrupted (as in aging, stress, jet-lag, or artificial jet-lag 
syndromes), the biological clock is upset and many physiological and mental functions are 
adversely affected including the ability to think, remember, and make sound decisions can be 
profoundly hampered. Melatonin is also controls the timing and release of female reproduc-
tive hormones and hence helps determine when menstruation begins and ends (menopause), 
and the frequency and duration of menstrual cycles [1].

In addition to its hormone actions, melatonin also has strong antioxidant properties and may 
scavenge and eliminate cell-damaging free radicals. The latter are chemical constituents that 
have an unpaired electron and cause lipid peroxidation, DNA damage and protein oxidation. 
Besides, it inhibits nitric oxide synthetase enzyme leading to reduction in the formation of 
peroxynitrite in tissues of brain. Melatonin stimulates the activities of antioxidant enzymes; 
glutathione peroxidase, superoxide dismutase and catalase. Melatonin is twice as effective at 
protecting cell membranes from lipid peroxidation as vitamin E and is five times more effec-
tive than glutathione for neutralizing hydroxyl radicals. As an antioxidant, it possibly helps 
to control or delay the development of heart disease, cancer and other conditions and may be 
effective in destroying malignant cells when combined with certain anticancer drugs. Since 
glutathione concentrations are not very high in the brain, both melatonin and adenosine may 
be particularly important in protecting brain cells [1].

3. Melatonin as an activity enhancer of antioxidative enzymes

Two decades ago, melatonin was found to be a free radical scavenger [2]. However, abundant 
data ascertaining its ability to reduce oxidative stress have rapidly accumulated [3, 4]. The 
efficacy of melatonin in functioning in this subject is related to its direct free radical scaveng-
ing actions. Owing to its chemical formula, melatonin can interact with various forms of free 
radicals such as H2O2, •OH, singlet oxygen (1O2), superoxide anion (•O2

−), peroxynitrite anion 
(ONOO−) and peroxyl radical (LOO•) [4]. The main photoproduct metabolites of melatonin 
degradation are potent antioxidants such as N1-acetyl-5-methoxykynuramine (AMK) or N1-
acetyl-N2-formyl-5-methoxykynuramine (AFMK) [4]. Moreover, investigations on free radi-
cals produced as a result of UV exposure, showed that by using cell-free melatonin-containing 
systems exposed to UV radiation (UVB: 60%, UVA: 30%) four metabolites were identified 
by HPLC and LC–MS: 2-OH-melatonin, 4-OH-melatonin, 6-OH-melatonin and AFMK [5]. 
Since these metabolites are potent antioxidants, this may suggest that, unlike other classic 
antioxidants, they do not induce prooxidant reactions. In addition, melatonin acts as a potent 
antioxidant through enhancing activity of antioxidant enzymes [6]. It should be noted that not 
only enzyme activity, but also gene transcription of antioxidant enzymes such as manganese 
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superoxide dismutase (Mn-SOD), copper-zinc superoxide dismutase (Cu/Zn-SOD), glutathi-
one peroxidase (GPx) and gamma-glutamyl cysteine synthetase (γ-GCS) were maintained by 
melatonin n brain of rat [4]. This continuing enhancement proposed a possible role of activa-
tion of melatonin receptors to modulate antioxidant enzymes regulation following stress sig-
nals [7]. Actually, there are some suggestions that melatonin-modified antioxidant enzymes 
expression following signal pathways of membrane, cytosolic and nuclear receptors [8].

4. The melatoninergic antioxidative system (MAS) of the skin

It should be mentioned that synthesis of melatonin is not only confined to the pineal gland, 
but also extends to various other organs including the skin [4]. After exposure to UV, mel-
atonin is metabolized in the skin and in turn causes production of antioxidant melatonin 
metabolites in human keratinocytes. This antioxidant cascade can be suggested for the skin, 
the same as in several described melatonin-related antioxidant cascades in chemical or other 
tissue homogenate systems [9]. This cascade has been defined as the melatoninergic antioxi-
dative system (MAS) of the skin (Figure 2) forming an important barrier organ and protecting 
it against UV-induced oxidative stress-mediated damaging events on the nuclear, subcel-
lular, protein and cell morphology level [5]. Melatonin forms a defense mechanism against 
the multifaceted threats of environmental stress, especially UV, to which the skin is life-long 
exposed. Owing to its chemical structure, melatonin as well as its metabolites are strongly 
lipophilic, which renders them easily diffusible in every skin and cell compartment, therefore 
penetrating beyond the epidermis, namely to the dermis and the hair follicle [10]. When the 
skin is exposed to UV irradiation, the reactive hydroxyl radical is generated in the skin and 
reacts directly with melatonin [11]. The scavenging effect of melatonin to hydroxyl radicals 
causes decrease in the lipid peroxides, oxidation of protein and damage of mitochondrial 
DNA. Thus, the cascade of melatoninergic antioxidative is significant in decreasing the free 
radicals emerging from radiation of UV and subsequently performs, a very hopeful strategy 
to keep the skin versus stressor factor of environmental condition as well as causative agent 
for aging of skin and promotion of tumor.

5. Anti-aging

Another functional importance of melatonin is its potency to enhance, augment or neutralize 
the negative effects that stress, drugs and infections have on the body’s immune system. The 
decrease in melatonin secretion by age is so reliable that blood melatonin levels have been 
proposed as a measurement of biological age.

Melatonin is critical for the regulation of circadian and seasonal changes in various aspects of 
physiology and neuroendocrine functions [12]. The reduction in life span was detected in rats 
as a result of a pinealectomy [12], whereas prolongation in the life span occurs upon transfer 
of pineal gland grafting from young mice into thymus of old mice or into pinealectomized 
old mice which reveals the ability of melatonin to extend life span [12]. Analysis of available 
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data on the effect of melatonin on longevity supports its geroprotective effect. We believe that 
melatonin biosafety is important for the study of it’s the long-term effects at different doses 
and in different strains and species (e.g., in rats). In adequately designed work (50 rats in each 
group), small doses of melatonin were supplemented at the night (2.5–3 mg/kg), slow the 
starting of age-associated disorders in function of estrous and elevated the animals survival. 
There are multiple evident on the melatonin suppressive effect on the growth of impulsive 
mammary carcinogenesis and that initiated in mice and rats as a results of chemicals and radi-
ation [13–15], carcinogenesis induced in colon of rats by 1,2-dimethyl hydrazine [16], while, 
carcinogenesis induced in uterine cervix and vagina of mice by DMBA [16] and liver cancer 
induced in rats by N-nitrosodiethylamine [17]. In these cases, it was observed that melatonin 
exerted a positive effect in the treatment of advanced cancer patients [18]. Melatonin has a dual 
effect: it is potent geroprotector, suppressor of tumor growth in vivo and in vitro. There are no 
discrepancies between results of the carcinogenic and anticarcinogenic potential of melatonin 
since previous reports showed that other antioxidants, such as α-tocopherol has geroprotec-
tor and tumorigenic effects and could be powerful anticarcinogens as well. The data of mela-
tonin supplementation to perimenopausal women are hopeful [19]. Simultaneously, there are 
actual results on the unfavorable impacts of melatonin [12] such as melatonin may produce 
infertility, damage of retina and hypothermia, it stimulates high blood pressure, diabetes, and 
cancer by suppressing sex drive in males. It was remark that melatonin may be harmful for 
people with cardiovascular risk factors and it should not be obtain by individuals who have 
immune-system or mental disorders, or by people administered steroids.

6. Melatonin as a protector against UV-induced skin aging

Because of its properties as wide antioxidant and scavenger of free radical, melatonin may act 
as a preventative factor against damage induced by UV in the skin [5]. Clinically melatonin is 
worthy to protect damage of sun when it is taken before irradiation of UV [20]. These effects 
of melatonin as a protective agent versus damage induced by UV have in vitro studies power-
ful support [20, 21]. Melatonin counteracting the formation of polyamine levels so it enhances 
cell viability in UV-irradiated fibroblasts, and malondialdehyde accumulation while inhibited 
apoptosis cells [21].

Regarding to Ryoo et al. [22] study in fibroblasts exposed to UV, only 56% of the cells sur-
vived (140 mJ/cm2), while the survival rate of cells reached to 92.50% when preincubated with 
1 nM melatonin which was paralleled with marked decrease in malondialdehyde and death 
of cells. Other experimental comparative study using fibroblasts treated by UV declared iden-
tical correlation in viability of cells using 100 nM melatonin [21]. Additionally, melatonin 
is considered as a powerful anti-apoptotic compound that inhibited caspase 9 and caspase 
3 by suppresses mitochondria-dependent (intrinsic) apoptosis however, it does not inhibit 
receptor-dependent (extrinsic) pathway of apoptosis mediated by caspase 8 “[23]. UV irradia-
tion is considered an immediate agent acted directly on skin, the oxidative stress resulting 
in all known successive, destruction events in the skin can distinctly, only be antagonized 
by antioxidants, melatonin which is already found at the target sites and at the same time of 
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exposure to UV ([23]. Besides, there is clear evidence that the preventive actions of melatonin 
against photobiological distraction are ameliorated by the powerful antioxidative characteris-
tic of this compound. Photodamage, is tightly connected with UV-induced generation of ROS 
and it was shown that melatonin is a markedly powerful free radicals scavenger compared 
with vitamin C or Trolox, a vitamin E analog [21].

7. Anti-cancer, immunity and reproduction

Tumor growth is showed to be inhibited by melatonin. Melatonin may be of a great value 
in patients with untreatable metastatic cancer, especially in ameliorating their life quality. 
Several experiments showed that the levels of melatonin may be connected with risk of breast 
cancer. Some chemotherapy drugs used to treat breast cancer may be enhanced also by mela-
tonin. Supplementation of melatonin reduces luteinizing hormone concentrations leading to 
inhibition of ovulation in humans. Further, melatonin administration may aid menopausal 
women by eliciting and sustaining sleep. Levels of melatonin may have a role in the anorexia 
symptoms. It was found that melatonin was used in seasonal affective disorder (SAD), due 
to the disorder is considered to be produced by melatonin release at an inadequate time [1].

Melatonin immunopharmacological activity has been indicated in different models. Melatonin 
treatment elevates antibodies production of sheep erythrocytes and immune response to pri-
mary immunization with T-dependent antigens [24]. Melatonin is involved in complicated 
relationships between the endocrine and nervous systems [25]. There are membrane receptors 
of melatonin on helper (Th). Melatonin receptors activation results to an elevate the produc-
tion of Th1 cytokines, such as γ-interferon, interleukin-1, and opioid cytokines (interleukin-4 
and dinorphine) [25]. At physiological concentrations of melatonin, it induces release of inter-
leukins-1, -6 and -12 in monocytes of human. These mediators can protect stress-stimulated 
immunodepression maintaining mice from virus- and bacteria caused lethal diseases [25]. It is 
useful noticing that γ-interferon and colony-inducing factors (CSFs) can stimulate melatonin 
release in the pineal gland [25].

It is well accepted that melatonin is considered not only a hormone, but also protector for cells 
[26], implicated in modulation of immune system, processes of antioxidant and hematopoiesis 
[27]. Moreover, melatonin has a powerful oncostatic characters, through receptor-dependent 
and -independent mechanisms [28]. The melatonin receptors MT1 (encoded by MTNR1A) 
and MT2 (encoded by MTNR1B) are associated with the G-protein-coupled receptor (GPCR) 
group [26], and are mainly responsible for mediating melatonin downstream effects [29]. 
The antiproliferative effects melatonin may be due to melatonin–stimulated suppression in 
the uptake of linoleic acid [26]. Melatonin also demonstrated the probability to be used as 
adjuvant in therapies of cancer, through augmentation the effects of therapeutic drugs and 
decreased chemotherapies or radiation side effects [26].

Some studies recommended an inverse association between circadian melatonin level 
and breast cancer incidence. In addition, it was demonstrated high melatonin level up to 
≤39.5 pg/mL in female showed high risk for breast cancer than females had high melatonin 
level > 39.5 pg/mL in a case–control study. Besides, in another five prospective case control, 

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches92

an inverse relationship was demonstrated between risk of breast cancer and the highest levels 
of aMT6s in urine [30, 31]. In controversy, in case–control study declared that high aMT6s 
level in urine level was markedly linked with a low breast cancer risk [26]. However, it was 
demonstrated that, no confirmation was detected between level of melatonin and its associa-
tion with risk of breast cancer in four case–control studies. Regardless of menopausal status, 
there is no statistically significant differences was detected in urinary aMT6s level between 
British women with breast cancer and healthy one in a prospective nested case–control [26]. 
In postmenopausal women, there was no suggestion that high melatonin levels in urine were 
inversely associated with risk of breast cancer [32]. In the study of Brown et al. [33], did not 
document an overall correlation between melatonin levels in urine and the onset risk of breast 
cancer [33]. Simultaneously, no markedly relation was detected between level of aMT6s and 
risk of breast cancer (either totally or by status of menopausal) [34].

In other types of cancer, it was found that, the men with low level of aMT6s in the urine below 
the median first morning connected with a four time increase in risk of in comparison with 
those with levels above the median. In addition, a case–control study showed that patients 
with high melatonin-sulfate levels or a high melatonin-sulfate/cortisol ratio were less likely 
to have prostate cancer or advanced stage prostate. It was found that the serum melatonin 
levels in women with ovarian cancer were significantly lower compared with control subjects 
(p < 0.05), demonstrating that decline in circulating melatonin level might contribute to the 
pathogenesis of ovarian cancer in a retrospective study [35].

It is worth mentioning that, the assessment melatonin levels are not equals, since concen-
trations of melatonin were determined in various sample as urine, plasma or serum. Also, 
the concentration of melatonin in human modifies with circadian rhythm; however, it has 
not been demonstrated which the best time for the sample collection could demonstrate the 
effects of melatonin. These variations might incorporate in the discrepancy of researches.

Research relating melatonin’s effects on breast cancer is the serious, may be due to that mela-
tonin has reported to attenuate various endocrine physiological biomarkers. Novel works 
showed that melatonin exhibited antiproliferative action against in vitro cell line of breast 
cancer [26], and suppressed mammary tumors development in rats [26]. Several melatonin 
mechanisms as anticancer were identified as it is apoptosis inducer [36], antiestrogenic effect 
through signaling pathway of ERα and decreased activity of aromatase enzyme [36], attenua-
tion of receptors of melatonin [26], suppression on invasion [37] and angiogenesis [38].

Prostate cancer is the second most cancer type recorded and the fifth leading cause of cancer 
mortality in men [26]. It was found that melatonin at pharmacological concentrations could 
inhibit cell growth of both androgen-dependent and androgen-independent prostate cancer 
[26], through a range of mechanisms.

One of the leading causes of death among women with genital tract disorders is ovarian 
cancer [39]. Even though various surgical techniques and chemotherapies have been useful 
for treatment of ovarian carcinoma, the prognosis remains lacking [40]. In recent years, a few 
studies have reported the anticancer effect of melatonin on cancer of ovary.

Cervical cancer is considered the principle leading reason of female tumor worldwide, [41]. 
The melatonin effect on cervical cancer has been detected in insufficient works.
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an inverse relationship was demonstrated between risk of breast cancer and the highest levels 
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pathogenesis of ovarian cancer in a retrospective study [35].

It is worth mentioning that, the assessment melatonin levels are not equals, since concen-
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Prostate cancer is the second most cancer type recorded and the fifth leading cause of cancer 
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cancer [39]. Even though various surgical techniques and chemotherapies have been useful 
for treatment of ovarian carcinoma, the prognosis remains lacking [40]. In recent years, a few 
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Cervical cancer is considered the principle leading reason of female tumor worldwide, [41]. 
The melatonin effect on cervical cancer has been detected in insufficient works.
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Visceral obesity is a risk factor of endometrial cancer, as it is associated with chronic inflamma-
tory process [42]. Ciortea et al. [42] reported that the combinational treatment of melatonin and 
estrogen in ovariectomized rats was linked with lower body weight, less intra-retroperitoneal 
fat, reduction in endometrial proliferation, and less appearance of cellular atypia compared 
with estrogen replacement treatment. These results show that melatonin supplementation 
could be used in the prophylaxis of endometrial cancer in menopause women [42].

8. Oral cancer

Oral cancer is a common type of human head and neck cancers, and the majority of the cases 
involve oral squamous cell carcinoma [26]. In several in vitro studies, melatonin has shown 
remarkable effect on oral cancer.

It was reported that melatonin presented effect on oral cancer cell lines as an anti-metastatic 
action (HSC-3 and OECM-1), through modulation of expression and activity of MMP-9, which 
was occurred by decreasing acetylation of histone [26]. Also, melatonin could minimize SCC9 
and SCC25 cell lines viabilities (both tongue carcinoma), and exhibit suppressive effect on the 
pro-metastatic ROCK- 1gene expression and HIF-1α pro-angiogenic genes as well as VEGF 
in SCC9 cell line [43]. Overall, inhibitory effect of melatonin was demonstrated on some oral 
cancer cells, and its mechanisms of action mainly involved inhibitory effect on metastasis and 
its related angiogenesis.

Cancer of liver is considered the common reason of death globally, and hepatocellular 
carcinoma (HCC) is contributed to the most common type of cancer (70–80%), occurrence 
in developing countries [44]. Treatment with surgery still remains the most pronounced 
way for HCC patients, however it is only occurs in a few cases, thus it is necessary to find 
efficient chemotherapeutic drug [45]. Hence, several studies pointed out to the effects of 
melatonin on hepatocellular carcinoma. Melatonin modulates the changes produced by 
N-nitrosodiethylamine-initiated cancer of liver and ameliorates biomarkers of liver enzymes 
(ALT, AST), levels of antioxidant, as well as the disturbance in circadian clock in mice [46, 47].

SO, melatonin exerts its anti-liver cancer effects mainly due to its anti- pro-apoptotic activity 
(via COX-2/PI3K/AKT pathway attenuation, modulates the ratio of Bcl-2/Bax, as well as it 
activates ER stress), anti-angiogenesis and anti-invasive effects.

Renal cancer is considered the third high cancer accounts for 3% with predominance of a male 
(3 male/1 female) [26].

Lung cancer is a principal cause of cancer-related death. For instance, lung cancer is the sec-
ond most frequent type of cancer in males with approximately 17,330 new cases identified in 
2016 in Brazil [26]. Non-small-cell lung cancer (NSCLC) is a main form of cancer of lung [26], 
and the literatures have suggested that the disturbance of rhythm of melatonin could elevate 
the incidence of NSCLC [26]. In different researches, melatonin due to mainly because mela-
tonin showed to enhance the effects of it enhances radiotherapy and chemotherapeutic drugs.

Gastric cancer causes a mortality rate ranking second among malignant tumors worldwide 
one of the most frequent forms of cancer worldwide [26]. It was recorded that there were 
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951,600 new cases and 723,100 deaths from gastric cancer in 2012 worldwide [26]. Melatonin 
has been reported to inhibit gastric cancer through various mechanisms in numerous studies.

Pancreatic cancer is a highly fatal disease with a relatively low 5-year survival rate [48]. It 
responds poorly to radiotherapy and chemotherapy because the tumor cells are challenging 
to apoptosis [49].

Colorectal cancer is one of the major causes responsible for cancer death worldwide [26], 
and in several studies, melatonin recorded anticancer potency for various colorectal cancers. 
Overall, melatonin could be a new tempting therapeutic strategy for colorectal cancer, since it 
could regulate carcinogenesis, development, and progression of colorectal cancer. The under-
lying mechanisms involve multiple signaling pathways, including regulation of Ca MKII, 
ET-1, Nrf2 signaling pathways, and induction of aberrant crypt foci (ACF).

9. Effect of melatonin on gene expression

The presenting results on the melatonin genomic effect is rather few. In a study of cytogenecity, 
it was found that a decrease in the gene activity of ribosomes as a result of a pinealectomy in 
rats [12]. Menendez-Pelaez et al. [50] declared that melatonin treatment reduces mRNA level 
in the synthesis porphyrin, and 5- aminolevulinate synthase, in the Syrian hamsters Harderian 
glands. Melatonin declines mRNA levels of histone H4 and stopped age-attributed mRNA 
Bcl-2 reduction, in mice thymocytes [12]. Also, melatonin elevated some antioxidant enzymes 
mRNA (Mn-SOD, Cu,Zn-SOD) in Syrian hamsters Harderian gland [12]. Supplementation of 
melatonin produced significant enhancement in relative levels of mRNA for Mn-SOD, Cu,Zn-
SOD and glutathione peroxidase in cerebral cortexes of rat [12]. Melatonin (1 nM) markedly 
modulates the mRNA of gonadotropin-releasing hormone. It was observed that melatonin 
regulate transforming growth factor-α gene expression level, macrophage-colony stimulating 
factor (M-CSF), tumor necrosis factor-α (TNFα) the stem cell factor in PEC, and interleukin-
1β, M-CSF, TNFα, interferon-γ, and the stem cell factor in splenocytes [12]. These results are 
appropriate with results that the SCN is the main site for the exogenous melatonin effect on 
the amplitude rhythm of the endogenous melatonin [51]. Medication with melatonin sup-
pressed the development of mammary tumor and regulated HER-2/neu onco gene in trans-
genic HER-2/neu mice [52].

Marked melatonin effect was noticed on some oncogenesis- associated genes expression [12]. 
Further, myeloblastosis oncogene-like 1 (Mybl1) expression was adjusted by melatonin. On 
the other hand, melatonin showed a great effect on a large number of genes attributed to 
exchange of calcium, as cullins, Kcnn4 and Dcamkl1, calmodulin, calbindin, Kcnn2 and Kcnn4. 
Meanwhile, cullin-1 expression in the heart of mouse is down regulated, that of cullin-5 is 
significantly upregulated, and cullins-2 and -3 expression are significantly not deformed. Six 
members of cullin family are included, and are implicated in ubiquinone-mediated protein 
destruction necessary for cell-cycle through the G1 and S phases. Nevertheless, cullin-1, but 
not other members of the cullin family, is responsible for cell proliferation and differentia-
tion [53]. It is believe that melatonin may effect on expansion of tumor by intermediating 
with binding of calcium and preventing the MAPs/calmodulin and tubulin/calmodulin com-
plexes formation to stop degradation of cytoskeletal [54]. Peutz-Jeghers syndrome, which is 
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associated with high risk of tumor development in multiple localizations is associated with 
at least one of these, Stk11 kinase with an unclear function, has anticarcinogenic effects and 
mutations [55]. Eventually, these data present undeviating evidence for the different effect of 
melatonin on the expression of different genes in vivo. Specific gene expression profiles are 
connected with the aging process in animals and humans [12]. Lund et al. [56] have detected 
a reduction in gene expression of heat shock protein while an elevation in the insulin-like 
genes expression, resulting in a decline in gene expression of insulin signaling during aging. 
Pletscher et al. [57], showed that down regulation of a large number of genes implicated in 
cell growth and maintenance following caloric restriction. Weindruch et al. [58], declared that 
in mice, the process of aging is describe by the high level of reactive oxygen species in both 
the skeletal muscle and brain, inhibition in the genes expression of biosynthetic enzyme and 
genes implicated in turnover of protein. Hence, caloric restriction stimulated genes are impli-
cated in the metabolism of fatty acid, glycolysis, and gluconeogenesis. Presented results on 
the melatonin effects on gene expression, mainly genes of mitochondria, suggest that some of 
them may be accountable for the hormone capacity to block disorders resulting from aging. 
Further studies are need in this direction.

10. Melatonin and reproduction

Pattern of melatonin secretion, mediated by photoperiod, directly affect reproductive func-
tion which was recorded in several evidence-based researches. The daily light/dark (LD) 
cycle is considered the main physiological melatonin role, so, the variation in the duration 
of signal of melatonin occurs in attribution to the night length. The variation in melatonin 
signal duration is used to synchronize neuroendocrine rhythms with the annual variation in 
day-length in seasonal mammals. In addition, fetal and newborn animals use the maternal 
signal of melatonin to entrain endogenous circadian rhythms before direct photic information 
is presented. It was found that, very marked effect for exogenous melatonin was detected 
in modulating reproductive function in different organisms, depending on the animal age, 
melatonin supplementation time [59].

The data presented above exhibited that the antigonadal effects of melatonin in humans are 
apparently much less significant than in some seasonally breeding mammalian species. This 
is due to humans are not ‘seasonally breeding’. Recently, accumulated evidences declared 
the efficacy of melatonin in attenuation the reproductive function in human. The suppres-
sive effect of melatonin at the level of CNS have decreased daring growth. During develop-
ment of human, such suppressive action of melatonin on GnRH function gradually reduced 
due to a down regulation in the functional of melatonin receptors expression. In other adult 
rodents, melatonin does not have noticeable action on the functioning of pituitary, whereas 
the association between the release of melatonin release and the functions of hypothalamic, 
involving the release of GnRH, are right. These actions are markedly significant in coincid-
ing the external photoperiods and functions of reproduction through well not characterized 
mechanisms. The circadian rhythm regulated genes are considered seriously players in 
regulation of gene throughout different organism, especially for regulatory genes of cell-cycle 
and apoptotic genes. Melatonin may have also ameliorating effectiveness against human dis-
orders attributed to reproductive function. Such as illumination intensity during the night 
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actually decreases circulating levels of melatonin and reconstruct the suprachiasmatic nuclei 
circadian pacemaker, leading to the elevation in risk of breast cancer, which may be due to 
down-regulating gonadal synthesis of steroids, by acting on receptor sites within the neuro-
endocrine reproductive axis or altered estrogen receptor function [59]. Consequently, in the 
right circumstances, melatonin may be quite beneficial for reproductive health.

11. Dopamine and psychosis

Disorder in the system of dopamine has also been noticeably associated with psychosis and 
schizophrenia. Dopamine proceeds in the frontal lobe and regulating the information coming 
in from other parts of the brain. Normalization in the dopamine flow may produce inter-
rupted or discontinuous cogitation as in schizophrenia. Schizophrenia is described by both 
‘positive ‘(additional experience and behavior) and ‘negative symptoms’ (lack in experience 
or behavior). Symptoms of positive response are classifying under the psychosis term and 
identically involve disorders of illusions, deliriums, and intellect. Symptoms of negative 
response may involve unsuitable emotional manifestation, lack of speech and stimulus. Some 
drugs, as cocaine, prevent dopamine return into the brain, coherently, dopamine buildup in 
the synapse, producing drug-initiated psychosis or schizophrenia [1].

12. Contraindications, interactions, precautions and side effects

Melatonin can produce sleepiness if given during the day. Additional, side effects that have 
been documented upon melatonin supplementation including cramps of stomach, vertigo, a 
continuous pain in the head, touchiness, moodiness, reduced sexual desire, enlargement of 
breast in the men and reduction in the count of sperm.

So, melatonin should not take during operating machine or drive. Further, melatonin could 
interrupt with human fertility and also melatonin should be not used for pregnant or nurs-
ing women. Utilization of melatonin by person who already have an augmentation level of 
melatonin as children, teenagers, pregnant and lactating women can result in melatonin over-
dose. MAOI drugs inhibit melatonin breakdown from the body, so people should not take 
melatonin with these drugs to prevent melatonin overdose.

Melatonin causes drug–drug interaction with antidepressants, such as Prozac (inhibitor of 
serotonin) or Nardil (inhibitor of monoamine oxidase). Melatonin Interaction with these 
kinds of drugs can produce heart attack, confusion, sweating, shaking, and fever, lack of coor-
dination, elevated blood pressure, diarrhea, and convulsions [1].

13. Discussion and conclusion

Melatonin is considered as a potent geroprotector, anticarcinogen, and inhibitor of tumor 
growth in vivo and in vitro, and in some models it may induce tumors and promote tumor 
growth. An important mechanism of melatonin is its impact on hemopoiesis involves the 
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stimulation of melatonin on opioid receptors of bone marrow. Hence, we confirm further 
experimental studies and clinical trials which are necessary to estimate both the effectiveness 
and the safety for humans. Some antioxidants, including natural ones (e.g., α-tocopherol), 
have both geroprotector and tumorigenic potential and could be potent anticarcinogens as 
well. The results of administration of melatonin to perimenopausal women are promising. 
There are no contradictions between data on the carcinogenic and anticarcinogenic potential 
of melatonin but there are real data on the adverse effects of melatonin. Melatonin might own 
some ameliorating actions on human disorders that are contributed to the reproductive func-
tion. Such as lighting intensity during the night decreased the levels of circulating melatonin 
resulting in high risk of breast cancer [60]. Therefore, in the optimum condition, melatonin 
may have significant beneficial reproductive effects.

Epidemiological studies concerning the association between body circadian melatonin levels 
and cancer incidence led to controversial results, which were either significant association or 
no association at all. The effects of melatonin on cancers have been investigated, with a focus 
on hormone-dependent cancers. Different experimental works have suggested the ameliora-
tive effect of melatonin in numerous types of metastatic tumors, including breast, ovarian, 
prostate, oral, gastric, and colorectal cancers. The mechanisms contributed with this improve-
ment role of melatonin include various pathways of molecular origin, which are implicated 
with the activity of antioxidant enzymes, attenuation of MT1 and MT2 melatonin receptors, 
apoptosis regulation, metabolism of tumor, angiogenesis inhibition, invasion and metasta-
sis, and initiation of epigenetic alteration. In different clinical trials, melatonin exhibited the 
capability to augment the treatment effect of chemotherapeutic drugs, and might help in 
enhancing the cancer patient’s life quality. Collectively, melatonin is considered a promising 
hormone for cancers prevention and treatment. So, it could be concluded that extensive future 
work may be occur which involves the effect of melatonin on autophagy and mitophagy, 
other mechanisms of molecular origin implicated in its anticancer effect. Melatonin improves 
also chemotherapeutic drugs, which should be further determined on a large scale of drugs. 
The oncostatic effects of melatonin on some type of cancers, dosage and safety of long-term 
supplementation of melatonin must be also further elucidated.
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Abstract

Melatonin as an omnipresent molecule is secreted by the pineal gland. It is a strong free 
radical scavenger, which reduces nitric oxide (NO) generation within mitochondria. 
Exercise has great impacts on many body’s homeostatic systems. Most human’s organ-
isms display rhythms and have 24 hours environmental cycles, which are called circadian 
rhythm. Melatonin is one of the circadian rhythm generator in various physiological vari-
ables. Exercises could regulate plasma melatonin levels. Melatonin scavenges reactive oxy-
gen spices (ROS) and reactive nitrogen spices (RNS) and acts as the antioxidant cascade. It 
not only decreases the exercise induced-oxidative stress in the muscles but also enhances 
muscle antioxidant enzymes, such as superoxide dismutase. Body lipids and unsaturated 
fatty acids are prone to oxidation, while the free radicals penetrate into bilayer membrane 
structure lipid peroxidation is going to happen. Malondialdehyde (MDA) is created by 
free radicals, and it is one of the most frequent marker of lipid peroxidation. Exercise, its 
duration, and time of the day have immediate and or delayed effects on melatonin secre-
tion. The combination of aerobic exercise and melatonin reduces the exercise induced-free 
radicals agents. Melatonin supplementation, especially while it combined with aerobic 
training, could decrease the lipid peroxidation and malondialdehyde. Melatonin could 
impede exercise-induced ROS, increase body health, and exercise-related adaptation.

Keywords: exercise, health, lipid peroxidation, malondialdehyde, melatonin,  
reactive oxygen spices

1. Introduction

Melatonin is an omnipresent molecule that has various functional activities in plants and 
animals [1]. It is possibly associated with longevity in which their dysfunction is what 
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initiates the aging process [2, 3]. Melatonin was secreted by pinecone-like gland that is 
deeply placed in the brain which is called the “pineal gland.” This gland has sympathetic 
innervation as its main sources due to its special location in the brain [2]. The pineal gland 
is a tranquilizing organ leading to a high melatonin production in response to darkness. 
Serotonin (made from tryptophan) through the cascade of enzymatic reactions produces 
melatonin with chemical name N-acetyl-5-methoxy tryptamine. This gland is located out-
side the blood–brain barrier (BBB) and has large uptake of tryptophan which produces high 
melatonin levels [2]. This hormone is mostly secreted at night and results in sleep regulation, 
signaling the time of the day that acts as chronological pacemaker, and participates in vari-
ous physiological functions.

2. The melatonin advantages for the body

Melatonin is a strong free radical scavenger which reduces nitric oxide (NO) generation within 
mitochondria. NO strongly interferes with components of the respiratory chain in the mitochon-
dria [4, 5]. Melatonin has two direct and indirect antioxidant capacities, which directly scav-
enges free radicals and indirectly regulates the activity of antioxidant enzymes. When melatonin 
interacts with the toxic reactants, several metabolites are generated which per se act as direct free 
radical scavengers such as N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK) [6]. Melatonin 
impacts toxic radicals and breaks them down, eliminates reactive oxygen species-induced H2O2 
(one of the most important reactive oxygen species or ROS), acts on uncoupling proteins (UCPs), 
and decreases body heat production [7, 8]. Moreover, as melatonin decreases NO generation, 
melatonin leads to mitochondria function development, and due to increase in the mitochondria 
respiration, the ATP production and electron transportation increase as well [5, 9, 10].

To have a glance at the other importance of melatonin, we pointed to neurodegenerative 
diseases. Melatonin production in aged individuals declines and is known as the primary 
contributing factor for aged-related neurodegenerative diseases. Also, hypoxia, hypoglyce-
mia, viruses, drug neurotoxicity, radiation, or noxious substances all could produce neural 
damage. Through antioxidant effects of melatonin, it has been proposed as a neuroprotective 
agent. Over the melatonin therapeutic value, it is used as treatment of Alzheimer disease 
(AD), Parkinson disease (PD), amyotrophic lateral sclerosis (ALS), stroke, and brain trauma. 
Neurodegenerative disorders mostly happen due to free radical-mediated damage and mito-
chondria dysfunction as common pathophysiological mechanism [11].

3. What is exercise, and how does it affect the melatonin?

According to the Center for Disease Control and Prevention (CDC), exercise is a subcategory 
of physical activity that is planned, structured, repetitive, and purposive that improves or 
maintains one or more components of physical fitness. Physical activity also refers to any 
bodily movement which is produced by the skeletal muscle contraction that increases energy 
expenditure more than basal level and enhances health. Furthermore, health is a human 
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condition with three dimensions as physical, social, and psychological. To clarify the benefit 
of exercise and physical activity, we have to define the physical inactivity which refers to 
those physical activities less than what is required for optimal health and prevention of pre-
mature death [12, 13].

There are huge differences between physical activity and physical fitness which should not 
be interchangeably used. According to CDC physical fitness is the ability to carry out daily 
tasks without fatigue and of course with plenty of energy to enjoy leisure time and respond 
to emergencies. Physical fitness has a number of components consisting of cardiorespiratory 
endurance, skeletal muscle endurance, skeletal muscle strength, skeletal muscle power, flex-
ibility, balance, speed of movement, reaction time, and body composition. Physical activity 
according to above definition refers to any bodily movement produced by skeletal muscle 
contraction [12, 13].

Muscular strength is an essential factor for health and functional ability and consequently 
increases life quality. The importance of progressive resistance exercise had been clarified 
seen in World War II which was recommended for veteran rehabilitation. The important point 
of all resistance training is that the training must be “progressive” and progression is the act 
of advancing toward a specific goal which leads to continued improvement in muscle ability. 
Muscle development is under the effects of program variables such as exercise selection and 
order, number of sets and repetitions, and rest period length [14].

Physical activity and exercises are so important strategies to face chronic conditions, lower 
cancer risk, and synchronize the circadian system. Increasing physical activity and taking part 
in aerobic endurance activities, resistance training, and flexibility exercises have been shown 
to decrease the risk of several chronic diseases such as coronary heart disease, obesity, diabe-
tes, low back pain, osteoporosis, and sarcopenia [12, 14–16]. Physical activities and exercises 
are nonphotic signals that entrain human circadian clock [16]. Physical activity could increase 
the melatonin levels, decrease estrogen production, and improve fat metabolism [15].

Cardiorespiratory fitness also is the capacity of the cardiovascular (both heart and vessels) 
and respiratory (lungs) systems to supply oxygen to the blood and consequently to the work-
ing skeletal muscles and the capacity of the muscles to use oxygen to produce energy for 
movement. The best test to determine the cardiorespiratory fitness is the maximum aerobic 
fitness; moreover in the human studies, length of time running or cycling in standardized test 
could examine the physiological/biochemical/psychological exhaustion [12].

Strength fitness is also another health component that is defined as the capacity of the skeletal 
muscle to move an external load. Balance is defined as the ability to control the body during 
the body movement, and flexibility is also defined as range of joint motion or range of motion 
(ROM) [12, 14].

To continue the importance of the combination of the exercise and melatonin on the body 
system, we have to deliberate some fundamental concepts of training. Overload as the first 
concept is the “gradual increase of stress placed upon the body during exercise training.” 
Specificity of training is that training should be specific to the body needs or both move-
ment patterns and force-velocity characteristics. Also, the good training program should have 
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variation to support the training needs to remain optimal. In this case training periodization is 
defined as utilizes variation in training program design [14]. Exercise and physical activity can 
also act as preventer of chronic disease and regulate body systems. Regular activity and struc-
tured exercises are related to vast health benefits and body hormone regulation [12, 17, 18].

Exercise has great impacts on many body’s homeostatic systems. Most human organisms 
display rhythms in their physiology and have 24 hour environmental cycle which is called 
circadian rhythm. Melatonin is one of the circadian rhythm generators in various physiologi-
cal variables. Also, there are some voluntary rhythm modifiers such as activity or physical 
exercise; meal time can also act as circadian rhythm modifier signal [16]. Physical activity 
and exercise are nonphotic signals that regulate the human circadian clock and synchro-
nize circadian system. Melatonin is one of the main signals of body clock that is commonly 
measured to report the effects of exercise on the circadian clock. Noteworthy almost differ-
ent kinds of exercises and physical activities both acute and chronic could modify plasma 
melatonin levels. Meanwhile, endogenous profile of melatonin has different responses such 
as increase, decrease [19], or even unaffected to exercises that time of the day, and lighting 
condition is the most effective item on the melatonin secretion cycle even in response to 
exercises. As an overall consensus, those exercises which have been done at night or in the 
dark whether of moderate or high intensity result in delay in melatonin secretion. Indeed, 
the age does not influence the exercise-induced circadian rhythm of melatonin as nocturnal 
hormone. Besides the effects of exercises on the different phases of melatonin secretion, the 
exercises also transiently affect the melatonin levels. The mechanism of this transient changes 
in melatonin levels could be due to the circadian phase at that time exercise was undertaken. 
A bout of exercise increases the plasma melatonin levels, while regular training and exercises 
attenuate the melatonin [16]. There are several potent physiological factors that describe 
the melatonin changes. Melatonin acts as an antioxidant, and exercise especially strenuous 
exercise increases oxidative stress, hence melatonin which is secreted by the human body or 
even ingested capable of protecting against potential molecular damage [6]. It was reported 
that proximately after exercise melatonin levels increase and following 1 hour after physi-
cal activity, it returns to pre-exercise level [20]. Melatonin levels of trained individuals is 
higher in the morning compared to the evening, but in the following 3 weeks of hard train-
ing, the evening melatonin levels were higher than morning levels. Interestingly both morn-
ing and evening levels of melatonin decreased compared to pre-3 weeks of hard training. 
Well-trained individuals show an adaptive response to each training that they take part as 
their oxidative stress regulates and diurnal melatonin levels temporarily increase [16, 21].  
Total mechanisms of the melatonin alteration following exercises remained unknown, but 
exercise-induced absolute rise in melatonin levels is more pronounced in the morning com-
pared to the evening [22].

4. Exercises on the melatonin

4.1. Acute and strenuous exercises

Acute sport trainings and resistance exercises lead to change in the energy demands and are 
strong stimulation of muscle tissue. Intense exercises produce free radicals, inflammatory 
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responses, hormonal and biochemical disturbances, and metabolic and defensive changes 
[6]. Acute exercise increases oxygen consumption much more than rest time which makes 
muscles prone to oxidative stress. Oxygen molecule is a radical species per se and also results 
in generation of various free radicals, and those free radical species that are forming due 
to oxygen and nitrogen are the most important in the living organisms [23]. While subjects 
have routine life pattern, their energy demands and blood vessel contribution are balanced. 
During the acute or resistance exercise training, oxygen consumption of both striated and 
smooth muscles increases dramatically which leads to increase in reactive oxygen/nitrogen 
species that is called RONS. While exercise-derived RONS are generated, the body antioxi-
dant defense system starts to work and protects cells and tissues against free radicals. The 
imbalance between body antioxidant defense system and RONS is called oxidative stress [24]. 
Low levels of ROS regulate muscle force through calcium release mechanism, and influencing 
myofilament structure creates adaptive response to training. However, high levels of ROS 
reduce force production and result in muscular fatigue [25].

Melatonin due to its scavenging ability could directly interact with a variety of oxygen- and 
nitrogen-based radicals. It is an antioxidant that regulates the activities of other antioxidant 
enzymes [6, 25]. Strenuous sport activities lead to acute muscle injuries that are indicated 
by muscle soreness, prolong loss of muscle function, and leakage of muscle proteins. Acute 
exercise-induced muscle injuries consist of 30–67% of athletic injuries, while exercise-induced 
severe muscle injuries could impede the athletic progression. Muscle damages result in mul-
tidimensional changes in muscle tissue such as inflammation that per se encourage the free 
radical production and muscle atrophy [26, 27]. This condition could be reduced with optimal 
nutrition mostly by increasing dietary content of nutritional antioxidant. Melatonin as one of 
the body-secreted natural antioxidants could cross all barriers and reduce the oxidative dam-
age in almost every environment in the body. Intensive exercises cause abundant changes in 
immunity and also change the carbohydrate and lipid metabolism that make athletes vulner-
able to infection. In this case melatonin protects heart muscle cells and other body parts from 
exercise-induced inflammation [6, 27]. As previously mentioned, strenuous exercise muscle 
injuries lead to protein degradation that encourages muscle injury. Whenever exercise-
induced protein degradation and consequent muscle atrophy are limited, the extent of muscle 
injuries could be blunted. Melatonin is one of the most effective factors that could limit muscle 
injuries. It was shown that melatonin inhibited the nuclear factor kappa-B (NFKB) activation 
that prevents the cytokine-induced atrophy and thus muscle injury. Melatonin also decreases 
proinflammatory cytokines, tumor necrosis factor-alpha (TNF-alpha), and interleukin-6 (IL-6) 
expression within the muscle. Also, muscle atrophy F-box (MAFBX) and muscle RING finger 1 
(MURF-1) are inhibited by melatonin. MAFBX is a muscle-specific ubiquitin ligase that medi-
ates the degradation of muscle-specific transcription factor MyoD. MURF-1 also is a member 
of ubiquitin ligase family which interacts with the giant protein titin in the muscle and is 
called titin-associated protein that expert antihypertrophic activity [28, 29]. In this case mela-
tonin through the elevation of the expression of the muscle Akt could reduce the ratio of the 
MAFBX/MURF-1 and inhibits the breakdown of the structural muscle protein such as myosin 
heavy chain (Figure 1). The functional role of the melatonin and strenuous muscle injury 
prevention is not fully understood, but the melatonin effects on the muscle cytokines, NFKB 
activation, muscle Akt elevation, and consequent decline in the MAFBX/MURF-1 could open 
new points of view to the melatonin protection mechanism [26].
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Figure 1. Advantages of melatonin on the muscle injury that contribute to the strenuous exercise. Melatonin inhibits the 
activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NFKB) and translocates it that reduces 
the expression of tumor necrosis factor-alpha or TNF-alpha and interleukin-6 or IL-6 in exercise-induced injured muscle. 
Consequently melatonin could limit inflammation and increase the activation of the protein kinase B also known as Akt 
to control protein deprivation and downregulate the atrophy via NFKB/MAFBX/MURF-1/Akt pathway during injury. 
NF-κB, nuclear factor kappa-B; TNF-alpha, tumor necrosis factor-alpha; IL-6, interleukin-6; Akt, serine/threonine kinase; 
MAFBX, muscle atrophy F-box; and MuRF-1, muscle RING finger 1 [26].
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Melatonin and all its metabolites could scavenge ROS and reactive nitrogen species (RNS) 
and act as the antioxidant cascade. Melatonin not only decreases the exercise-induced 
oxidative stress in the muscles but also enhances muscle antioxidant enzymes such as 
superoxide dismutase. Moreover, melatonin reduces muscle inflammatory factors such as 
IL-6 and TNF-alpha [25–27]. Melatonin could successfully manage the strenuous exercise-
induced muscle damage through several ways. It increases the strength of injured muscle, 
reduces severity of the injury, increases number of satellite cells, inhibits NF-κB activation/
translocation, causes TNF-alpha and IL-6 to decline, and increases muscle Akt and thus 
decreases MAFBX/MuRF-1 ratio. Due to its broad-spectrum antioxidant, it could protect 
DNA, proteins, and biological membrane lipids from the effects of ROS and other oxidative 
stress [6, 24, 26].

4.2. Aerobic training

Physical exercise is performing some activities to keep healthy weight, building and con-
serving healthy bone, muscle, and joints to develop physiological health. Exercise also pro-
motes the immune system. Immune system responses to exercise are directly dependent on 
the intensity, duration, and body adaptive responses. It has been suggested that moderate 
exercise through endocrine hormone elevation could reverse immunosenescence. Moderate 
exercise training modulates exercise-induced ROS and DNA damage and regulates cytokine 
levels [30].

Aerobic training and regular physical activity are highly associated with vast beneficial health 
issues including limiting cardiovascular disease (CVD), diabetes type 2, and age-related 
mortality. Aerobic training also induces vast acute and chronic adaptation in various physi-
ological systems. Furthermore, physical inactivity is one of the four main causes of prema-
ture mortality. Although the aerobic physical activity increases in the current society, the 
level of the physical inactivity is still high [17, 31]. It was shown that physical activity could 
elevate melatonin levels, decrease estrogen production, improve fat metabolism, and reduce 
cancer risk as well. It has been reported that short- or even long-term physical activity has no 
substantial effects on the melatonin levels [15]. Moderate exercise, in another study, could 
modulate ROS, cytokines, and hormone levels that all affect apoptosis. Melatonin as one of 
this regulating hormones has diverse physiological aspects that it can counteract the immune 
depression following acute stress or aging and also upregulate TNF [30]. Exercise has imme-
diate and/or delayed effects on melatonin secretion, in which duration, type of exercise, time 
of the day, fitness status, and age have also been identified as intervening factors in exercise-
induced changes in the melatonin levels (Figure 2).

Melatonin also plays an important role in the exercise-induced metabolic adaptation. 
Pinealectomized animals do not show adaptive metabolic changes due to aerobic training. 
Melatonin acts as a mediator between environment situation and physiological regula-
tory manner. Besides melatonin effects on the blood pressure and endocrine regulation, 
it also acts on the GLUT 4 (glucose transporter) gene expression (31). In this case aerobic 
training is coworker of melatonin in which both of them stimulate glucose uptake through 
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insulin-independent process and increase GLUT 4 protein expression. It was reported that 
those pinealectomized rats that undergo aerobic training did not show any metabolic devel-
opment. So melatonin plays key role in metabolic adaptation in both adipose and muscle tis-
sues. As it was mentioned, melatonin has circadian rhythm and regulates body clock; it also 
regulates energy metabolism circadian timing in which period of activity and adaptation 
to activity affect this timing [16, 31]. In one study the effects of melatonin supplementation 
on the aerobic exercise-induced adaptation were examined. For this purpose male wistar 
rats are divided into four groups: sedentary control, trained control, sedentary treated with 
melatonin, and trained treated with melatonin. Glucose tolerance, physical capacity, citrate 
synthesis, phosphatidylinositol 3-kinase (PI3K), mitogen-activated protein kinas (MAPK), 
and GLUT4 were examined. Following the 8-week aerobic exercise training on treadmill, 
those trained animals that treated with melatonin showed better results in their measured 
parameters that are mentioned above. Briefly, melatonin supplementation plus aerobic 
training creates great metabolic adaptation and improves metabolism efficiency [31]. The 
combination of aerobic exercise and melatonin, also, reduces the exercise-induced free radi-
cal agents. Low to moderate levels of free radicals have regulatory roles, but their high levels 
create cellular damages and induce oxidative stress [24]. Melatonin elevation or melatonin 
supplementation especially while it is combined with aerobic training could decrease the 
lipid peroxidation and malondialdehyde—lipid peroxidation most frequent marker—in 
sedentary individuals [18]. Long-term aerobic training could manage the lipid profile of 
sedentary individuals. Meanwhile when combined with melatonin, the protective effects 
of aerobic training against free radicals advance, and the body antioxidant defense system 
improves [18].

Two central and direct ways guide the melatonin effects on the brown adipose tissue to 
increase exercise-energy expenditure. The nervous system is the central way that controls 
the melatonin through the sympathetic system. Sympathetic nerve-secreted norepinephrine 
controls the daily variation in melatonin synthesis [16]. Also, exercise leads to high increase 
in the activity of the sympathetic nervous system and catecholamine secretion which could 
modulate melatonin secretion [16]. Melatonin acts as antioxidant [6]. Its secretion is affected 
by daytime and especially the nervous system. Exercise training stimulates sympathetic 

Figure 2. The effects of exercise time duration on the melatonin levels [30].
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nervous system and releases noradrenaline. Noradrenaline increases the tryptophan levels 
[30]. Tryptophan is uptaken by the pineal gland and decarboxylated to form serotonin (or 
5-hydroxytryptamine). Serotonin during the daylight is stored in the pineal gland. Darkness 
causes noradrenaline to activate the enzymes (serotonin-N-acetyltransferase) and finally con-
vert serotonin into melatonin (Figure 3) [32].

Also, in the direct way, protein kinase C (PKC) pathway leads to increase growth factor and 
mitochondria biogenesis [33]. Melatonin also could increase LDL receptor and inhibit choles-
terol synthesis which is even useful for control obesity [33].

Regarding long-term endurance training, the melatonin hormone reaches steady state. 
Furthermore, there is direct positive correlation between melatonin levels and exercise 

Figure 3. Tryptophan to melatonin cascade process. Tryptophan is the precursor of serotonin and melatonin [32].

Figure 4. Direct positive correlation between melatonin levels and exercise duration. As the training days progress, the 
melatonin levels increase [30].
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duration (Figure 4) [30]. Following exercise melatonin gradually increases, and due to endur-
ance training which should last for about 3 months, the melatonin reaches to steady state [30]. 
It was reported that the low-intensity aerobic training has better adaptation and lipid peroxi-
dation prevention in sedentary individuals. Melatonin supplementation for about 2 months 
improves dyslipidemia, decreases LDL, and improves lipid metabolism [25].

5. What is lipid peroxidation, and what is malondialdehyde?

Free radicals are those species that are created as a result of cellular oxygen consumption 
and are mediator of lipid peroxidation. Different elements and situations affect the lipid 
peroxidation such as heat, oxygen, and enzymes. Free radicals have one or even more than 
one free electron(s). All of these ingredients could damage the molecules’ organisms and cre-
ate oxidative stress. Body natural defense system impedes the oxidative stress; whenever an 
imbalance occurs between the free radical production and antioxidant defense system effec-
tiveness, the oxidative stress happens [18, 34]. Lipids are one of the important agents either 
in food or body’s biological system. Body lipids are prone to oxidation, and it would happen 
during several stages as food storage process or even in physiological/pathological condi-
tions. Unsaturated fatty acids are prone to oxidation; while the free radicals penetrate into 
bilayer membrane structure, lipid peroxidation is going to happen [18, 35]. Oxygen and free 
radicals damage the unsaturated fatty acids under lipoperoxide formation. This compound is 
unstable and could break down into wide range of reactive species which bind to free amino 
groups and decrease the proteolytic degradation [34]. Free radical-induced lipid peroxidation 
happens in three stages: initiation, propagation, and termination [35]. In the first stage, free 

Figure 5. The first stage (initiation stage) of lipid peroxidation process [36].

Figure 6. Structural formula of conjugated diene during lipid peroxidation [34].
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radicals attack fatty acid molecule which detach hydrogen ion and create fatty acid radical. 
Due to reordering of double bond, two double bonds between carbon atoms contain and 
create conjugated diene. The diene structure reacts with oxygen molecule and creates lipoper-
oxyl radical (Figures 5 and 6).

Figure 7. Malondialdehyde formation and metabolism process. Decomposition of arachidonic acid (AA) and 
PUFAs as side products of enzymatic process during the biosynthesis of thromboxane A2 (TXA2) and 12-l-hydroxy-
5,8,10-hepadecatrienoic acid (HHT) (blue pathway) or nonenzymatic process by lipid peroxidation-induced bicyclic 
endoperoxides (red pathway) generates malondialdehyde. Malondialdehyde could enzymatically be metabolized (green 
pathway); those key enzymes in both malondialdehyde formation and metabolism are cyclooxygenase [1], prostacyclin 
hydroperoxidase [2], thromboxane synthase [3], aldehyde dehydrogenase [4], decarboxylase [5], acetyl CoA synthase 
[6], and tricarboxylic acid cycle [7] [38].
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In the second phase named propagation, the lipoperoxyl radical, the first phase product, 
reacts with other fatty acid molecules. Further this reaction a hydrogen atom detaches due to 
lipid hydroperoxide formation. Following propagation the last stage which is called termina-
tion occurs. In this phase enzymatic lipid peroxidation which catalyzes cyclooxygenase and 
lipoxygenase enzymes happens [34, 36].

Lipid peroxidation leads to two results as structural damage into membrane and creates sec-
ondary products. Broken fatty acyl chains and lipid-lipid or even lipid-protein cross-links 
could damage membrane and affect biological systems and impair membrane function and 
enzymatic inactivation [36]. Malondialdehyde, which is known as MDA, is a three-carbon 
molecule that is created by free radicals, and it is not only a secondary product but also the 
most frequent marker of lipid peroxidation [18, 37]. MDA is generated by decomposition 
of arachidonic acid and polyunsaturated fatty acids (PUFAs) (Figure 7). MDA is stable and 
membrane permeable which may act as signaling messenger [38]. MDA is one the most popu-
lar oxidative stress markers, and due to its toxicity, it becomes very relevant to biomedical 
condition, and several technologies are used to determine MDA such as liquid chromatogra-
phy-mass spectrometry (LC–MS) and several derivatization-based strategies [38].

There are multiple methods to prevent lipid peroxidation and MDA harmful effects that among 
them antioxidant usage is the most effective and suitable approach [39]. Antioxidants scavenge 
free radicals and inactivate peroxides and other ROS consequently could prevent or even delay 
oxidation process. The chemical structure, concentration, temperature, and type of oxidation 
substrate determine the efficiency of antioxidants. It means that to select the best antioxidant, 
we have to consider many points of view and take many factors into account [39]. Antioxidant 
defense system helps organism to battle with oxidative stress. This system has three lines of 
defense. In the first stage, ROS overproduction impedes. The second defense line is mainly 
created by enzymes, and in the third line of defense, molecules should scavenge ROS [24].

6. Conclusion

Melatonin as pineal gland hormone is secreted according to circadian rhythm. Melatonin is 
also a strong antioxidant that could cross physiological barrier due to its amphiphilic feature, 
thereby decreasing oxidative damage. Melatonin has direct (direct scavenging of free radical 
and activate DNA reparation enzymes) and indirect (support superoxide dismutase or SOD) 
antioxidant capacities [24]. Amphiphilic feature of melatonin makes it strong scavenging fac-
tor that increases the efficiency of melatonin’s radical scavenging which could pass between 
lipidic and aqueous phases. Melatonin also neutralizes singlet oxygen, peroxynitrite anion, 
and nitric oxide [24]. A wide range of biological systems such as linoleate model system or 
LDL contributes in melatonin antioxidant properties [39, 40]. Melatonin supplementation 
decreases the MDA and also lipid peroxidation [18]. In an experimental study, it was shown 
that melatonin supplementation during long-term aerobic exercise could diminish the exer-
cise-induced lipid peroxidation and also malondialdehyde [18]. Exercise training generates 
almost twofold elevation in oxygen species, lipid peroxidation, and MDA levels [41]. Another 
report represented that melatonin administration 30 min before the exercise impressively 
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decreases triglyceride and MDA [6]. Four-week melatonin supplementation followed by 
single exercise that lasts about 30 min decreases oxidative stress and MDA as well [42].
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Abstract

Melatonin (MLT) was isolated as a hormone by Lerner in 1958, and since then, intense
studies have been under way with respect to its action and possibilities of application in
various fields of medicine. Despite the existence of multiple antiepileptic medications and
progress that has taken place in neurosurgical treatment of epilepsy, drug-resistant epi-
lepsy continues to be a phenomenon that occurs in 30–35% children treated for epileptic
seizures. Reports presented in the study have shown that children with epilepsy suffer
from sleep disorders. Sleep deprivation may cause seizures, and on the other hand, an
increased frequency of seizures may lead to sleep disturbances.

Keywords: melatonin, children, epilepsy, autism, hypoxic-ischemic brain injury

1. Melatonin

The sleep/wake cycle, body temperature, and melatonin (MLT) rhythms have a stable internal
phase relationship with maximum sleepiness coinciding with the melatonin excretion peak
and the core body temperature nadir in humans and other diurnal species [1]. Several genes
known as clock genes play a role of regulators of circadian rhythms generated by suprachias-
matic nucleus among them are PER, NPAS2, BMAL1, and CLOCK [2]. Also, Period genes (Per1,
Per2, Per3) and Cryptochrome gene (Cry 1, Cry 2) are involved in auto-regulatory translation-
transcription feedback loops [3].

Melatonin, as a hormone, is secreted by the pineal gland, and its production is regulated by
light and retino-hypothalamic tract. Melatonin secretion depends on the age—the highest
values of its concentration are detected between 1 and 7 years of age. In healthy subjects, the
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The sleep/wake cycle, body temperature, and melatonin (MLT) rhythms have a stable internal
phase relationship with maximum sleepiness coinciding with the melatonin excretion peak
and the core body temperature nadir in humans and other diurnal species [1]. Several genes
known as clock genes play a role of regulators of circadian rhythms generated by suprachias-
matic nucleus among them are PER, NPAS2, BMAL1, and CLOCK [2]. Also, Period genes (Per1,
Per2, Per3) and Cryptochrome gene (Cry 1, Cry 2) are involved in auto-regulatory translation-
transcription feedback loops [3].

Melatonin, as a hormone, is secreted by the pineal gland, and its production is regulated by
light and retino-hypothalamic tract. Melatonin secretion depends on the age—the highest
values of its concentration are detected between 1 and 7 years of age. In healthy subjects, the
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serum melatonin concentration peak occurs between 2 am and 4 am, and then it gradually
declines; however, melatonin release may be shifted with time zone due to its day and night
light dependence [3–5]. During the day, melatonin is not produced in measurable quantities.

Measurement of the whole 24-h rhythm of melatonin is considered to be the most robust sleep
phase marker of various circadian rhythm sleep disorders [1–6]. Because melatonin secretion is
suppressed by light, the melatonin levels should be measured in dim light conditions. Serial
sampling of melatonin measured in the blood or saliva can be used to assess circadian timing
by determining the dim light melatonin onset (DLMO), the parameter indicating the time
point in which melatonin levels begin to rise in the evening above baseline [2]. Another useful
circadian phase marker is dim light melatonin offset (DLMOff), the point in time when
melatonin levels diminish in the morning. The melatonin secretion profile can also be analyzed
in a more complex way—by approximation of the empirical or analytical models. The models
of melatonin secretion can provide a set of parameters with biophysical and clinical signifi-
cance that directly characterize melatonin cycle. Moreover, mathematical modeling facilitates
statistical analysis of the patients’ hormone levels, offering a set of parameters that enable the
objectification of the secretion description.

Melatonin for many years remained the most mysterious and forgotten human hormone with not
exactly understood role and suggested pleiotropic actions. It is well known that melatonin is
released in a circadian pattern with a night peak. Endogenous melatonin production varies
among individuals. Endogenous melatonin production varies among individuals. Melatonin is
secreted mainly by pinealocytes from tryptophan through hydroxytryptophan and serotonin.
Then, two enzymes, arylalkylamine-N-acetyltransferase (AA-NAT) and acetylserotonin-O-meth-
yltransferase (ASMT), form melatonin from serotonin [1–6]. The organization of the sleep-wake
rhythm is set around 6 months of age, but melatonin rhythmmay be set earlier, from 3 months of
age. At the age of 3, a stabilization of these rhythms is visible. Between 4 and 7 years, nocturnal
melatonin secretion reaches the highest values [1–6].

Gender difference (a lower melatonin secretion in girls) and age-related decline have been
described [7]. According to the latest Task Force of American Academy of Sleep Medicine,
melatonin application is recommended in children with delayed sleep-wake phase disorders,
children with neurological disorders, and with an irregular sleep cycle [5, 6].

Melatonin should be administered at a time related to DLMO—the onset of melatonin endoge-
nous production [7–9]. Actually, prior to melatonin administration, DLMO should be measured
to let for optimal treatment. In saliva, DLMO is defined as a melatonin range of 3–5 pg/ml [9, 10].

2. Sleep and epilepsy

A complex interaction between sleep and epilepsy is still a matter of debate. Sleep deprivation
may activate epileptiform activity. Epilepsy per se and antiepileptic treatment may cause sleep
deprivation or fragmentation causing the vicious circle.

Accumulating evidences suggest that melatonin modulates the electrical activity of neurons.
Based on experimental studies, melatonin probably may mediate the GABA-ergic, 5HT-ergic,
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and NO/L-arginine pathways and glutamate neurotransmission [11]. On the contrary, Steward
and Leung suggested that proconvulsive action of melatonin is connected with the suppres-
sion of the GABA A receptors in pyramidal cells [12, 13]. Antioxidant properties of melatonin
may also have a positive effect on children with epilepsy [14]. Our knowledge about possible
melatonin role in epilepsy has increased in recent years but still remains controversial. For
some time, melatonin has been recommended for children with epilepsy due to its ability to
promote sleep and to avoid sleep deprivation.

Sleep problems in children with developmental disabilities and epilepsy can be connected with
an improper deranged circadian melatonin secretion, an insufficient melatonin production, or
melatonin receptor insensitivity. Usually, falling asleep and maintain a sleep are the most
frequently encountered problems of pediatric populations. The prevalence rates of sleep prob-
lems in childhood are estimated between 30 and 40% [15–20].

At the cellular level, sleep deprivation impairs synaptic plasticity, increases hippocampal
oxidative stress, and facilitates neuronal loss, which can affect neurocognitive skills especially
attention, behavioral, and emotional aspects of development.

In adults with epilepsy, 55% have insomnia, 34% have sleep-onset insomnia, and 52% have
maintenance insomnia [15–20]. On nights with seizures, patients experience up to 50% reduc-
tion of REM sleep and an increased REM latency [15–20]. In specific childhood epilepsy
syndromes, like juvenile myoclonic epilepsy, the sufficient amount of sleep may completely
protect from seizures. In autosomal-dominant nocturnal frontal lobe epilepsy, the epileptic
seizures dominate at night, while in juvenile myoclonic epilepsy after awakening in the
morning.

The stage of sleep also matters. Seizures are rare in REM sleep, and indeed the rate of REM
seizures’ onset is low (0–5%) [21]. According to the studies conducted by Minecam et al. and
Herman et al., most related to sleep seizures appear in stage 2 NREM sleep (61–68%), and
lower rates are evident in stages 3 and 4 as 9–14% [19, 21, 22]. Some authors believe that the
area of REM discharges could be an indicator of epileptic zone [17–22]. Jan et al. postulated
that the occurrence of seizures may show a 24-rhythmicity and circadian occurrence pattern
(Table 1) [23].

Sleep deprivation is one of the most frequent precipitating factors of seizures and interictal
epileptiform discharges (IED). On the other hand, site epileptic seizures, epileptiform activity, or
antiepileptic drugs (AEDs) may disrupt sleep pattern. The analysis of the questionnaires filled by
the patients revealed that the most common sleep-related complaints are excessive daytime
sleepiness (EDS), insomnia, and poor sleep quality. The other important remark is that more
sleep abnormalities are concerned with focal than generalized epilepsies. Also, sudden unex-
pected death in epilepsy (SUDEP) is most frequent to appear between 6 am and noon [17–21].
Long-standing epilepsy can affect insula, anterior cingulated gyrus, ventromedial frontal cortex,
and through their influence on cardiac rhythm may provoke SUDEP [16–22].

Antiepileptic drugs (AEDs) may affect sleep parameters. For example, a frequently adminis-
trated valproic acid, due to its interaction with GABA transmission at suprachiasmatic nucleus,
may lower melatonin secretion [27]. However, Braam et al. [28, 29] compared the endogenous
melatonin levels in children administered with valproate and those who did not use it, and
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melatonin application is recommended in children with delayed sleep-wake phase disorders,
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to let for optimal treatment. In saliva, DLMO is defined as a melatonin range of 3–5 pg/ml [9, 10].
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A complex interaction between sleep and epilepsy is still a matter of debate. Sleep deprivation
may activate epileptiform activity. Epilepsy per se and antiepileptic treatment may cause sleep
deprivation or fragmentation causing the vicious circle.

Accumulating evidences suggest that melatonin modulates the electrical activity of neurons.
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and NO/L-arginine pathways and glutamate neurotransmission [11]. On the contrary, Steward
and Leung suggested that proconvulsive action of melatonin is connected with the suppres-
sion of the GABA A receptors in pyramidal cells [12, 13]. Antioxidant properties of melatonin
may also have a positive effect on children with epilepsy [14]. Our knowledge about possible
melatonin role in epilepsy has increased in recent years but still remains controversial. For
some time, melatonin has been recommended for children with epilepsy due to its ability to
promote sleep and to avoid sleep deprivation.

Sleep problems in children with developmental disabilities and epilepsy can be connected with
an improper deranged circadian melatonin secretion, an insufficient melatonin production, or
melatonin receptor insensitivity. Usually, falling asleep and maintain a sleep are the most
frequently encountered problems of pediatric populations. The prevalence rates of sleep prob-
lems in childhood are estimated between 30 and 40% [15–20].

At the cellular level, sleep deprivation impairs synaptic plasticity, increases hippocampal
oxidative stress, and facilitates neuronal loss, which can affect neurocognitive skills especially
attention, behavioral, and emotional aspects of development.

In adults with epilepsy, 55% have insomnia, 34% have sleep-onset insomnia, and 52% have
maintenance insomnia [15–20]. On nights with seizures, patients experience up to 50% reduc-
tion of REM sleep and an increased REM latency [15–20]. In specific childhood epilepsy
syndromes, like juvenile myoclonic epilepsy, the sufficient amount of sleep may completely
protect from seizures. In autosomal-dominant nocturnal frontal lobe epilepsy, the epileptic
seizures dominate at night, while in juvenile myoclonic epilepsy after awakening in the
morning.

The stage of sleep also matters. Seizures are rare in REM sleep, and indeed the rate of REM
seizures’ onset is low (0–5%) [21]. According to the studies conducted by Minecam et al. and
Herman et al., most related to sleep seizures appear in stage 2 NREM sleep (61–68%), and
lower rates are evident in stages 3 and 4 as 9–14% [19, 21, 22]. Some authors believe that the
area of REM discharges could be an indicator of epileptic zone [17–22]. Jan et al. postulated
that the occurrence of seizures may show a 24-rhythmicity and circadian occurrence pattern
(Table 1) [23].

Sleep deprivation is one of the most frequent precipitating factors of seizures and interictal
epileptiform discharges (IED). On the other hand, site epileptic seizures, epileptiform activity, or
antiepileptic drugs (AEDs) may disrupt sleep pattern. The analysis of the questionnaires filled by
the patients revealed that the most common sleep-related complaints are excessive daytime
sleepiness (EDS), insomnia, and poor sleep quality. The other important remark is that more
sleep abnormalities are concerned with focal than generalized epilepsies. Also, sudden unex-
pected death in epilepsy (SUDEP) is most frequent to appear between 6 am and noon [17–21].
Long-standing epilepsy can affect insula, anterior cingulated gyrus, ventromedial frontal cortex,
and through their influence on cardiac rhythm may provoke SUDEP [16–22].

Antiepileptic drugs (AEDs) may affect sleep parameters. For example, a frequently adminis-
trated valproic acid, due to its interaction with GABA transmission at suprachiasmatic nucleus,
may lower melatonin secretion [27]. However, Braam et al. [28, 29] compared the endogenous
melatonin levels in children administered with valproate and those who did not use it, and
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Takaesu et al. [30] observed a minimal impact of sodium valproate on the low serum levels that
do not have such supposition. Carbamazepine may increase slow-wave sleep, reduce REM,
and reduce awakenings and arousals [31]. Similarly, lamotrigine and valproic acid appear to
stabilize sleep (more REM and slow-wave sleep) [27–31]. Newer AEDs have little effect on
sleep architecture (levetiracetam) or little is known about these effects (lacosamide, eliscar-
bazepine, and retigabine) [31]. The direct effect of AEDs on sleep is difficult to measure because
of many confounding factors, with the leading one—polypharmacy. Antiepileptic treatment
with more than one drug increases the risk of obstructive sleep apnea (OSA). The prevalence of
OSA is significantly higher in the epilepsy group—35% versus healthy children—7.4%. In
refractory epilepsy, 44% children have the diagnosis of OSA, in other form of epilepsy around
31% [32, 33]. It is especially important for clinicians, who frequently under-recognize and
misinterpret sleep disorders in epilepsy patients.

3. Melatonin secretion in epilepsy

The dynamics of melatonin secretion in epileptic subjects is more complex compared to
healthy subjects. Though it appears that human seizure occurrence may have 24-h rhythmicity
(and such rhythmicity has also been shown in animals), but there is still no answer to the
question on the relationship between the occurrence of seizures and the human circadian
rhythm. Many studies on epilepsy have examined the processes that have circadian variation,
like hormones secretion, body temperature changes, activity, sleep, and wakefulness, and it is
obvious that circadian rhythm and epilepsy at least interact. Unfortunately, there are consider-
able gaps in the knowledge of such interaction, especially in humans [34].

Seizures’ occurrence pattern Sleep Wakefulness

Seizures’ types Tonic seizures, generalized tonic-clonic
seizures, frontal lobe seizures

Clonic, absence, atonic, myoclonic
seizures

Relation with sleep 78% of frontal lobe seizures
20% of temporal lobe seizures

Epilepsy with generalized
seizures

Generalized epilepsy

• West syndrome: hypsarrhythmia most
evident in early NREM sleep

• Lennox-Gastaut syndrome: paroxysmal
fast activity during sleep

Generalized epilepsy of unknown
etiology: JME, GTCE (on EEG spike—
waves discharges most prominent in
stage 2 sleep)

Epilepsy with focal seizures BECTS (interictal epileptiform discharges
activated by light NREM)

• Time peak of occurrence
6–9 am
for frontal lobe seizures, NFLE:
23.00–5.00
(6–12 h after DLMO)
EEG-stages 3 and 4 as effective facilitator of
epileptiform discharges

• Time peak of occurrence
3–6 pm
for temporal lobe seizures, TLE:
11.00–17.00
(6 h before DLMO)

Table 1. Seizures’ circadian occurrence pattern [23–26].

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches126

In epilepsy, melatonin secretion may be disturbed: higher nocturnal melatonin concentrations,
a higher melatonin concentration after seizures, or loss/shift of the characteristic diurnal
rhythm of secretion are reported by some authors [35–40], while other authors found low
baseline levels [41, 42]. Melatonin concentration in patients with epilepsy is sometimes claimed
to be slightly increased or unchanged as compared to normal values [38, 43].

However, we observed a statistical dependence between melatonin release amplitude and the
number of seizures in different time intervals in the epilepsy of children. Moreover, the time
since last seizure has a significant effect on the secretion of melatonin. It should be noted that
antiepileptic treatment itself may affect melatonin secretion, which, in fact, was seen in our
studies [35, 42]. On the contrary, Dabak et al. showed lower post-seizure melatonin levels in
the patients with febrile and afebrile seizures [43]. On the other hand, a normal plasma
melatonin curve in epilepsy patients under dim-lit conditions [25] as well as in the study
involving epileptic children was found [4].

There is also no agreement between the animal models and the results obtained in the human
studies. In animal studies, the data suggest anticonvulsant properties of melatonin, whereas in
human studies, it is difficult to reach unambiguous conclusions.

Having in mind the heterogeneity of melatonin secretion and the mode of action in children
with epilepsy, Praninskiene et al. postulated that probably not only peripheral melatonin levels
but also measurements of melatonin receptors in the brain and melatonin level in central
components may be of value [44, 45].

4. Melatonin supplementation in epilepsy in randomized trials

Before the era of randomized trials with melatonin, we witnessed the add-on melatonin
supplementation in a few described trials by Peled et al. (improvement in seizures’ frequency
in five of six children on 3-mg melatonin add-on therapy) [46], Ross et al. (clinical improve-
ment in seizure control and sleep in 20 of 24 children treated with 2.5–7.5 mg of melatonin add-
on therapy) [47], and Molina-Carballo et al. (clinical improvement of one child with refractory
myoclonic epilepsy treated with melatonin add-on therapy of 200 mg daily) [48].

The first randomized, double-blind, placebo-controlled trial concerning melatonin in epilepsy
was conducted in 2004 by Copolla et al. [49]. A total of 25 participants (with mental retardation
and epilepsy) aged 3.6–26 years were randomized to oral synthetic fast release melatonin (an
initial dose of 3 mg, possible tiltration to 9 mg). In 2 of 11 seizure-free patients, epileptic
seizures appeared on melatonin supplementation [49]. Among seven patients with not ade-
quately controlled epilepsy, the results were not promising (N = 1 seizure-free, N = 2 partial
improvement, N = 2 unchanged, N = 2 increase of seizures) [49].

In the same year, Gupta et al. assessed the effect of melatonin add-on supplementation in
children with epilepsy aged 3–12 years on carbamazepine or valproic acid monotherapy using
the parental questionnaire (Sleep Behavior Questionnaire) [50–54]. In these studies, the chil-
dren were seizure-free for at least 6 months before the first visit; that is why the authors could
not report the influence of melatonin on seizures’ frequency [50, 51].
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Before the era of randomized trials with melatonin, we witnessed the add-on melatonin
supplementation in a few described trials by Peled et al. (improvement in seizures’ frequency
in five of six children on 3-mg melatonin add-on therapy) [46], Ross et al. (clinical improve-
ment in seizure control and sleep in 20 of 24 children treated with 2.5–7.5 mg of melatonin add-
on therapy) [47], and Molina-Carballo et al. (clinical improvement of one child with refractory
myoclonic epilepsy treated with melatonin add-on therapy of 200 mg daily) [48].

The first randomized, double-blind, placebo-controlled trial concerning melatonin in epilepsy
was conducted in 2004 by Copolla et al. [49]. A total of 25 participants (with mental retardation
and epilepsy) aged 3.6–26 years were randomized to oral synthetic fast release melatonin (an
initial dose of 3 mg, possible tiltration to 9 mg). In 2 of 11 seizure-free patients, epileptic
seizures appeared on melatonin supplementation [49]. Among seven patients with not ade-
quately controlled epilepsy, the results were not promising (N = 1 seizure-free, N = 2 partial
improvement, N = 2 unchanged, N = 2 increase of seizures) [49].

In the same year, Gupta et al. assessed the effect of melatonin add-on supplementation in
children with epilepsy aged 3–12 years on carbamazepine or valproic acid monotherapy using
the parental questionnaire (Sleep Behavior Questionnaire) [50–54]. In these studies, the chil-
dren were seizure-free for at least 6 months before the first visit; that is why the authors could
not report the influence of melatonin on seizures’ frequency [50, 51].
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In 2005, Hancock et al. in the next randomized, double-blind, crossover trial evaluated mela-
tonin supplementation (two dose regimen: 5 or 10 mg) in 8 patients aged 18 months to 31 years
with epilepsy and tuberous sclerosis complex [55, 56]. During the study period of 6 months, no
change in seizure frequency was noted at either dose [55, 56].

Goldberg-Stern et al. conducted another trial investigating response to melatonin (10 mg) in 10
patients with a refractory epilepsy aged 9–32 years (N = generalized epilepsy, N = focal epilepsy)
[57]. The mean seizure frequency was 7.75 per day on placebo and 4.6 on melatonin treatment
[57]. The limitation of this study was the absence of dim light melatonin-onset measurement.

The randomized double-blind placebo-controlled trial performed by Jain et al. showed that a 9-
mg sustained release melatonin formulation decreased sleep latency and wakefulness after sleep
onset (WASO) as compared to placebo [58]. This group consisted of 10 children aged 6–11 years
diagnosed with epilepsy (focal epilepsy N = 6, generalized epilepsy-childhood absence epilepsy
N = 3, undetermined N = 1) with intelligence quotient (IQ) > 70 [58]. Melatonin was given for
30 min before bedtime for 9 weeks. Apart from melatonin, children received different antiepi-
leptic drugs as monotherapy: zonisamide, lamotrigine, levetiracetam, oxcarbazepine, and carba-
mazepine. According to the authors of the study, no worsening in seizures frequency was
observed. Eight participants remained seizure-free, and another two experienced 50% reduction
in seizure frequency on melatonin treatment.

Elkhayat et al. in a group of 23 children with refractory epilepsy and in 14 children with
controlled seizures (aged 2–15 years) measured melatonin level and assessed the sleep param-
eters before and after melatonin supplementation (melatonin dose of 1.5–3 mg daily) [59]. The
most frequent antiepileptic drug was valproic acid (in intractable epilepsy in 78.2% of patients,
in controlled seizures group—85.7%) [59]. After 3 months of melatonin therapy, children with
intractable epilepsy experienced improvement in sleep continuity (bedtime resistance, sleep
duration, sleep latency, frequent nocturnal arousals, and excessive daytime sleepiness), sleep
apnea, nocturnal enuresis, sleep walking, forcible teeth grinding, and Epworth sleepiness
score. Melatonin diurnal secretion and the frequency of seizures in controlled seizures group
and refractory epilepsy did not differ significantly. Some children experience a decreased
severity of seizures.

There are some significant limitation of the abovementioned studies like the small sample size
and lack of the homogeneity of the sample: diversity of the epilepsy syndromes, different
etiology of seizures, different seizure types, and short period of observation. But treating
epilepsy with antiepileptic drugs may also improve sleep architecture and restore sleep cycle.
The very limited number of randomized studies did not allow to draw definite conclusions
about melatonin add-on therapy and influence of the treatment on epileptic seizures.

5. Melatonin in attention-deficit/hyperactivity disorder (ADHD)

About 25–50% of children with ADHD experience sleep problems [60]. The frequency of sleep
problems is almost two-fold higher in a case of stimulant treatment. Sleep disturbances are
included among diagnostic criteria for ADHD in the DSM third edition.
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Miano et al. distinguished five sleep phenotypes in ADHD [61, 62]:

1. phenotype related to hypoarousal state, primary form of ADHD;

2. phenotype related to delayed sleep phase syndrome;

3. phenotype related to sleep-disordered breathing (SDB) from snoring to obstructive sleep
apnea;

4. phenotype related to restless leg syndrome and/or periodic limb movements;

5. phenotype related to sleep epilepsy and/or EEG interictal epileptic discharges.

The most common complaint is sleep-onset insomnia, and rarely, sleep problems are related to
a delayed sleep phase syndrome. Also, SDB is highly associated with disturbed attention and
hyperactivity, and children with SDB are more sensitive to oxidative stress [61–63].

Based on trials conducted in this population, melatonin treatment in doses ranging between 3
and 6 mg/day may reduce sleep-onset delay and increased sleep duration time [61–63].

6. Melatonin in autism spectrum disorders (ASDs)

Autistic spectrum disorders are frequently connected with sleep disturbances (30–53% or up to
50–80%) [64, 65]. The most common medication used in sleep difficulties is melatonin, apart
from behavioral interventions.

In children with autistic spectrum disorders, melatonin levels are lower [65–67] or within
normal values [64, 68, 69]. Based on parental questionnaires and clinician completed forms of
1518 ASD children aged 4–10 years, Braam et al. informed about a much higher percentage of
sleep problems in ASD (71%) and a higher necessity of drug intake (>46% children on more
than one drug promoting sleep) [29]. In the latest double-blind study conducted by Gringras
et al., 125 ASD children (among them 3.2% children with the diagnosis of Smith-Magenis
syndrome (SMS)) received prolonged-release melatonin or placebo for 13 weeks [70]. Melato-
nin treatment prolonged the total sleep time (melatonin 57.5 min vs. placebo 9.14 min) and
decreased sleep latency (melatonin 39.6 min vs. placebo 12.5 min) [70]. Veatch et al. studied the
possible genetic background of sleep problems in ASD by evaluation of two melatonin path-
way genes: acetylserotonin O-methyltransferase (ASMT) and cytochrome P450 1A2 (CYP1A2)
[68]. The authors found a higher prevalence of variants responsible for a decreased expression
of ASMT and a lower CYP1A2 enzyme activity [68]. On the other hand, a lower CYP1A2
enzyme activity may be responsible for slow metabolism and the possibility of lack of efficacy
of exogenous melatonin with time. That is why some children may benefit from low melatonin
dose like 0.5 mg rather than higher (exceeding 5–6 mg) [64, 65, 71, 72].

Some authors speculate that melatonin as a hormone derived from serotonin may be of a
special interest in autism neurobiology [73]. Another interesting finding is that melatonin
levels may be negatively correlated with the severity of autistic features. This assumption was
made by the examination of sulfatoxymelatonin level in urine of 60 mothers of a child with
ASD features and in control group.
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enzyme activity may be responsible for slow metabolism and the possibility of lack of efficacy
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Some authors speculate that melatonin as a hormone derived from serotonin may be of a
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made by the examination of sulfatoxymelatonin level in urine of 60 mothers of a child with
ASD features and in control group.
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A few RDBPC trials showed that melatonin may improve communication [74] and anxiety in
children with ASD [75]. Based on the knowledge from placebo-controlled studies, long-acting
melatonin preparations at bedtime improve the sleep latency and the total sleep time [67, 69,
70, 74, 76–80].

7. Melatonin in other neurodevelopmental disabilities (NDDs)

Reported prevalence of sleep disturbances in children with neurodevelopmental disabilities is
up to 86% [81]. An interesting double-masked randomized placebo-controlled phase III trial
was performed by Gringras et al. One hundred and forty-six children aged 3–15 years were
treated with melatonin (0.5–12 mg) or placebo for 12 weeks [82]. In melatonin-treated group,
the total sleep time increased by 23 min and sleep latency was reduced by around 38 min [82].

Melatonin may be affective in sleep problems in many genetic syndromes, especially in
Angelman syndrome (AS), Smith-Magenis syndrome (SMS), Rett syndrome (RS), San Filippo
syndrome, and tuberous sclerosis complex syndrome (TSCS) [83–90]. In these genetic condi-
tions, sleep problems are one of the phenotype features. Sleep apnea is a frequent finding in
children with Down syndrome and with Prader-Willi syndrome [83–91].

The results of Hancock et al. on the urinal 6-sulfatoxymelatonin excretion in seven TSCS
patients revealed, however, no evidence of abnormal excretion of melatonin in patients with
tuberous sclerosis complex and sleep disorder [55, 56, 83, 92]. All but one of the patients
showed a normal circadian rhythm of melatonin secretion. However, the authors were aware
that a small number of analyzed cases weakened their reasoning. Our investigations suggest
that not only disordered sleep but also the shift of melatonin secretion may be expected in
TSCS children with frequent seizures [88]. We also noticed that melatonin profiles are not
homogeneous in TSCS patients [88]. Unfortunately, both researchers supposition are based on
the results gathered from a small TSCS group.

Children with Angelman syndrome may present with sleep-onset insomnia as well as sleep
maintenance problems, and low endogenous melatonin levels are often claimed to be an
essential feature of melatonin secretion in their circadian rhythms [83–90]. Our studies with
mathematical modeling of melatonin secretion showed that the phase parameters of melatonin
cycle (DMLO parameters, phase or duration of melatonin amplitude) could be the key charac-
teristic of AS children [87].

The recommended melatonin dose in Angelman syndrome is very small like 0.3–0.5 mg,
because of the high prevalence of slow melatonin metabolizers [90]. In TSCS, a decreased sleep
total time and multiple awakenings are evident; the recommended dose of melatonin is 5–
10 mg. Melatonin may reduce the sleep problems (the frequent awakenings) in Rett syndrome
in the daily dose of 2.5–7.5 mg [83–85, 92]. Children with SMS have an early sleep onset (19.30–
20.30), repeated and prolonged walking at night, and an early sleep offset (04:00–05.00) [91].
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Because of inverted melatonin circadian profile, a complex but promising treatment was
found: a combination of acebutolol in the morning (10 mg/kg decrease melatonin level during
the day) and melatonin in the evening [91].

During the conference in Rome in 2014, Bruni et al. postulated recommendation for melatonin
treatment guidelines in children with neurodevelopmental disabilities and insomnia [15]:

1. no age limit (safe administration >6 months of age),

2. if used as a chronobiotic 3–4 hs before bedtime (if used as a sleep inductor 30 min before
sleep time) with starting dose 0.2–0.5 mg (tiltrated by 0.2–0.5 mg every week till maximum
dose of 3 (<40 kg) and 5 mg (>40 kg),

3. treatment duration should not be <1 month, therapy adjusted to the patient; if normal
sleep cycle is restored 1 week without melatonin treatment, once a year is recommended
(especially during summer).

8. Melatonin in hypoxic-ischemic brain injury

During the last decade, melatonin has started to be considered as an attractive option in order
to minimize the neurological sequelae from hypoxic-ischemic brain injury [93–95]. The brain
itself is particularly sensitive to free radicals damage due to its high utilization of oxygen, its
relatively poorly developed antioxidant defense, and its high amount of easily oxidizable fatty
acids. Melatonin may serve as a potential therapeutic free radical scavenger (hydroxyl radicals,
hydrogen peroxide, singlet oxygen) and broad-spectrum antioxidant (upregulation of antiox-
idant pathways: superoxide dismutase, glutathione, catalase, glutathione peroxidase, glutathi-
one reductase) [96–98]. Based on experimental studies, melatonin may increase the number of
neurons in the CA1, CA2–CA3 areas and dentate gyrus of the hippocampus and parietal
cortex, reduce the expression of the glial fibrillary acidic protein, and regulate the expression
of myelin basic protein and oligodendrocytes’ function (regulation of myelination process)
[96–98].

Aly et al. examined the effect of melatonin on clinical, biochemical, neurophysiological, and
radiological outcomes of neonates with hypoxic-ischemic encephalopathy (HIE) [99]. They
performed a prospective trial involving 45 newborns randomized in the hypothermia alone
and hypothermia and melatonin groups. All infants were studied with repeated EEG and
brain MRI. In all patients, superoxide dismutase (SOD) and nitric oxide (NO) were measured.
These examinations showed an increased melatonin and a decreased NO in the hypothermia-
melatonin group [99]. Because of postulated unpredicted bioavailability of oral melatonin,
Merchant et al. gave blood transfusion of 0.04–0.6 μg/kg melatonin to 18 preterm babies (less
than 31 weeks gestation, less than 7 days old) for 2 h [100]. As a result they found melatonin
concentration peak similar to adults. Another challenge might be the possibility to administer
melatonin antenatally, in order to prevent or reduce brain hypoxic insult in preterm babies

Melatonin in Childhood Epilepsy and in Child Neurology
http://dx.doi.org/10.5772/intechopen.80005

131



A few RDBPC trials showed that melatonin may improve communication [74] and anxiety in
children with ASD [75]. Based on the knowledge from placebo-controlled studies, long-acting
melatonin preparations at bedtime improve the sleep latency and the total sleep time [67, 69,
70, 74, 76–80].

7. Melatonin in other neurodevelopmental disabilities (NDDs)

Reported prevalence of sleep disturbances in children with neurodevelopmental disabilities is
up to 86% [81]. An interesting double-masked randomized placebo-controlled phase III trial
was performed by Gringras et al. One hundred and forty-six children aged 3–15 years were
treated with melatonin (0.5–12 mg) or placebo for 12 weeks [82]. In melatonin-treated group,
the total sleep time increased by 23 min and sleep latency was reduced by around 38 min [82].

Melatonin may be affective in sleep problems in many genetic syndromes, especially in
Angelman syndrome (AS), Smith-Magenis syndrome (SMS), Rett syndrome (RS), San Filippo
syndrome, and tuberous sclerosis complex syndrome (TSCS) [83–90]. In these genetic condi-
tions, sleep problems are one of the phenotype features. Sleep apnea is a frequent finding in
children with Down syndrome and with Prader-Willi syndrome [83–91].

The results of Hancock et al. on the urinal 6-sulfatoxymelatonin excretion in seven TSCS
patients revealed, however, no evidence of abnormal excretion of melatonin in patients with
tuberous sclerosis complex and sleep disorder [55, 56, 83, 92]. All but one of the patients
showed a normal circadian rhythm of melatonin secretion. However, the authors were aware
that a small number of analyzed cases weakened their reasoning. Our investigations suggest
that not only disordered sleep but also the shift of melatonin secretion may be expected in
TSCS children with frequent seizures [88]. We also noticed that melatonin profiles are not
homogeneous in TSCS patients [88]. Unfortunately, both researchers supposition are based on
the results gathered from a small TSCS group.

Children with Angelman syndrome may present with sleep-onset insomnia as well as sleep
maintenance problems, and low endogenous melatonin levels are often claimed to be an
essential feature of melatonin secretion in their circadian rhythms [83–90]. Our studies with
mathematical modeling of melatonin secretion showed that the phase parameters of melatonin
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dose of 3 (<40 kg) and 5 mg (>40 kg),

3. treatment duration should not be <1 month, therapy adjusted to the patient; if normal
sleep cycle is restored 1 week without melatonin treatment, once a year is recommended
(especially during summer).

8. Melatonin in hypoxic-ischemic brain injury

During the last decade, melatonin has started to be considered as an attractive option in order
to minimize the neurological sequelae from hypoxic-ischemic brain injury [93–95]. The brain
itself is particularly sensitive to free radicals damage due to its high utilization of oxygen, its
relatively poorly developed antioxidant defense, and its high amount of easily oxidizable fatty
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one reductase) [96–98]. Based on experimental studies, melatonin may increase the number of
neurons in the CA1, CA2–CA3 areas and dentate gyrus of the hippocampus and parietal
cortex, reduce the expression of the glial fibrillary acidic protein, and regulate the expression
of myelin basic protein and oligodendrocytes’ function (regulation of myelination process)
[96–98].

Aly et al. examined the effect of melatonin on clinical, biochemical, neurophysiological, and
radiological outcomes of neonates with hypoxic-ischemic encephalopathy (HIE) [99]. They
performed a prospective trial involving 45 newborns randomized in the hypothermia alone
and hypothermia and melatonin groups. All infants were studied with repeated EEG and
brain MRI. In all patients, superoxide dismutase (SOD) and nitric oxide (NO) were measured.
These examinations showed an increased melatonin and a decreased NO in the hypothermia-
melatonin group [99]. Because of postulated unpredicted bioavailability of oral melatonin,
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than 31 weeks gestation, less than 7 days old) for 2 h [100]. As a result they found melatonin
concentration peak similar to adults. Another challenge might be the possibility to administer
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[94]. Denihan et al. employed untargeted metabolomics to identify metabolomic biomarkers of
umbilical cord blood after hypoxic injury [101]. The analysis was performed using direct
injection FT-ICR mass spectrometry. Some metabolites allowed for differentiation between
children with perinatal asphyxia with recovery and children with perinatal asphyxia followed
by hypoxic-ischemic encephalopathy like melatonin leucine, kynurenine, and 3-hydroxydo-
decanoic acid. HIE itself was associated with abnormalities in tryptophan and pyrimidine
metabolism.

Children after hypoxia-ischemia brain injury often develop circadian rhythm disorders. Yang
et al. documented that in experimental studies, mRNA and protein expression of pineal
arylalkylamine N-acetyltransferase (AANAT) and melatonin are impaired after hypoxic dam-
age [102]. They postulated that miR-325-3p (micro RNA) may play a role of potential down-
regulator of AANAT-rate-limiting enzyme for melatonin synthesis [102].

9. Conclusions

Melatonin may be effective not only in primary sleep disorders but also in some above-
mentioned neurological disorders in children. In adults, postulated antioxidative potential
of melatonin may be of value in neurodegenerative diseases like Parkinson, Alzheimer, and
Huntington’s disease [98].

Because disturbed circadian rhythms and poor sleep quality are associated with increased
risks of cardiovascular, metabolic, and cognitive diseases, poor quality of life, and even with
mortality, exogenously administered melatonin is often claimed to be a remedy for all these
problems. However, many conflicting results obtained in various areas of research on the
functions and roles of melatonin require caution and the extension of basic research [103–
108]. First of all further standardized studies of the human circadian rhythm and of its
disturbances affecting melatonin rhythms by interfering with its production and secretion are
necessary, as well as the studies of the interaction between circadian rhythm and seizures in
animal models. Moreover, the melatonin role in epilepsy and the effects of antiepileptic drug
treatment (in relation to the circadian rhythm phases) should be explored. As concerning
exogenous melatonin application, larger study groups are required to identify proper thera-
peutic dosage regarding age, concrete disease, and to check the clinical efficacy of melatonin
add-on therapy.

Filling up the gaps in the knowledge about the interactions of circadian rhythm, human
epilepsy, and melatonin will improve our understanding of the undergoing processes and the
patients’ treatment quality.
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Abstract

There are three pathways in tryptophan (TRP) metabolism. Serotonin (5-hydroxytryp-
tamine; 5-HT) pathway is important in mood, anxiety, memory, and cognition and is 
impaired in depression. Kynurenine (KYN) pathways are involved in immunity, inflam-
mation, muscles movement, and mental health. We investigated changes in TRP metabo-
lites in plasmas of stressed rats and in depressive patients. TRP metabolite levels in 5-HT 
and KYN pathways in various brain areas and plasma were increased soon after electric 
foot shock given to rats but returned to normal 24 h later. Plasma levels of 5-HT were very 
low or undetectable in patients of monopolar depression. 5-hydroxyindole acetic acid 
(5-HIAA)/TRP ratios or KYN/TRP ratios were not different between healthy controls and 
depressive patients, indicating 5-HT quickly being degraded into 5-HIAA in patients of 
depression but KYN levels were not changed in depression. These results indicate that 
TRP metabolism changes upon stress application and in patients of depression.

Keywords: tryptophan, serotonin, 5-hydroxyindole acetic acid, kynurenine, 
3-hydroxykynurenine, kynurenic acid

1. Introduction

Tryptophan (TRP) is one of the essential amino acids, which must be taken as food. It is not 
only needed for protein synthesis but serves as a substrate for bioactive component with 
important physiological roles.
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There are three pathways in TRP metabolism: serotonin (5-HT), kynurenine (KYN), and 
indole-3-acetic acid pathways.

Since 5-HT is known as an important neurotransmitter and derived from TRP, many people 
know about TRP to some extent. 5-HT is really involved in the adaptive responses in the 
central nervous system and considered to be related to mood, anxiety, or cognition [1].

5-HT is further converted in the pineal body and the retina to N-acetyl serotonin (NAS) and 
melatonin which controls circadian rhythm [2].

In mammals, most of the free TRP is converted to KYN and generates metabolites involved in 
inflammatory, immune, responses, and neurotransmission [3].

We have recently succeeded in simultaneous measurements of almost all TRP metabolites 
including melatonin by using an ultrahigh speed liquid chrom`atography and mass spec-
trometry (LC-MS) [4], which is the first time in the world.

In this chapter, we report about the precise methodology of the simultaneous measurements 
and some results obtained from stressed rats and depressive patients.

1.1. Measurements of TRP metabolites using LC-MS

1.1.1. Background

Since 5-HT and its derivatives have the strong fluorescence, high-sensitive analyses of some 
TRP metabolites can be performed by liquid chromatography with fluorescence detection. 
However, it is very limited to analyze the total metabolites including kynurenine by photo-
metric detection although kynurenic acid (KYNA) can be detected as zinc chelate compound 
under zinc acetate solution.

In the past years, liquid chromatograph mass spectrometry (LC-MS) has been widely spread 
in many areas including clinical and biological analyses. Since LC-MS with electrospray 
ionization (ESI) is suitable for determination of metabolites of TRP, LC-MS is expected as a 
powerful tool for this type of analysis.

In addition, the tandem mass spectrometer also has widely used in recent years with its high 
sensitivity and selectivity.

There are several researches for the simultaneous analyses of TRP metabolites using LC-MS or 
LC-MS/MS methods for clinical samples such as human serum and plasma [5, 6]. In general, 
isotope-labeled internal standards are used in LC-MS/MS analysis to improve the accuracy, 
although isotope-labeled regents are expensive and limited availability [7, 8]. Even though 
less accurate, acceptable results can be obtained without internal standards for the screen-
ing purposes. In this chapter, the simultaneous determination of TRP metabolites in human 
plasma by LC-MS/MS technique combined with simple pretreatment procedure is described.

1.1.2. Regents and instrumentation

The simultaneous analytical method was developed for major metabolites of TRP including 
melatonin.

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches144

The targets are 17 of major metabolites, tryptophan (TRP), L-5-hydroxytryptophan (5-HTP), 
serotonin (5-HT), kynurenine (KYN), 5-hydroxy-tryptophol, tryptophol, 5-hydroxyindoleacetic 
acid (5-HIAA), indole-3-acetic acid, anthranilic acid (AA), kynurenic acid (KYNA), quinaldic 
acid, 3-indolebutyric acid, 3-hydroxykynurenine (3-HKYN), 3-hydroxyanthranilic acid (3-HAA), 
xanthurenic acid (XA), melatonin, and quinolinic acid (QA). Each compound is commercially 
available from major chemical regent manufacturers, such as Fujifilm-Wako chemical (Osaka, 
Japan) and Sigma-Aldrich (St. Louis, MO, USA).

Analysis was performed by a liquid chromatograph tandem mass spectrometer, the LCMS-
8060 mass spectrometer equipped with Nexera X2 liquid chromatograph system (Shimadzu 
Corporation, Kyoto, Japan).

The targets are separated by reversed phase mode using ODS analytical column, L-Columns 
ODS (2.1 mm x 150 mm, CERI, Tokyo, Japan) with a gradient elution. Mobile phases were 0.1% 
formic acid solution and acetonitrile with 5% concentration of acetonitrile to 3 min, then 5–95% 
in 6 min followed by 5% in 3 min (12 min analytical cycle) at total flow rate of 0.4 mL/min. The 

Qualification (m/z) Qualification (m/z)

Compound Molecular 
weight

Monoisotopic 
mass

Precursorion Production Precursorion Production

DL-Trypotophan 204.225 204.090 205.10 188.10 205.10 146.10

L-5-
Hydroxytrypotophan

220.225 220.085 221.10 204.05 221.10 162.00

Serotonin 176.215 176.095 177.10 160.10 177.10 115.05

L-Kynurenine 208.214 208.085 209.10 192.00 209.10 94.05

5-Hydroxytrypotophol 177.200 177.079 178.10 160.10 178.10 115.05

Trypotophol 161.200 161.084 162.10 144.05 162.10 117.10

5-Hydroxyindole 
-3-acetic acid

190.176 190.051 192.10 146.05 192.10 110.00

Indole-3-acetic acid 175.184 175.063 176.10 130.05 176.10 77.05

Anthranilic acid 136.129 136.040 138.10 120.05 138.10 65.05

Kynurenic acid 189.167 189.043 190.10 144.05 190.10 89.10

Quinaldic acid 172.161 172.040 174.10 128.05 174.10 156.05

Indole-3-acetic acid 202.230 202.087 204.10 186.10 204.10 130.10

3-Hydroxykynurenine 224.213 224.080 225.15 208.20 225.15 162.15

Hydroxyanthranilic 
acid

152.128 152.035 154.15 136.20 154.15 80.15

Xanthurenic acid 205.167 205.038 206.15 160.20 206.15 132.20

Melatonin 232.279 232.121 232.20 174.10 232.20 130.05

Quinolinic acid 167.120 167.022 168.00 78.10 168.00 150.00

Table 1. MRM transition.
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Qualification (m/z) Qualification (m/z)

Compound Molecular 
weight

Monoisotopic 
mass

Precursorion Production Precursorion Production

DL-Trypotophan 204.225 204.090 205.10 188.10 205.10 146.10

L-5-
Hydroxytrypotophan

220.225 220.085 221.10 204.05 221.10 162.00

Serotonin 176.215 176.095 177.10 160.10 177.10 115.05

L-Kynurenine 208.214 208.085 209.10 192.00 209.10 94.05

5-Hydroxytrypotophol 177.200 177.079 178.10 160.10 178.10 115.05

Trypotophol 161.200 161.084 162.10 144.05 162.10 117.10

5-Hydroxyindole 
-3-acetic acid

190.176 190.051 192.10 146.05 192.10 110.00

Indole-3-acetic acid 175.184 175.063 176.10 130.05 176.10 77.05

Anthranilic acid 136.129 136.040 138.10 120.05 138.10 65.05

Kynurenic acid 189.167 189.043 190.10 144.05 190.10 89.10
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Indole-3-acetic acid 202.230 202.087 204.10 186.10 204.10 130.10

3-Hydroxykynurenine 224.213 224.080 225.15 208.20 225.15 162.15

Hydroxyanthranilic 
acid

152.128 152.035 154.15 136.20 154.15 80.15

Xanthurenic acid 205.167 205.038 206.15 160.20 206.15 132.20

Melatonin 232.279 232.121 232.20 174.10 232.20 130.05

Quinolinic acid 167.120 167.022 168.00 78.10 168.00 150.00

Table 1. MRM transition.
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Figure 1. The procedure of deproteinization.

temperature of the column was 40°C. For LC-MS, electrospray ionization (ESI) was used with 
multi-reaction monitoring (MRM) mode.

Flow rate of the neutralizer and the drying gas were 2 L/min and 10 mL/min, respectively. 
The temperature of desolvation line (heated capitally tube) was 250°C. ESI interface was used 
at 400°C with 10 L/min of heating gas flow. Each MRM transition was optimized using each 
standard solution. Optimized results are shown in Table 1.

All mother solution of 1 mg/mL had been stocked under −80°C and standard samples for 
calibration curve were prepared before use as mixture solution by consideration of each range 
of measurement concentration.

1.1.3. Analysis of human plasma

Aliquot of 50 μL human plasma was used for each sample analysis. The procedure including 
deproteinization is shown in Figure 1. The typical chromatograms of 17 major metabolites are 
shown in Figure 2 as standard solution and in Figure 3 as human plasma sample. These chro-
matograms demonstrate the usefulness of the developed method for simultaneous analysis 
of TRP metabolites.
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1.2. Stress and TRP metabolism

Stress influences many functions related to mental and body health. We have shown that the 
application of electric shock increased plasma and brain TRP, 5-HT, and 5-HIAA levels [9, 10] 
and changed nicotine-induced release of 5-HT or dopamine in rats [11–14]. We also examined 
changes in serotonergic and kynurenic pathways in rats exposed to foot shock [15].

Stress induces a number of changes in the central system of neurotransmitters, particularly 
noradrenaline and 5-HT [16, 17].

A pathologic overabundance of endogenous excitotoxin, quinolinic acid, or hypofunction of 
KYNA has been hypothetically linked to the occurrence of seizures and nerve cell death [18, 19].

Figure 2. Chromatograms of 17 major metabolites of tryptophan.

Figure 3. Chromatogram of human plasma sample.
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1.2.1. Stress and TRP metabolites in the brain

Animals: Male Wistar rats (9 weeks old) were fed with standard laboratory foods and tap water 
ad libitum. Two weeks later, rats were randomly divided into two groups. One group received 
foot shock, which was given as a series of 10-s shock (o.19 mA) followed by 50 s intervals dur-
ing a 60-min period. CT 110 cycle timer and NS-SG01 shock generator scrambler (Neuroscience 
Inc., Tokyo, Japan) were used. Samples of 10 rats were taken immediately after the foot shock 
and samples of another 10 rats were taken 24 h after the shock. Ten rats were used as controls.

Blood: Rats were anesthetized with pentobarbital, and blood was taken by heart puncture 
and put into a tube containing 3/13% sodium citrate. Plasma was obtained by centrifugation 
at 3000 rpm for 20 min.

Brain sampling: The brains were removed and chilled on ice. Eight regions (cerebellum, 
medulla, hypothalamus, striatum, midbrain, hippocampus, cortex, and frontal cortex) were 
dissected and samples were immediately frozen. Frozen brain samples were homogenized 
in 0.15 N perchloric acid containing 0.025% EDTA (pH 3.0). The samples were centrifuged 
at 14,000 rpm for 20 min at 4°C. After centrifugation, the supernatant was filtered (0.45 μm 
Millipore filter) and stored at −80°C until assayed.

Figure 4 shows TRP pathway and its metabolites.

Figure 5 shows that 5-HT levels increased significantly at hypothalamus and midbrain soon 
after the shock but returned normal 24 h later.

5-HT levels were not increased in cerebellum, medulla, striatum, hippocampus, cortex, and 
frontal cortex.

Figure 6 shows 5-HIAA levels of various brain areas after foot shock.

5-HIAA levels significantly increased in all the brain areas except striatum but returned nor-
mal 24 h later.

Figure 7 shows KYN levels in various brain areas after foot shock.

KYN levels significantly increased in all the brain areas after foot shock but returned to nor-
mal 24 h later.

Figure 8 shows plasma levels of TRP, 5-HT and 5-HIAA after foot shock.

Plasma levels of TRP, 5-HT, and 5-HIAA significantly increased after foot shock but returned 
to normal 24 h later.

Figure 9 shows plasma levels of KYN,3-HKYN, and KYNA after foot shock.

Plasma levels of KYN, 3-HKYN, and KYNA increased significantly after foot shock but 
returned to normal 24 h later.

1.3. TRP metabolites in plasma of patients of depression

We asked male and female acquaintances older than 50 years old and male and female 
college students to participate in the experiments. We checked their health carefully and 
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recruited them if there were no health problems such as diabetes, hypertension, or no seri-
ous diseases experienced in the past. They did not smoke in the past. We also excluded 
people who took drugs for dyslipidemia, hyperglycemia, or hypertension. We collected 
blood samples early morning. Participants were asked not to eat anything after 21.00 PM 
the previous evening. Plasma specimens were collected for assays of blood parameters. We 
obtained an informed consent prior to conducting the protocol which had been approved 
by the Ethical Committee of Showa Women’s University and Yokohama North Hospital of 
Showa University.

Patients were diagnosed to be monopolar depression at the psychiatry clinic of Yokohama 
North Hospital of Showa University. The Zung Self-Rating Depression Scale [20] was used, 
which is a short self-administered survey to quantify the depressed status of a patient. There 
are 20 items on the scale that rate the affective, psychological, and somatic symptoms associ-
ated with depression. We took blood from five male patients (26, 30, 45, 47, and 56 years old) 
and four female patients (23, 25, 41, and 60 years old).
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Figure 5. Serotonin (5-HT) levels in various brain areas after electric foot shock. con, control; E0, soon after the shock; E1, 
24 h after the shock. *p < 0.05 and **p < 0.01.

Figure 6. 5-HIAA levels in various brain areas after foot shock. con, control; E0, soon after the shock; E1, 24 h after the 
shock. *p < 0.05.
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5-HT was detected only in plasma of two patients. Both of them were young females. A 60-year-
old woman took Jay Zoloft 25 mg and ethyl loflazepate 1 mg, and another 41-year-old woman 
took Cymbalta 20 mg and Luran 3 mg. 5-HT was not detected in plasmas of these women.

The number of healthy old men and young women were 20, and the number of depressive 
patients were 9.

Figure 7. Kynurenine levels in various brain areas after foot shock. con, control; E0, soon after the shock; E1, 24 h after 
the shock. **p < 0.01 and ***p < 0.001.

Figure 8. Plasma levels of TRP, 5-HT, and 5-HIAA after electric foot shock. con, control; E0, soon after the shock; E1, 24 h 
after the shock. *p < 0.05 and **p < 0.01.
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Figure 9. Plasma levels of KYN (kynurenine), 3-HKYN (3-hydroxykynurenine), and KYNA (kynurenic acid). con, 
control; E0, soon after the shock; E1, 24 h after the shock. **p < 0.01 and ***p < 0.001.

Young men (n = 20) Young women (n = 20) Old men (n = 20)

Age 20.7 ± 1.5 21.2 ± 0.7 60.8 ± 9.9

Height (m) 1.72 ± 0.06 1.58 ± 0.05 1.69 ± 0.07

Weight (kg) 65.1 ± 8.9 51.4 ± 5.8 71.1 ± 13.1

BMI 22.1 ± 3.1 20.4 ± 1.6 24.9 ± 3.7

Table 2. Basic backgrounds of healthy participants.

Patients Sex Serotonin detection Visit (age) Medication

H1 Male — 45 None

H2 Male — 47 None

H3 Female — 60 Jay Zoloft 25 mg, ethyl 
loflazepate1 mg

H4 Female + 23 None

H5 Female + 25 None

H6 Male — 30 None

H7 Female — 41 Cymbalta 20 mg, Luran 3 mg

H8 Male — 56 None

H9 Male — 26 None

Table 3. Various parameters of patients.
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Tables 2 and 3 show the background data of these patients.

Figure 10 shows plasma  levels of 5-HT of healthy young women, old men and depressive patients.

Plasma levels of 5-HT in depressive patients were very low compared to those of old men and 
young women. 5-HT was detected in plasmas of only two young females.

Figure 11 shows 5-HT/TRP and 5-HIAA/TRP ratios.

Although 5-HT/TRP ratio of depressive patients was low compared to that of old men and 
young women, 5-HIAA/TRP ratio was almost the same as that of old men and young women.

Figure 10. 5-HT levels in plasmas of depressive patients and controls.

Figure 11. 5-HT or 5-HIAA/TRP ratio.
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Figure 12 shows that there were no differences in KYN/TRP ratios between that of old men, 
young women, and depressive patients.

2. Discussion

As stated above, most of the metabolites of KYN pathway are found in the brain [1, 21–23]. 
Some metabolites of KYN pathway are neurotoxic and some are neuroprotective.

KYNA is an endogenous neuroprotective agent that is usually present in the brain at nanomo-
lar concentration [24]. KYNA is an antagonist to quinolinic acid (QA) and acts on the glycine 
modulatory site of the NMDA receptor at low concentration [22] and at higher concentration 
at the glutamate site of the NMDA receptors and also on the a-amino3-hydroxy-5-methyl-
4-isoxazolepropionate (AMPA) receptors [25]. It also antagonizes the alpha 7 nicotinic acetyl-
choline receptors [26] and selectively activates a G-protein-coupled receptor, GPR35–48 [27]. 
Many neuroactive intermediates are shown in KYN pathways [28]. So, we decided to measure 
some of TRP metabolites in the brain and plasma in the stressed rats.

Our results show that 5-HT levels increased only in hypothalamus and midbrain, but its deg-
radation product, 5-HIAA levels, increased in every part of the brain. These results may imply 
that 5-HT is quickly converted to 5-HIAA soon after shock, so that 5-HT levels apparently 
did not increase after shock. This finding is important in the explanation of plasma 5-HT and 
5-HIAA levels in patients of depression.

Figure 12. KYN/TRP ratio.
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Some of TRP metabolites were shown to be neuroexcitatory and convulsive, thus toxic [29]. 
One of such neuroexcitatory factors in KYN pathway is 3-HKYN [24]. Its synthesis is cata-
lyzed by kynurenine 3-hydroxylase. Although data of brain analyses were not shown here, 
3-HKYN levels increased in all the brain areas and plasma (Figure 6).

3-HKYN is said to be the most toxic substance in TRP metabolism [30]. So stress induces 
disturbances in the central nervous system by increasing levels of 3-HKYN (Figures 4–9).

KYN is usually hydroxylated to 3-HKYN and then further converted to 3-hydroxyanthranilic acid 
(3-HAA). 3-HAA is rapidly converted to QN by the non-enzymatic reaction and further to NAD+.

The other pathway of KYN, the production of KYNA and xanthurenic acid (XA), is minor 
under normal conditions. KYNA is an endogenous antagonist of excitatory amino acid recep-
tors and may serve as a modulator of excitatory nerve transmission. This study may suggest 
that stress induces the indirect modulation of excitatory amino acids in the central nervous 
system by increasing KYNA.

KYNA has an antagonist activity of the three ionotropic excitatory amino acid receptors [22, 
31]. At low concentrations, KYNA blocks the glycine co-agonist site of N-methyl-D-aspartate 
receptor and may serve to prevent the overactivation of glutamic acid receptor. When brain 
kynurenic acid levels were increased experimentally, neuroprotection and seizure reduction 
have been reported [32].

The roles of various metabolites of KYN pathway are reviewed [28], so we do not discuss 
these roles in detail.

As to relationships between serotonin levels and depression, we analyzed plasma levels of 
TRP metabolites in patients of depression.

Although the concentration of 5-HT has been considered to be low in depressive patients 
[33], 5-HT concentration in the brains of suicide victims was not low [34]. Therefore, it is not 
known if 5-HT concentration is decreased in the brains of depressive patients (Table 2).

We decided to measure TRP metabolites in patients of monopolar depression. Table 3 shows 
five male patients participated in the experiments. The age is 44–61 years old (41.2 ± 11.3). 
Plasma serotonin levels were detected only in two young female patients. We could not mea-
sure 5-HT in plasma in seven persons, which is shown in Figure 10.

Although plasma serotonin levels and 5-HT/TRP ratio were low in depressive patients, the 
levels of 5-HIAA/TRP were not lower in depressive patients. This result indicates that 5-HT 
is degraded to 5-HIAA in depressive patients almost to the same extent to healthy old and 
young women (Figures 11 and 12).

We measured the levels of KYN in healthy old men and young women and depressive patients. 
TRP seems to be degraded to KYN pathways to the same extent in these three groups.

These results suggest that in depressive patients 5-HT was quickly degraded to 5-HIAA, and 
this seems to be a reason of low 5-HT levels in depressive patients.

As to a relationship between serotonin pathway and KYN pathway, Lapin IP suggested 
that in depression tryptophan 2,3-dioxygenase in the liver shunted metabolism of serotonin 
away from 5-HT production to KYN production, resulting in serotonin deficiency [35]. KYN, 
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radation product, 5-HIAA levels, increased in every part of the brain. These results may imply 
that 5-HT is quickly converted to 5-HIAA soon after shock, so that 5-HT levels apparently 
did not increase after shock. This finding is important in the explanation of plasma 5-HT and 
5-HIAA levels in patients of depression.

Figure 12. KYN/TRP ratio.

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches154

Some of TRP metabolites were shown to be neuroexcitatory and convulsive, thus toxic [29]. 
One of such neuroexcitatory factors in KYN pathway is 3-HKYN [24]. Its synthesis is cata-
lyzed by kynurenine 3-hydroxylase. Although data of brain analyses were not shown here, 
3-HKYN levels increased in all the brain areas and plasma (Figure 6).

3-HKYN is said to be the most toxic substance in TRP metabolism [30]. So stress induces 
disturbances in the central nervous system by increasing levels of 3-HKYN (Figures 4–9).

KYN is usually hydroxylated to 3-HKYN and then further converted to 3-hydroxyanthranilic acid 
(3-HAA). 3-HAA is rapidly converted to QN by the non-enzymatic reaction and further to NAD+.

The other pathway of KYN, the production of KYNA and xanthurenic acid (XA), is minor 
under normal conditions. KYNA is an endogenous antagonist of excitatory amino acid recep-
tors and may serve as a modulator of excitatory nerve transmission. This study may suggest 
that stress induces the indirect modulation of excitatory amino acids in the central nervous 
system by increasing KYNA.

KYNA has an antagonist activity of the three ionotropic excitatory amino acid receptors [22, 
31]. At low concentrations, KYNA blocks the glycine co-agonist site of N-methyl-D-aspartate 
receptor and may serve to prevent the overactivation of glutamic acid receptor. When brain 
kynurenic acid levels were increased experimentally, neuroprotection and seizure reduction 
have been reported [32].

The roles of various metabolites of KYN pathway are reviewed [28], so we do not discuss 
these roles in detail.

As to relationships between serotonin levels and depression, we analyzed plasma levels of 
TRP metabolites in patients of depression.

Although the concentration of 5-HT has been considered to be low in depressive patients 
[33], 5-HT concentration in the brains of suicide victims was not low [34]. Therefore, it is not 
known if 5-HT concentration is decreased in the brains of depressive patients (Table 2).

We decided to measure TRP metabolites in patients of monopolar depression. Table 3 shows 
five male patients participated in the experiments. The age is 44–61 years old (41.2 ± 11.3). 
Plasma serotonin levels were detected only in two young female patients. We could not mea-
sure 5-HT in plasma in seven persons, which is shown in Figure 10.

Although plasma serotonin levels and 5-HT/TRP ratio were low in depressive patients, the 
levels of 5-HIAA/TRP were not lower in depressive patients. This result indicates that 5-HT 
is degraded to 5-HIAA in depressive patients almost to the same extent to healthy old and 
young women (Figures 11 and 12).

We measured the levels of KYN in healthy old men and young women and depressive patients. 
TRP seems to be degraded to KYN pathways to the same extent in these three groups.

These results suggest that in depressive patients 5-HT was quickly degraded to 5-HIAA, and 
this seems to be a reason of low 5-HT levels in depressive patients.

As to a relationship between serotonin pathway and KYN pathway, Lapin IP suggested 
that in depression tryptophan 2,3-dioxygenase in the liver shunted metabolism of serotonin 
away from 5-HT production to KYN production, resulting in serotonin deficiency [35]. KYN, 
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QN, and 3-HKYN were shown to be anxiogenic and KYNA were anxiolytic [36]. From these 
results, he tried to explain the effects of antidepressive drugs.

Our results do not support this hypothesis. Metabolites of KYN pathways were not high in 
depressive patients.

There have not been enough studies as to 5-HT levels in the brain of patients of bipolar depres-
sion. Serotonin levels in cerebrospinal fluids of patients of bipolar depression were shown to 
be high [37] or normal [38]. So it seems to be very important to discriminate monopolar and 
bipolar depression to study roles of serotonin in the pathogenesis of disease.

Our results show that plasma 5-HT levels were low and metabolites of KYN pathway were 
not changed in patients of monopolar depression.

3. Statistics

Standard ANOVA methodology was used and p < 0.05 was considered as significant differ-
ence. Results are expressed as mean ± SD. Bars of figures represent standard deviations.

4. Ethics

This work has been approved by the Ethical committees of Showa Women’s University, Showa 
University School of Medicine, and NPO “International projects on food and health” and has 
been carried out in accordance with The Code of Ethics of the World Medical Association 
(Declaration of Helsinki) for experiments.
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Abstract

(1) In junior high school students aged 14–15 years old, the salivary melatonin level 
increased rapidly from 3.00 pg/ml at 21:45 to 9.18 pg/ml at 23:40 under orange light from 
light bulb, whereas it remained at less than 1.3 pg/ml under white light from fluorescent 
lamp. (2) In 3 weeks of intervention on university athlete students, the salivary mela-
tonin concentration at 23:00 of G3 (protein-rich breakfast and following sunlight expo-
sure and orange light from the light bulb at night) after intervention was significantly 
higher than that of G1 (protein-poor breakfast and not following exposure to sunlight 
and white light from the fluorescent lamp at night) and G2 (protein-rich breakfast and 
following exposure to sunlight and white lights from the fluorescent lamp at night). (3) 
This study evaluates the effects of cow’s milk intake (Group 1: G1) for 20 days at breakfast 
on saliva melatonin concentration at 22:00 and 23:00 on 0, 10, and 21 days of the inter-
vention period in Japanese university male athletes attending a university soccer club. 
In the intervention group (G1), salivary melatonin concentration increased at 22:00 in 
comparison with that before intervention, but there was no significant change in the con-
trol group (Group 2: G2). On the other hand, there were no significant differences in the 
melatonin at 23:00 between the both groups just after 21 days of intervention. Intake of 
cow’s milk at breakfast might make the circadian phase in advance in the soccer athletes.

Keywords: junior high-school students, university soccer club students, salivary 
melatonin concentration in 22:00–23:00, orange or white lighting at night, cows’ milk at 
breakfast
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1. Background

Night sleep duration of Japanese children aged 10–18 years has become shorter by 1 hour 
during 1970–2000 in Japan [1]. In 2016, sleep hours in Japanese infants were reported to be 
only 9 hours (ideal hours, 12–13 hours) on average [2], while it ranged mainly in 7–10 hours 
for 8–11 years old of Japanese children (ideal hours, 10–11 hours) [3]. The so-called 24-hour 
society, which is currently in progress in Japan, seems to change environmental conditions 
surrounding the children. For example, mobile phones are used by more than 90% in 2000 
and more than 98% in 2017 of university students, and more than 30% in 2000 and 95% in 
2017 of junior high school students living in the urban area of Kochi city (33°N) had their 
own mobile phone (currently, most ones have smart phones) [4, 5]. Students can communi-
cate with their colleagues even in the middle of the night with mobile phones. Frequent or 
long-time (more than 30 min) usage of the mobile phone makes university and junior high 
school students more evening-typed [4, 5]. At least for Japanese students in junior and senior 
high schools and universities, convenience stores have critical items for usual life, and these 
provide many kinds of foods and other goods for usual life. The total number of convenience 
stores by the main eight Japanese companies is 55,395 in 24 April 2018 all over Japan (http://
mitok.info/?p=75099). Convenience stores are very bright places with luminance of 2000 Lux 
or more at the level of the eye height. Such bright light inside convenience stores may function 
as a merchandising technology which has been used all over the world for at least 75 years. 
Unconscious effects of using bright lights with higher color temperature in the evening or at 
night could be very serious for phase-delaying the circadian clock of students who had been 
exposed to bright lights [6].

Honma and Honma [6] reported an evidence that phase-delay effects were shown by light 
pulse exposure with higher color temperature from fluorescent lamp made only in the first 
half of the subjective night (about 19:00–24:00) in the circadian phase. On the other hand, 
phase advance of the circadian clock could be caused by the light exposure during 3 hours 
from the bottom point (about 4:00–5:00) of core body temperature rhythm. The effects of the 
night or evening use of convenience store was studied and showed that it was possible to 
make the diurnal rhythms of Japanese children mainly aged 12–15 years old become more 
evening-typed and take shorter sleep [7, 8]. Younger children attending kinder gardens and 
students attending elementary school were more sensitive to “light conditions” in normal life 
than university students, according to an epidemiological study [4].

Melatonin is synthesized in the pineal body of the hypothalamic area and secreted at night. It 
is well known as a key substance which may be effective in promoting the falling into night 
sleep by humans [9]. During daytime, the concentration of plasma melatonin was reported to 
be extremely low, whereas it increased rapidly during 22:00–23:00 as much as 10 or 20 times of 
daytime values [10, 11]. The melatonin intake caused higher EEG power density in the range 
of relatively low frequency of 5.25–9.0 Hz rather than that of placebo [12]. The melatonin level 
in the serum can be well and positively correlated with that in the saliva [13–16]. Secretion 
of melatonin exhibits circadian rhythms and is suppressed by bright light at night [17, 18]. 
Moreover, the plasma melatonin level at night was suppressed by the exposure of lights with 
400 Lux for more than 4 min (or 300 Lux for more than 2 hours), whereas such suppression 
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was not seen under dim lights [19, 20]. Even room lights such as fluorescent lamps can attenu-
ate melatonin excretion duration at night [21]. Especially, blue lights with 460 nm as peak 
wave length in the evening can be well absorbed by melanopsin in the neuro-ganglia cells in 
the retina [22, 23]. Evening lighting conditions are also said to affect circadian rhythms [24, 25] 
and mental health in mice [26]. Tryptophan intake at breakfast is effective for the onset and 
offset of sleep in young children [27]. Moreover, questionnaire surveys showed that young 
children exposed to sunlight for more than 30 min after having sources of protein at breakfast 
are more morning-typed than those exposed for less than 30 min [28] and that the more young 
children take in vitamin B6 at breakfast, the more they exhibit morning typology [29]. These 
findings can lead to appear the following hypothesis. It would be that morning tryptophan 
and vitamin B6 intake and following exposure to sunlight in the morning can induce serotonin 
synthesis in the daytime especially in the morning at pineal, and the following metabolism 
from serotonin to melatonin synthesis at night also at pineal can be promoted. However, it is 
impossible to test this hypothesis by a simple questionnaire study. Moreover, this melatonin 
synthesis could be inhibited by the night exposure to shortwave length (blue light, high color 
temperature) lights emitted from fluorescent lamps through melanopsin [30]. This hypothesis 
can be tested by an intervention field experiment which was done [31] and introduced here.

In the case of adolescents and children, exposure to lights of 300 Lux or more during the first 
half of subjective night in the normal life might decrease their melatonin level and prevent 
the falling into sleep [32]. Japanese junior and senior students were known to study at home 
mainly at night and also in the private preparatory school (for upper schools). In such cases, 
they are exposed to bright lights in most cases from fluorescent light bulbs. Many blue or 
blue-green lights with 470–500 nm wave lengths which were included in the bright lights 
were powerful to suppress melatonin concentration [33].

In the epidemiological studies made in 2003–2013 on university students in Kochi Prefecture 
(33°N), 21.4% of the students used frequently (more than 4–5 days or more per week) con-
venience stores [34]. Twenty-two percent of convenience store users went there after sunset. 
Among convenience store users, 30.2 and 6.5% of junior high school students stayed there 
for 15–30 min and more than 30 min per one use, respectively [8]. In Japan, many junior high 
school students were faced to the entrance examination for the upper senior high school and 
went to a private preliminary school after schools. About 62.4 and 18% of the students in prep-
aration went and studied there for 2 or 3 hours till 21:00 and 22:00, respectively [8]. Generally, 
in Japanese education scene, some junior and senior students use convenience stores after 
sunset and were exposed to bright light with high color temperature with more than 2000 
Lux from the fluorescent lamp. These exposures seem to suppress the plasma melatonin level 
[31, 35] and also are possible to make the circadian phase delayed in junior high school and 
university students.

Tryptophan is one kind of amino-acid of 21 kinds and cannot be made up from another 
substance but only can be absorbed exclusively from meals in humans. After absorption of 
tryptophan, it was transported from alimentary canal through brain-vessel barrier into the 
pineal in the brain. There, it was metabolized first to 5-hydroxytryptamine (serotonin) in the 
morning time mainly, at first, by two kinds of enzymes. Serotonin was again metabolized into 
melatonin by another two kinds of enzymes again in the pineal at night [36, 37]. What is the 
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function of serotonin as a precursor of melatonin? The shortage of serotonin in the human 
brain has been known to induce eating disorders, sleep disorders, obsessive compulsive dis-
order, panic disorder, and depression [38]. The lack of serotonin also seems to cause impul-
sive behavior and suicidal attempts, anxiety/aggression-driven depression, and aggression 
[39, 40]. Thus, serotonin is called the “key” substance in the psychiatry field. For example, 
serotonin reuptake inhibitors (SSRIs) were widely and commonly used for the treatment of 
affective disorders like as depression [41].

For keeping mental health, serotonin in the brain, one kind of catecholamine, would be a key 
substance. Medical doctors in the field of psychiatry have used serotonin reuptake inhibi-
tors (SSRIs) widely in the past four decades for the treatment of affective disorders including 
depression [41]. However, mixed opinions have been expressed to whether SSRIs are effective 
for the treatment of depression in children and adolescents because there has been the short-
age of coincident scientific evidence of SSRIs for young human beings. Synthesis of serotonin 
seems to be promoted by sunlight exposure after consuming protein-rich foods at breakfast 
[42]. This synthesis is hypothesized to occur mainly in the morning time. Another study on 
young Japanese children showed that the amount of tryptophan which was consumed at sup-
per had neither related with morningness-eveningness (M-E) scores nor with sleep habits [43].

How do cow’s milk proteins promote human health? Eight ways to promote human health 
were demonstrated by Nongonierma and FitzGerald [44]: (1) improving satiety and weight 
management, (2) reducing risk of heart disease, (3) having an antimicrobial role, (4) having 
anti-inflammatory effects, (5) showing anticancer effects, (6) exerting antioxidant effects, (7) 
affecting insulin secretion and serum glucose regulation, and (8) an action upon muscle pro-
tein synthesis.

Brezinova and Oswald [45] showed, using electroencephalography, that sleep was signifi-
cantly improved (longer and uninterrupted night sleeps) in older people when they ate a 
combination of cow’s milk and cereal before going to bed. Laird and Drexel [46] reported that 
a meal of cornflakes and milk strongly improved sleep quality (as judged from an uninter-
rupted night sleep), with regard to the relationship between sleep health and the intake of 
cow’s milk. On the effects of morning-drinking cow’s milk, only a few studies have been per-
formed for any improvement in sleep health. The two results of a questionnaire study have 
been reported on Japanese infants aged 2–6 years old [47]. Infants who added protein-rich 
foods at breakfast to the usual breakfast by other infants were more morning-typed and slept 
with significantly better quality than the other infants. Moreover, infants who drank milk at 
breakfast were less frequently depressed than those who did not.

Protein intake at breakfast would mean the consumption of tryptophan from the alimen-
tary canal to the blood. Such tryptophan could be transferred to the pineal where sero-
tonin can be synthesized and promote mental health in the daytime as an antidepressive 
agent. Serotonin can be further synthesized into melatonin as a sleep-onset agent at night 
[27–29, 31, 48]. For Japanese children, drinking cow’s milk at breakfast is an important 
source of tryptophan and could, on the basis of a questionnaire study [47], be supposed 
to promote mental and sleep health. Recently, an intervention of drinking cow’s milk 
(200 ml) at breakfast was reported to make Japanese university soccer team athletes who 
were originally more evening-typed than evening-typed, and this intervention also made 
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their soccer performances in advance [49]. Another intervention study was performed for 
1 month on the Japanese university soccer team members using a leaflet entitled: “Three 
benefits: Go to bed early! Get up early! Eat a nutritionally rich breakfast!” [48]. As the 
result of this intervention, all of their soccer performance, sleep health, and mental health 
were improved.

An increased intake of cow’s milk at breakfast, as a source of tryptophan, is hypothesized to 
promote the amount of serotonin in the morning and the following synthesis to melatonin at 
night in the Japanese university soccer team athletes. However, this hypothesis has not been 
tested. This study will try to test this hypothesis.

2. Effects of evening light conditions on salivary melatonin of 
Japanese junior high school students

2.1. Methods

2.1.1. Participants

Japanese junior high school students (four females and six males) as participants in this study 
were aged 14–15 years old [35]. They were Motoyama junior high school students in the third 
grade. This junior high school was located in the mountain area of Reihoku district (33.5°N) 
in Kochi Prefecture, Japan. Seven days were holidays for the participants before this study 
as intervention experiment. During the holidays before the experiment, they were recom-
mended to keep usual diurnal rhythm (like as bedtime and wake-up times).

The two groups “bright light experimental group (BLEG)” and “dim light control group 
(DLCG)” were set up for the intervention experiment for junior high school students. For 
the BLEG and DLCG, participants were selected to have similar circadian typology scores as 
the diurnal-type scale (DTS) of the morningness-eveningness (M-E) questionnaire of Torsvall 
and Åkerstedt [50] (mean ± SD: 15.00 ± 4.30 by BLEG and 14.80 ± 4.09 by DLCG). Participants 
of BLEG showed 23.0 ± 4.2 hours (mean ± SD, bedtime), 8.4 ± 1.9 hours (wake-up time), and 
9.1 ± 1.4 hours (sleep hours) just before the experiment. On the other hand, the values were 
23.8 ± 1.3 hours (bedtime), 8.9 ± 1.3 hours (wake-up time), and 9.5 ± 1.5 hours (sleep hours) 
for the DLCG participants. Each group has two females and three males. All participants col-
lected their own saliva using “Salivette” by collecting tubes (SARSTEDT Aktiengesellschaft & 
Co., Numbrecht, Germany) at 22:30–23:00 under the 200–300 Lux light from fluorescent light 
bulbs in their home on the day before the experimental day.

Most of the Japanese citizens are enjoying evening time under fluorescent light bulbs during 
the first half of the subjective night (about 19:00–24:00) based on a long-term epidemiological 
study [48] on 3700 small children aged 2–6 years and their mothers in 2003–2017 in Kochi.

Eighty-five percent or more of 3700 families of Japanese infants used fluorescent light bulbs 
as night lighting at home usually. When the illumination was measured at the level of 1 m 
above floor under a usual type of round-shaped fluorescent light bulb in a typical one-
room apartment for university students, it was 340 Lux [31].
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2.1.2. Procedure

We collected all 10 participants in front of Motoyama junior high school at 8:00 in 4 January 
2003. We moved the participants by a wagon car to the experimental place which was a 
Japanese-style hotel located at a mountain area, Yusuhara town in Kochi Prefecture, Japan. 
The Yusuhara town was located 126 km west from the Motoyama town. During driving, 
illumination inside the car was 350–500 Lux. The car arrived at the hotel around noon on 
4 January 2004. It was heavily snowing through the day around the hotel. Behavior of all 
participants was controlled during the experimental day in the hotel till the next morning 
of the experimental day. In the experimental daytime, all participants played outside and 
were exposed to the lights with 6000–7500 Lux at the eye level during 12:30–13:30 and 
14:50.

All the participants were exposed to the sunlight with 6000–7500 Lux at the eye level during 
12: 30–13:30 and 14:00–14:50 during they played in the yard of the hotel. After the playtime, 
they were allowed to have a rest in the living room of the hotel. The floor of the rest room was 
filled with 12 tatami mats. The illumination of the light at the eye level in the rest room was 
250 Lux from fluorescent light bulbs during the resting time till 16:00. Bath was taken by the 
participants one by one between 16:30 and 18:00. After that, supper was together taken by all 
participants between 18:15 and 19:20 in the living room.

BLEG participants moved to a Japanese-style room with eight tatami mats at 19:25. They 
were exposed to the high color temperature (white-colored) light with 2000 Lux at the eye 
level from fluorescent light bulbs. On the other hand, the DLCG ones moved to another 
Japanese-style room with eight tatami mats at the same time. Instead, the DLCG ones were 
exposed to the low color temperature (orange-colored) light with 60 Lux from an electronic 
light bulb.

In each room for BLEG and DLCG, all the participants did homework (e.g., literatures and 
mathematics) or made a small wooden folk craft object which is typical in the Yusuhara dis-
trict, under each light condition till 22:30. An oil heater in both rooms functioned to keep the 
room temperature 15 ± 2°C.

At 22:30, they moved back to the former living room (12 tatami mats) and stayed there 
under the light of 250 Lux till 23:40. After that, experimental staffs ordered female and 
male participants to move to separate rooms and go to bed just before 24:00. At 21:45, 22:30, 
and 23:40, the participants collected their own saliva using the “Salivette” as collecting 
tubes. Their salivary samples were preserved in a refrigerator at less than −20°C. Melatonin 
concentration in the samples was analyzed by a professional-analyzing company (MSL Co. 
Ltd.) which was a professional company for analyzing several chemicals and microbiologi-
cal organisms.

All the participants of BLEG and DLCG were ordered to get up at 7:00 in the next morning by 
calling out. They were enforced to get up between 7:00 and 7:15. Then, they took breakfast and 
left the experimental place, the hotel, at 9:00 for Motoyama junior high school. Light exposure 
at the eye level was measured by using a digital illuminance meter through the study.
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2.1.3. Ethic treatment

Detailed explanation of the objectives and methods of the experiment was provided before the 
experimental performance to the participants and their parents. The research project received 
full and complete agreement from all of them.

2.1.4. Statistical analysis

The software used for statistical analysis was SPSS 12.0 J for Windows (SPSS Inc., Chicago, 
IL, USA). The Wilcoxon test was used for the pair-wise test for melatonin concentration for 
temporal change of melatonin concentration before, through and after the intervention day.

2.2. Results

Salivary melatonin concentration in the DLCG increased from 3.00 ± 3.34 (mean ± SD) pg/ml 
at 21:45 to 9.18 ± 7.66 pg/ml at 23:30 in the experimental day (t-test between values at 21:45 and 
23:30; t = 3.60, df = 4, p < 0.05) (Figure 1). On the other hand, it remained at less than 1.3 pg/
ml till 23:30 in BLEG (t = 2.07, df = 4, p = 0.2). On the day before the experiment, significant 
difference was not shown in the melatonin concentration in saliva between BLEG and DLCG 
(Wilcoxon test: z = −1.163, p = 0.31). In comparison with the melatonin concentration at 22:30 

Figure 1. Effects of light condition on salivary melatonin concentration. Values shown are means (n = 5 per group) and 
SEM [35].
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under fluorescent lamps emitting 250 Lux white lights, the value for BLEG at experimental 
22:00 tended to be lower, whereas for DLEG, it was significantly higher. In the day before 
the experimental day, melatonin concentration under the fluorescent lamp with 200–400 
Lux in each home of both BLEG and DLCG was similar and had no significant difference 
(Mann-Whitney U-test: z = −1.163, p = 0.31). At 22:30 of the experimental day, melatonin con-
centration of BLEG tended to be lower than that of BLEG on the day before the experiment 
(Wilcoxon test: z = −1.604, p = 0.109). On the other hand, the concentration of DLCG at 22:30 
become higher than that of the previous day at home (z = −2.023, p = 0.043).

The bright light of 2000 Lux from fluorescent lamps with high color temperature seems to 
have suppressed the night increase of melatonin concentration of junior high school students. 
On the other hand, the relatively low color temperature light with 60 Lux did not. In Japan, 
the light condition with 2000 Lux and high color temperature can be seen usually inside all 
the convenience stores of Japan, which are now increasing and become common. Such bright 
light conditions are also common as room lightings in Japanese private schools, the so-called 
Juku, which are preliminary schools for preparation of going through the entrance examina-
tion, which is a very severe competition for upper schools. Therefore, exposure to bright lights 
in the evening “Juku” and convenience store would suppress the night increase in the plasma 
melatonin level as a direct effect also would make the circadian phase delayed and as a result 
phase of sleep wake cycle can be delayed.

2.3. Discussion

Traditional lightings by ancient Japanese citizens were mainly low color temperature lights 
which were emitted from a traditional Japanese hearth fire or an oil lamp or candle (20–30 Lux).  
Such “orange” lightings might be healthy for adolescent and children, because the ancient 
lightings included only a low amount of the light components with 460–480 nm wave lengths 
(blue or high color temperature lights), which are peaks of energy consumption by mela-
nopsin (relative to conopsin and lodopsin). Melanopsin is included in neuro-segmental cells 
and key substance for melatonin suppression [30]. Such orange lights do not stimulate the 
melanopsin, and melatonin suppression also does not occur. Therefore, junior high school 
children can fall in night sleep very smoothly [51]. This part 2 was already published in [35].

3. A tryptophan-rich breakfast and exposure to light with low color 
temperature at night improve the sleep and salivary melatonin level 
in Japanese students

3.1. Methods

3.1.1. Participants

Ninety-four participants were male university students aged 19–22 years old with averaged 20.33 
who were belonging to a university soccer club [31]. They participated in an intervention study; 
63 of them answered to the integrated questionnaire before and after the intervention period.
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Group 1 (G1) consisted of 20 soccer players without intervention, Group 2 (G2) had 22 soccer 
club members who were asked to have protein-rich foods such as fermented soybeans and 
vitamin B6-rich foods such as bananas at breakfast and sunlight exposure after breakfast, 
and Group 3 (G3) consisted of 21 members who were asked the same breakfast contents and 
sunlight exposure after that and additionally were asked to use incandescent light as night 
lighting. All participants were males.

For the night lighting, all the participants in the three groups have used fluorescent lamps 
(white light). Integrated questionnaires were administered to all participants three times to 
estimate the effects of the 1-month intervention. Questionnaire studies were performed just 
before the intervention period, soon after the end of the intervention, and 1 month after the 
intervention. The same questionnaire was used for study before the intervention and also 
1 month after that. The contents of the questionnaire were the diurnal-type scale constructed 
by Torsvall and Åkerstedt [50], questions on sleep habits and meal habits [52], an Irritation 
Index, the General Health Questionnaire (GHQ), the Sense of Coherence (SOC) questionnaire, 
and FFQ (Food Frequency Questionnaire). After the intervention, the questionnaire which 
had been administered before it was again done. Moreover, other self-assessment questions 
were also administered to the members of the three groups. The self-assessment questions 
were on how many days during the month-long intervention period they followed the three 
recommendations. The first one was on protein-rich foods as breakfast contents, the second 
one was sunlight exposure after breakfast, and the third one was the usage of orange lightings 
(like light bulbs which emit orange (lower color temperature)) lights at night.

3.1.2. Procedure

Based on the two questionnaire scores of FFQ (good, mild, and bad: three groups) and the 
diurnal-type scale (DTS) (morning-typed, middle-typed, evening-typed), nine groups (3 × 3) 
were made. Members of each of nine groups were randomly divided into the three experi-
mental groups. As the results of the treatment, no significant differences were made also in 
the body height, body weight, and age, among the three groups.

Through the intervention of 30 days in October–November in 2010, we asked all participants 
to keep a sleep diary. The sleep diary included a question and a selection list of answer: 
“How was the depth of your last night’s sleep?” “(1) Deep, (2) Relatively deep, (3) Relatively 
shallow, (4) Shallow.” To the members of Group 3, incandescent light bulbs (emitting orange 
lights) were distributed one by one before the intervention period. After that, they were asked 
to install the light bulbs (distributed) in their bed room. The G1 and G2 members were asked 
to switch fluorescent lamps on as usual, whereas the G3 ones were asked to switch incandes-
cent light bulbs (distributed) on instead, when they were asked on the lightings when they got 
back to their residences after sunset. Room lights for G1 and G2 (white: fluorescent lamp) and 
G3 (orange: incandescent lamp) were 100–400 Lux and <100 Lux, respectively. Sixty-seven 
percent of the participants (63 of 94) answered the first questionnaire before intervention and 
81% of participants (51 of 63) wrote their own sleep diaries during the intervention of 1 month.

On “high-protein content breakfast” and following “exposure to >30 min exposure to sun-
light,” the implementation scores were calculated as the sum of days when the “protein-rich 
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under fluorescent lamps emitting 250 Lux white lights, the value for BLEG at experimental 
22:00 tended to be lower, whereas for DLEG, it was significantly higher. In the day before 
the experimental day, melatonin concentration under the fluorescent lamp with 200–400 
Lux in each home of both BLEG and DLCG was similar and had no significant difference 
(Mann-Whitney U-test: z = −1.163, p = 0.31). At 22:30 of the experimental day, melatonin con-
centration of BLEG tended to be lower than that of BLEG on the day before the experiment 
(Wilcoxon test: z = −1.604, p = 0.109). On the other hand, the concentration of DLCG at 22:30 
become higher than that of the previous day at home (z = −2.023, p = 0.043).

The bright light of 2000 Lux from fluorescent lamps with high color temperature seems to 
have suppressed the night increase of melatonin concentration of junior high school students. 
On the other hand, the relatively low color temperature light with 60 Lux did not. In Japan, 
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in the evening “Juku” and convenience store would suppress the night increase in the plasma 
melatonin level as a direct effect also would make the circadian phase delayed and as a result 
phase of sleep wake cycle can be delayed.
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Traditional lightings by ancient Japanese citizens were mainly low color temperature lights 
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Such “orange” lightings might be healthy for adolescent and children, because the ancient 
lightings included only a low amount of the light components with 460–480 nm wave lengths 
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melanopsin, and melatonin suppression also does not occur. Therefore, junior high school 
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breakfast and following light exposure” was implemented. On another intervention “night 
exposure to low color temperature light,” it was defined as implementation score how many 
minutes per night they were exposed to the low color temperature light emitted from the 
incandescent bulb.

We asked the participants of G2 and G3 to mark (marking as 0–100 points as satisfaction 
score) the scores on “To what extent do they satisfy on their carryout of the two (G2) or three 
(G3) intervention contents for 30 days in the total.” We measured the salivary melatonin of 
the 10 participants of three groups. The 10 participants in each group were selected randomly 
because there was financial limitation for the chemical analysis. Ninety salivary samplings 
were needed for the experiment, because three groups prepared one sampling at 23:00 before, 
in the middle, and in the end of intervention (10 × 3 × 3). We asked participants to extract their 
own saliva at around 23:00 with cylindrical cotton (1 cm diameter, 3 cm long). If participants 
put them under their tongues for 3 min, full amount of saliva (1–3 ml) for analysis can be 
extracted outside and absorbed into the cotton. It was kept frozen at −25°C till analysis for 
1–2 weeks. Melatonin concentrations in the saliva were determined using an ELISA kit (Direct 
Saliva Melatonin ELISA, Bulmann, Switzerland).

3.1.3. Ethic treatment

Participants received a full explanation with the code of the guideline for a study targeting humans 
before the study [53]. The explanation included that the results of the study would be used only 
for academic purposes and that all participants completely agreed to participate in this study.

3.1.4. Statistical analysis

We used a statistical analysis software as SPSS 12.0 J for Windows (SPSS Inc., Chicago, IL, 
USA). As nonparametric analyses, Kruskal-Wallis test and following Bonferroni multiple 
comparison were used among the three groups. Wilcoxon’s signed-rank sum test was used 
for the pair-wise test in the same group and after the intervention (Figure 2).

Figure 2. Graphic schema of intervention study for university soccer club athletes.
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3.2. Results

We could get significant positive correlation between the feeling of sleeping well in the last 
week period (LWP) of the intervention period and hours spent under incandescent light at 
night (Pearson’s correlation test r2 = 0.265, p = 0.034). Salivary melatonin concentration by 
G3 participants was significantly higher than that of G1 and G2 in the midpoint and the day 
before the last day of intervention period (Bonferroni multiple comparison test: G1 vs. G3, 
p = 0.018; G2 vs. G3, p = 0.011). On the other hand, we have got no significant differences in the 
salivary melatonin among the three groups on the day just before the start of the intervention 
period (Kruskal-Wallis test: χ2-value = 0.92, df = 2, p = 0.63) (Figure 3). In the middle period 
(MP) of the intervention period of G3, the “high implementation period” tended to show a 
higher concentration of salivary melatonin than the “low implementation group” did (Mann-
Whitney U-test: z = −2.000, p = −0.071).

Group 2 participants tended to follow the morning intervention recommendations (high-
protein breakfast and sunlight exposure) on less days than G3 participants did (Mann-
Whitney U-test: first week period (FWP), z = −1.952, p = 0.053; MP, z = −1.628, p = 0.105; 

Figure 3. Salivary melatonin level just before intervention (A) (no significant difference: Kruskal-Wallis test: χ2-value = 0.92, 
df = 2, p = 0.63). All three groups showed low salivary melatonin level of 2–5 pg/ml just before intervention. Melatonin 
in the saliva collected at the midpoint and on the day before the last day of the intervention (B) (Bonferroni multiple 
comparison test: G1 versus G3, p = 0.018; G2 versus G3, p = 0.011). Comparison of salivary melatonin concentration 
among the three groups. Group 1: no intervention; Group 2: recommendation of high-protein breakfast and exposure to 
sunlight; and Group 3: same as Group 2 plus the recommendation of exposure to orange lights from incandescent lamps.
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LWP, z = 1.253, p = 0.221). The implementation rate in FWP tended to be higher than MP 
(Wilcoxon’s signed-rank sum test: G2, z = −1.851, p = 0.064; G3, z = −1.914, p = 0.056) and 
LWP (G2, z = −2.298, p = 0.022, G3, z = −2.898, p = 0.004). The implementation rate in LWP 
in G2 and G3 tended to be lower than that in MP (G2, z = −1.681, p = 0.093; G3, z = −2.533, 
p = 0.011).

There was a significantly positive correlation between the regularity of time to take breakfast 
and supper and the implementation satisfaction index (maximum score, 100) (Kendall tau-b 
test: breakfast r2 = 0.058, p = 0.038; supper r2 = 0.057, p = 0.036). There was a significant positive 
correlation between the index on implementation days and the diurnal-type scale (DTS) at 
1 month later after the intervention period (higher scores showing morning-typed) (Pearson’s 
correlation test: r2 = 0.195, p = 0.006). The index on intervention days was how many days 
(among intervention of 30 days) the participants satisfied the implementation on the breakfast 
contents as high-protein foods.

A significant positive correlation was shown between the number of nights (among 30 days) 
when participants were exposed to orange-colored lights emitted from incandescent lamp 
and the index of meal time for three meals just after the intervention (Kendall tau b-test: 
breakfast r = −0.574, p = 0.007; lunch r2 = 0.146, p = 0.084; supper r2 = 0.215, p = 0.029). In 
comparison with those who ate breakfast less frequently for 1 month after the intervention, 
participants who took breakfast more frequently took late-night snacks with less frequency 
(Kendall tau-b test = −142, p = 0.003).

In G3, participants after the intervention showed a lower anger/irritation index than those 
before the intervention (Wilcoxon’s signed-rank sum test: z = −3.072, p = 0.002). On the 
other hand, G1 showed only a tendency of reduced irritation (z = −1.786, p = 0.074), and 
G2 had no differences in mental health index after the intervention (z = −0.956, p = 0.340). 
Anger/irritation indices (the frequency to be irritated and the frequency to become angry 
due to small trigger) were also decreased after the intervention in G3 (Wilcoxon’s signed-
rank sum test: irritation z = −2.496, p = 0.013; anger z = 2.714, p = 0.007).

3.3. Discussion

This study showed that a triple intervention concerning breakfast content, sunlight expo-
sure after breakfast, and exposure to low temperature light emitted from incandescent 
bulbs are powerful methods for inducing secretion of high amounts of melatonin by the 
pineal gland inhuman adults. Underlying mechanisms can be hypothesized to consist of 
two components. The first component is that serotonin synthesis from tryptophan taken at 
breakfast may be enhanced by the exposure to sunlight just after taking breakfast. The sec-
ond component is that the high potential of melatonin synthesis based on the high serotonin 
synthesis in the pineal during daytime might be available due to the night exposure to the 
“low-temperature light” emitted from incandescent bulbs. Many reports have shown that 
melatonin secretion is suppressed by evening or night light emitted from fluorescent lamps 
including shortwave length (with around 460 nm of wave length) components [10, 33, 35, 
54–56]. Moreover, this study newly implies that the combined behaviors of (1) modifying 
breakfast content, (2) receiving sunlight exposure, and (3) receiving exposure to low color 
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temperature lighting at night can facilitate achievement of high plasma melatonin at night 
in humans. Melatonin, a hormone secreted from the pineal gland, has been reported to 
cause the core body temperature to decrease and induces sleep [9, 12, 57]. An important 
role of the high plasma melatonin level at night was reported as a sleep-onset agent and 
sleep quality promoter [58]. There was a significant and positive correlation between the 
duration when participants spent under incandescent lights at night and the scores which 
they marked to feel deep sleep, in this study.

High sleep quality would be promoted by high plasma melatonin in human beings. The prin-
ciple theory of this study is promotion of serotonin synthesis in the morning and succeeding 
melatonin synthesis at night. The intervention of this study is composed of three issues: (1) 
having sources of tryptophan and vitamin B6 at breakfast, (2) following up breakfast with 
exposure to sunlight, and (3) the exposure to low color temperature lights as night light-
ing. Serotonin works as antidepression agent, and melatonin is a natural sleep-onset pill. 
Moreover, these two hormones would act as a circadian clock as inner-zeitgebers. As a result, 
shift to morning-typed would lead to promoted mental health.

A limitation of this study of the intervention study is as follows: this intervention could not 
set a control group with low-tryptophan breakfast, sunlight exposure, and exposure to low-
temperature light at night for finding out the importance of the intake of tryptophan at break-
fast in the physiological mechanism of serotonin-melatonin synthesis. This study was not the 
so-called physiological experiment to set up several experimental groups and control group 
under controlling their usual life like as meals, lightings, and social activity in some extents. In 
the future, another intervention study controlling more life habits would be possible. Another 
limitation of this study is that this intervention study was performed only with men. In the 
future, women participants from sports club could add important data for making gender 
differences in response to breakfast modulation and the change at night lighting into orange 
light at night. This part 3 was already published in [31].

4. Effects of drinking cow’s milk at breakfast on saliva melatonin 
concentration in Japanese university athletes

4.1. Methods

4.1.1. Participants

Sixty percent of 93 participants were born and grown in Shikoku island, whereas the oth-
ers were from other parts of all over Japan. Participants in this study were 19–25 years old 
(Takeuchi et al., unpublished).

4.1.2. Procedure

Seventy-three participants of the experimental group were asked to drink 200 ml of cow’s 
milk at breakfast each morning for a period of 21 days, from 13 November 2014 to 4 December 
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Moreover, these two hormones would act as a circadian clock as inner-zeitgebers. As a result, 
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temperature light at night for finding out the importance of the intake of tryptophan at break-
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under controlling their usual life like as meals, lightings, and social activity in some extents. In 
the future, another intervention study controlling more life habits would be possible. Another 
limitation of this study is that this intervention study was performed only with men. In the 
future, women participants from sports club could add important data for making gender 
differences in response to breakfast modulation and the change at night lighting into orange 
light at night. This part 3 was already published in [31].
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ers were from other parts of all over Japan. Participants in this study were 19–25 years old 
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4.1.2. Procedure
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2014. We provided the milk for them. Twenty participants in the control group did not drink 
the cow’s milk in the morning at breakfast. Twenty men did not like milk originally. Between 
the two groups, no significant differences were shown in age, diurnal-type scale [50] scores, 
and sleep habits (wake-up time, bedtime, and sleep hours both in the weekdays and week-
ends) [52]. After the questionnaires and sleep diaries had been distributed, participants were 
allowed to answer them at home.

4.1.3. Ethic treatment

Before administrating the intervention study, all participants were given a written explana-
tion that detailed the concepts and purposes of the study and also stated that we would use 
the saliva melatonin data only for academic purpose. All participants agreed completely with 
the proposal and gave written consents after the explanation. The explanation stated that 
they could withdraw at any time and the withdrawal (canceling) had negative consequences 
for them. However, there were no withdrawals at fact. The intervention research was per-
formed in accordance with the guidelines which have been established by the Chronobiology 
International journal for the conduct of research on human beings [53]. The study was also 
permitted by the Kochi university soccer club committee and the committee in the Laboratory 
of Environmental Physiology, Graduate School of Integrated Arts and Sciences, Kochi 
University, which carried out ethical inspections regarding the contents of the methodology 
in this study.

4.1.4. Statistical analysis

The software used for statistical analysis was SPSS 12.0 J for Windows (SPSS Inc., Chicago, IL, 
USA). ANOVA and T-test were used for the tests on spacing ratio variables between ranked 
variables. Friedman test was used for paired variables. We were sometimes interested in 
changes during the intervention (Friedman).

4.2. Results

In saliva collected at 22:00, melatonin concentration was increased during the intervention 
period in the cow’s milk consumption group (ANOVA due to GLM repeating measurement 
analysis: df = 2, F-value = 8.038, p = 0.080; Friedman test: p = 0.044) (Figure 4A). Moreover, 
the differences in the individual levels in the saliva melatonin concentrations tended to 
be higher (more increased) in the cow’s milk consumption group than the control group 
(T-test: t-value = 2.05, p = 0.061) (Figure 4A). On the other hand, at 23:00, there were no 
significant differences during the intervention in the melatonin level (ANOVA: df = 2, 
F-value = 1.999, p = 0.172; Friedman test: p = 0.867) in the experimental group (cow’s milk 
consumption) (Figure 4B). On the other hand, there were no differences in the saliva mela-
tonin concentrations through the intervention of 21 days both at 22:00 (Figure 4A) (ANOVA: 
df = 2, F-value = 0.794, p = 0.235; Friedman test: p = 0.867) and at 23:00 (Figure 4B) (ANOVA: 
df = 2, F-value = 0.176, p = 0.841; Friedman test: p = 0.867) in the control group (no cow’s 
milk consumption).
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4.3. Discussion

The intake of cow’s milk at breakfast made the evening-typed members more morning-typed, 
whereas the diurnal type of the morning-typed members shifted to more evening-typed [49]. 
Tryptophan included in the cow’s milk was metabolized to serotonin in the morning and 
serotonin again synthesized to melatonin at night [28, 29, 31, 48, 49, 59]. Therefore, the sleep 
latency seems to become shorter during the intervention [49] due to the melatonin synthesis 
which has been known as the natural sleep inducer [60] based on cow’s milk intake at break-
fast. This shorter sleep latency leads to the longer sleep hours for the university soccer club 
members.

The melatonin onset timing especially at dim light conditions can be used as a “sign” of the 
circadian phase [60]. For example, this melatonin-onset timing could be used for the signs of 
mood disorders and accompanied phase delay of the circadian phase shown by the monopolar 
and bipolar depression phenotypes [61]. The promotion of the melatonin concentration level 
at 22:00 due to morning cow’s milk consumption might show the phase advance of university 
soccer team members. If the participants in this study would be senior high school students, 
the increase timing might be 1 or 2 hour(s) in advance, because the melatonin onset timing 
was around 21:00 to 22:00 for the senior high school students [62]. However, the number of 
samples was very small, and the significant differences in the saliva melatonin at 23:00 was 
not shown in this study. More number of samplings of saliva will be taken in the future study. 

Figure 4. Comparisons of saliva melatonin concentration in saliva taken at 22:00 (A) and 23:00 (B) before intervention, 
10 days later and 20 days later (just after the intervention). Black bars (cow’s milk consumption group), white bars (no 
cow’s milk group) (mean ± 95% confidence) (Takeuchi et al., unpublished).
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On the 10th day and 21st day of the intervention period, a questionnaire on performance/skill 
was administered to all participants [49]. The group who drank cow’s milk showed higher 
frequency of improvement of soccer performance than the control group who did not drink 
[49]. The improved sleep quality which might be induced and enhanced at 22:00 in this study 
in the melatonin group could be related to such improvement of soccer performance.

5. Integrated discussion

Melatonin secretion is very important for sleep induction at bedtime and also keeping sleep 
quality high [62]. Moreover, night melatonin for mothers can be related to brain development 
of their children. Braam et al. [63] showed a hypothesis that low parental melatonin levels 
could be one of the contributors to autism spectrum disorder (ASD) and possibly intellectual 
disability (ID) etiology. If this hypothesis is correct, this could lead to policies to detect future 
parents who are at risk and to treatment strategies to ASD and intellectual disability risk.

Pfeffer et al. [64] reviewed that the present contribution of melatonin confirmed the synchro-
nizing effect of endogenous melatonin and the melatoninergic system in humans and rodents. 
However, they discussed that these effects would be subtle. These relatively subtle effects 
stand in contrast with their markable, overt therapeutic successes that have been achieved 
using melatonin as an externally applied chronobiotic in humans [65]. Thus, melatonin does 
not appear as the master of internal synchronization but as one component in an integrated 
system of synchronizing agents. Melatonin might be one indicator of a phase point of human 
circadian clock. And, it can be influenced by breakfast protein consumption and also evening 
lighting especially modern lighting which includes “blue lights (460–480 nm)” as peak wave 
lengths of melanopsin [66].

Several studies including Bouwmans et al. [67] that showed the possibilities of network map-
ping for dynamic person-specific psychological and biological data revealed that there were 
not only large heterogeneity between affect and fatigue in depression and melatonin secretion 
which can be related to fall in sleep and sleep quality, namely, negatively and positively 
correlation with wide personal variety in the relationship. Meaningful generalizations can be 
made on the interplay of melatonin with affect and fatigue in depression.

Anyway, melanopsin is a key photoreception substance to control circadian phase shift in 
human beings [68, 69] and moreover to relate to sleep and mood disorders in the parents [66]. 
Melanopsin function might be related to melatonin synthesis via circadian phase shift indi-
rectly. Twenty-four hours of commercialization society might be dangerous for disruption of 
circadian phase and normal melatonin secretion through over usage of smartphone (e.g., line 
and game) and watching TV program at night for children.

Acknowledgements

Thanks should be due to all the participants in this study. The following financial supports 
have been supplied to this study: (1) JSPS fund (Foundation No: JP 16 K01871; To H. Takeuchi: 

Melatonin - Molecular Biology, Clinical and Pharmaceutical Approaches176

2016–2019); (2) Fund from J-Milk “Meals and Education” (To T. Harada: 2013–2014); and 
(3) Fund from J-Mild “Research Study to Promote Health by Milk and Related Foods” (To 
T. Harada: 2016–2017). We would like to give many thanks also to Professor Emeritus Jim 
Waterhouse, Liverpool John Moores University, Liverpool, UK, for his valuable comments 
from an academic view point on this manuscript.

Author details

Hitomi Takeuchi and Tetsuo Harada*

*Address all correspondence to: haratets@kochi-u.ac.jp

Laboratory of Environmental Physiology, Graduate School of Integrated Arts and Sciences, 
Kochi University, Akebono-cho, Kochi, Japan

References

[1] Fukuda K, Ishihara K. Research work on life habits and tiredness in Japanese elementary, 
junior high and senior high school students. In: Reports of Study Supported by Ministry 
of Sciences and Technologies for Science Promotion Japanese Ministry of Sciences and 
Technologies. 2000

[2] Takahashi M, Wang G, Adachi M, Jiang F, Saito M, Nakamura K. Differences in sleep 
problems between Japanese and Chinese preschoolers: A cross-cultural comparison 
within the Asian region. Sleep Medicine. 2018;48:42-48. DOI: 10. 1016/j.sleep.2017.11.1145

[3] Harada T, Takeuchi H. Scientific study on “Go to bed early! Get up early! Take nutrition-
ally rich breakfast!”. Chronobiology. 2017;23:9-16 (Jikanseibutugaku in Japanese)

[4] Harada T, Morikuni M, Yoshii S, Yamashita Y, Takeuchi H. Usage of mobile phone in the 
evening or at night makes Japanese students evening-typed and night sleep uncomfort-
able. Sleep and Hypnosis. 2002;4:150-154

[5] Kawada T, Kataoka T, Tsuji F, Nakade M, Krejci M, Noji T, et al. The relationship between 
a night usage of mobile phone and sleep habit and the circadian typology of Japanese 
students aged 18-30 years. Psychology. 2017;8:892-902

[6] Honma K, Honma S. A human phase-response curve for brightlight pulses. The Japanese 
Society of Psychiatry and Neurology. 1988;42:167-168

[7] Harada T, Takeuchi H. Epidemiological study on diurnal rhythm and sleep habits of 
Japanese students aged 9-22 years. Annals of Japanese Society for Chronobiology. 2001; 
3:37-46 (in Japanese)

[8] Harada T, Takeuchi H. Do evening usages of convenience store, mobile phone and mid-
night programs of TV induce the sleep shortage of Japanese children? Japanese Journal 
of Clinical Dentistry for Children. 2003;8:57-67 (in Japanese)

Salivary Melatonin at Night: Responding to the Night Lighting and Cow’s Milk Consumption…
http://dx.doi.org/10.5772/intechopen.79816

177
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Abstract

Melatonin (N-acetyl-5-methoxytryptamine, MLT), a hormone synthesized by the pineal 
gland and released at night, has a regulatory role on sleep in vertebrates, including 
humans. It has been shown to have a hypnotic action in animals and humans and it has 
been used as an agent for restoring circadian rhythms, disturbed by jet-lag, shift-work 
or aging. The physiological actions of melatonin in regulating seasonal and circadian 
rhythms are mediated through a family of specific, high affinity G protein-coupled mem-
brane receptors. The beneficial effect of fast-release formulations on sleep initiation may 
come from the high amount of melatonin released immediately after administration, 
while the benefit of the sustained release systems comes from the release of melatonin 
in small dosages during the entire night period. This chapter covers the recent scientific 
work on melatonin modified release formulations.

Keywords: melatonin, sleep onset, sleep maintenance, modified release, formulations

1. Introduction

Melatonin (MLT), which was originally discovered in the bovine pineal gland in 1958, is a 
pleiotropic molecule with numerous cellular and physiological functions in vertebrates, 
including humans. MLT’s production is regulated by a multisynaptic pathway from the bio-
logical clock in the suprachiasmatic nucleus (SCN), in the hypothalamus, to the pineal gland. 
The SCN is the primary site for both generation and integration of signals, which regulate 
melatonin’s production by the pineal. Control at this central point ensures the high nocturnal 
concentration and extremely low diurnal melatonin synthesis.
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Melatonin has been shown to have a hypnotic action in animals and humans, and there has 
been considerable recent interest in the therapeutic potential of melatonin and its analogues 
as hypnotics and as agents for restoring circadian rhythms, disturbed by jet-lag, shiftwork, 
and aging. The physiological actions of melatonin in regulating seasonal and circadian 
rhythms are thought to be mediated through a family of specific, high affinity, and G-protein-
coupled cell membrane receptors. One of its main uses is insomnia treatment, particularly 
among the elderly, with up to 50% of people over the age of 65 reporting trouble sleeping. 
Night time insomnia is associated with increased daytime sleepiness, reduced motor and 
cognitive performance, and reduced productivity in the workplace and is an important cause 
of industrial and road traffic accidents. Current hypnotic drugs are recommended only for 
short-term treatment of insomnia, but concerns about “hangover” effects and problems upon 
withdrawal persist. Many people with occasional sleep problems resort to self-medication 
and over-the-counter sales of medicines for sleep problems are increasing rapidly [1].

The administration of exogenous melatonin is effected via different formulations, but at pres-
ent, the most studied is the oral route. Also, there are different dosages of melatonin. Because 
of its pharmacokinetic characteristics, it is necessary to maintain melatonin’s concentration 
for a long time to imitate its physiological release, especially for insomnia treatment. To this 
end, prolonged-release formulations of melatonin have been developed covering the entire 
night cycle and improving sleep disorders. As the toxicology of melatonin’s formulations is 
concerned, very little is known. However, the acute toxicity of melatonin, as seen in both ani-
mal and human studies, is extremely low. Nevertheless, further research needs to be under-
taken, including regulatory studies.

2. Formulations of melatonin

Melatonin is traditionally administered orally in immediate and modified release formula-
tions, but has a poor and variable bioavailability. Apart from per os administration, melatonin 
is currently under research with respect to other routes of administration, such as sublingual, 
transbuccal/transmucosal, and intranasal for topical and systemic exposure, injectables (intra-
venous, i.v. bolus infusion, intramuscular, subcutaneous, and implant), topical preparations, 
and transdermal patches. This chapter aims at presenting an overview of all administration 
routes and different kinds of formulations of melatonin that are currently explored in vitro 
and in vivo, including experimental and clinical studies.

2.1. Melatonin per os immediate release formulations

Per os immediate release formulations imply that the full dose of the drug is absorbed into 
the bloodstream all at once. This pattern of fast released melatonin is most effective when 
against delayed sleep onset [2]. The immediate release dosage forms (fast released, oro-
dispersible, sublingual tablets oral sprays, etc.) are usually administered to patients prior 
to sleep time in order to facilitate sleep onset. A research group has manufactured fast dis-
solving disintegrating tablets containing different dosages of melatonin for administration 
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to pediatric patients that may have potential difficulties taking other oral dosage forms 
[3]. Dosages of 3 and 5 mg were intended for epileptic children, migraine prevention, 
neurodevelopmental disability, sleep disorders, and blindness, whereas dosages of 10 
and 60 mg were used for Duchenne muscular dystrophy. Tablets have been produced 
with excipients for direct compression, having disintegration times of less than 25 s and 
with friability and hardness values that require no special storage or packaging condi-
tions. The results indicated that these orodispersible tablets have been easily produced 
via direct compression, having low costs and optimal galenic assay results. To explore 
the therapeutic potential of melatonin, as an antioxidant agent, researchers have analyzed 
the red blood cell antioxidants and lipid peroxidation after 5 mg/daily immediate-release 
melatonin treatment of elderly with type 2 diabetes patients and healthy elderly subjects 
in comparison with 2 mg/daily sustained-release. The results suggest that both immedi-
ate and sustained release preparations may exert similar therapeutic effects related to 
melatonin’s action as antioxidant [4].

2.2. Melatonin per os modified release formulations

Immediate release oral drug dosage forms are formulated in order to release the active sub-
stance immediately after oral administration. On the other hand, modified-release oral drug 
dosage forms are deliberately modified from those of an immediate release, to achieve a 
desired therapeutic objective or better patient compliance. The term modified release drug 
dosage forms is used to describe formulations that alter the time and/or the rate of release. 
With this in view, scientists have focused on modifying the release of melatonin especially to 
treat conditions that deal with circadian rhythmic disorders, like sleep syndrome, insomnia, 
jet lag, seasonal affective disease, shift work syndrome, etc. [5–7]. Modified-release melatonin 
treatment could be more useful to initiate and maintain sleep, compared with immediate-
release therapy.

Many scientists have focused on different ways to manufacture modified release tablets. 
One of the most common ways is the use of various excipients that facilitate the prolong 
release when tablet manufacturing [8–13]. These excipients usually involve hydroxy-
propylmethylcellulose, polyvinylpyrrolidone, and sodium alginate in various molecular 
weights or forms. Another way to achieve modified release is the production of different 
tablet formulations, like multilayer or bilayer, coated or uncoated tablets [14–16]. Other 
researchers have studied the use of liposomal formulations [17] or nanoparticles [18]. 
Recently, electrospun nanofibrous systems, incorporating melatonin, have been used for its 
modified release [19]. Another way is to employ a variety of techniques, like for example, 
the experimental design [20] in order to facilitate the modified release tablet production 
and therefore, to improve quality of sleep in patients, with minimal side effects. Both in 
the development of these systems and the immediate release formulations, the fact that 
melatonin displays both a circadian and circannual rhythm and is secreted only during 
the night has been taken into account. This physiological rhythm needs to be conserved 
or modulated (advanced, reversed, diminished, or amplified) according to the appropriate 
therapeutic indications.
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2.3. Melatonin sublingual/transbuccal formulations

The oral cavity is a perfect route of administration for both topical and systemic treatment. 
Considering melatonin, research has suggested that it is effective in treating pathologies 
like periodontitis, mucositis, cancers, and cytotoxicity from various drugs or biomaterials. 
Furthermore, melatonin has been observed to enhance osseointegration “functional ankylosis 
(bone adherence)” and bone regeneration, to promote the healing of tooth extraction sockets 
and may also impede the progression of oral cancer [21, 22]. On the other hand, sublingual 
and transbuccal/transmucosal administration of melatonin in the forms of sublingual tablets 
or oral sprays has shown comparable systemic results to other routes of administration.

Many scientists have considered the oral cavity as a route of administering melatonin and 
compared it to other routes. The effect of transdermal, in comparison to oral controlled release 
and oral transmucosal drug delivery systems, on plasma concentrations of melatonin and its 
principal metabolite, 6-sulfatoxymelatonin, was evaluated in 12 human volunteers, using a 
crossover, single dose design. Oral transmucosal delivery provided prompt systemic drug 
levels with less variability than oral or transdermal delivery and no indication of mucosal 
deposition. The results indicated that oral transmucosal delivery was able to mimic the physi-
ological plasma profiles of both melatonin and its principal metabolite [23]. Another study 
involved 60 patients, who were randomly assigned to receive either sublingual melatonin 
(3 mg) or placebo, 60 min before cataract surgery. The dose of 3 mg of melatonin sublin-
gually, 60 min before surgery, was chosen, because the onset of melatonin-induced sedation 
is reported to begin approximately 20–30 min after sublingual administration. The results 
concluded that sublingual melatonin premedication for patients undergoing cataract sur-
gery, under topical anesthesia, reduced the anxiety scores and provided excellent operating 
conditions [24]. A prospective, randomized, double-blinded, placebo-controlled study was 
designed to compare the perioperative effects of different doses of melatonin and midazolam 
[25]. Doses of 0.05, 0.1, or 0.2 mg/kg sublingual midazolam or melatonin or placebo were 
given to 84 women, approximately 100 min before a typical anesthetic. Sedation, anxiety, and 
orientation were quantified before, 10, 30, 60, and 90 min after premedication and 15, 30, 60, 
and 90 min after admission to the recovery room. Patients who received premedication with 
either midazolam or melatonin had a significant decrease in anxiety levels and increase in pre-
operative levels of sedation, compared with control subjects. Premedication with 0.05 mg/kg  
melatonin was associated with preoperative anxiolysis and sedation without the impair-
ment of cognitive and psychomotor skills or affecting the quality of recovery. To evaluate 
the analgesic dose response of the effects of melatonin on pressure and heat pain threshold, 
tolerance, and its possible sedative effects, the research group of Stefani et al. [26] recruited 
61 healthy subjects aged 19–47 years old and placed them randomly into one of four groups: 
placebo, 0.05 mg/kg sublingual melatonin, 0.15 mg/kg sublingual melatonin, or 0.25 mg/kg 
sublingual melatonin. Serum plasma melatonin levels were found to be directly proportional 
to the melatonin doses given to each subject indicating that the sublingual melatonin has a 
well-defined dose-dependent antinociceptive activity. These results provided a correlation 
between the plasma melatonin drug concentration and acute changes in the pain threshold. 
To compare the perioperative effects of melatonin and midazolam, given in premedication, 
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on sedation, orientation, anxiety scores, and psychomotor performance, melatonin 5 mg, 
midazolam 15 mg or placebo was administered 90 min prior to anesthesia, sublingually to 
66 patients undergoing laparoscopic cholecystectomy [27]. Sedation, orientation, and anxiety 
were quantified before 10, 30, 60, and 90 min after premedication and 15, 30, 60 and 90 min 
after admission to the recovery room. The results indicated that melatonin premedication was 
associated with preoperative anxiolysis and sedation without postoperative impairment of 
psychomotor performance.

2.4. Melatonin intranasal formulations

Intranasal administration is a route of administration for drugs used primarily for the treat-
ment of conditions affecting the nasal cavity, but can also be used for cases requiring systemic 
exposure, since drugs can be absorbed into the circulation through the nasal mucosa. This 
kind of systemic administration offers lots of advantages, such as rapid onset of action and 
avoidance of first-pass metabolism [28]. Many researchers have investigated melatonin’s 
intranasal administration and tested their formulations in vitro and in vivo in rats, rabbits, and 
humans.

In another study, the role of inclusion complexes of melatonin with modified cyclodextrins 
(CDs) in order to improve melatonin’s solubility and nasal absorption was investigated [29]. 
The formation of inclusion complex of melatonin with hydroxypropyl β-cyclodextrin (HPβCD) 
and randomly methylated β-cyclodextrin (RMβCD) was demonstrated in solution and solid 
state and both CD’s at 1% w/v concentration were found to improve the nasal permeability 
(the in vitro permeability studies were carried out with EpiAirwayTM-100 cell cultures from 
MatTek Corporation) of melatonin from HPMC gel formulations.

Intranasal melatonin encapsulated in nanosized niosomes has been preclinically evaluated in 
male Wistar rats [30]. It was found that intranasal melatonin niosomes that were bioequiva-
lent to intravenous injection of melatonin could provide therapeutic level doses, deliver 
melatonin to the brain to induce sleep, and delay systemic circulation. The cross-over study, 
including eight rats, examined the intranasal administration of melatonin from a nasal formu-
lation consisted of melatonin (2.0 mg/ml), β-cyclodextrin (7.5 mg/ml) dissolved in saline that 
also contained benzalkonium chloride (0.01% w/v) and EDTA (0.1% w/v) as preservatives, in 
comparison to the administration from an intravenous bolus injection. Tmax was recorded 
at 2.5 min in both routes of administration and an almost zero plasma concentration after 
120 min [31].

In another study, the research group [32] prepared melatonin gelatin microspheres (MLT-
GMS) for intranasal administration and tested them in comparison to gelatin solution and 
i.v. injection. The in vitro release profile showed sustained effect, while the residence time of 
MLT-GMS in the rabbits’ nasal cavity was longer than that of gelatin solution. After intra-
nasal administration in rabbits, the bioavailability of MLT-GMS was 87.47%, while the bio-
availability of melatonin solution was 69.72%, when compared to i.v. administration. The 
results showed that this formulation could meet the needs of intranasal administration, while 
increasing melatonin’s bioavailability. Other scientists have studied the bioavailability of 
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avoidance of first-pass metabolism [28]. Many researchers have investigated melatonin’s 
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melatonin to the brain to induce sleep, and delay systemic circulation. The cross-over study, 
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In another study, the research group [32] prepared melatonin gelatin microspheres (MLT-
GMS) for intranasal administration and tested them in comparison to gelatin solution and 
i.v. injection. The in vitro release profile showed sustained effect, while the residence time of 
MLT-GMS in the rabbits’ nasal cavity was longer than that of gelatin solution. After intra-
nasal administration in rabbits, the bioavailability of MLT-GMS was 87.47%, while the bio-
availability of melatonin solution was 69.72%, when compared to i.v. administration. The 
results showed that this formulation could meet the needs of intranasal administration, while 
increasing melatonin’s bioavailability. Other scientists have studied the bioavailability of 
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melatonin in rabbits after nasal administration of two formulations (1.5 mg melatonin in 40% 
PEG 300 in the presence and absence of 1% sodium glycocholate) in comparison to the i.v. 
route [33]. The results documented that the bioavailabilities in rabbits correspond to much 
higher values, which indicates a potential advantage of using nasal delivery for melatonin 
and the possibility of producing a clinically relevant nasal formulation. In another study, 
starch microspheres of melatonin for intranasal administration were prepared by an emulsifi-
cation crosslinking technique using a uniform design to optimize preparation conditions [34]. 
The in vitro release experiments showed that melatonin was released from the microspheres 
in a sustained manner. Nasal clearance studies in six healthy, male rabbits showed that >80% 
of the radioactivity from the starch microspheres was present in the nasal mucosa 2 h after 
administration, compared to only 30% radioactivity from the solution. The absorption rate 
after intranasal administration of the microspheres was rapid, and the absolute bioavailability 
was high, compared to the intranasal solution and a significant correlation between in vivo 
and in vitro data was recorded.

In humans, a cross-over study in three volunteers, receiving either intranasally 0.4 mg melato-
nin or intravenously 0.2 mg on two separate study days, was undertaken. The study reported 
a Tmax value of 5 min for intranasal administration and 10 min for intravenous administra-
tion [35]. Other researchers [36] have formulated melatonin, as a thermoreversible Pluronic 
gel for nasal administration for treating sleep disorders. The comparative electroencephalo-
gram (EEG) pattern, derived from five healthy volunteers who participated in this crossover 
study after administration of melatonin tablet and nasal gel, revealed that nasal absorption of 
melatonin was faster and the sleep produced resembled to one during nocturnal chronobio-
logical melatonin secretion. The optimized formulation has provided bimodal drug release 
extending over 5 h at significantly low dose (1 mg intranasal dose) as compared to 3 mg oral 
dose. The use of the novel thermoreversible Pluronic gel showed the desired bioadhesion to 
the nasal mucosa, with no sensitizing effect in subjects and reproducible sleep characteristics 
thus making this formulation an agent with an excellent commercial potential.

2.5. Melatonin injectable formulations

Injectable formulations also play an important role as melatonin modified release systems. 
Many researchers have focused on intravenous (i.v. bolus infusion), intramuscular, subcu-
taneous, and implant administration of melatonin formulations in human volunteers, small 
laboratory animals, as well as in larger animals like ewes, goats, and deer.

A research work showed that during melatonin infusion (n = 4 bolus intravenous injection 
of 5 or 10 μg/person and after a 5-h infusion of 20 μg per person in six healthy subjects), 
the plasma hormone level reached a steady-state after 60 and 120 min, which was equal to 
the nocturnal level. This particular infusion regime could be valuable in replacing blunted 
hormonal secretion in disease states [37]. A human positron emission tomography (PET) 
study, performed in a healthy volunteer with 11C-labeled melatonin, showed maximum 
activity in the brain 8.5 min following the injection, quite different from the curve observed 
for the plasma radioactivity (maximum at 3.5 min), confirming that melatonin crosses the 
blood-brain barrier and that 6-sulfatoxymelatonin is its main plasma metabolite [38]. The 
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absolute bioavailability of melatonin was studied in 12 young healthy subjects (six males and 
six females) after administration at midday, on two separate occasions: 23 μg by intravenous 
infusion and 250 μg by oral solution of D7 melatonin (seven deuterium atoms replace seven 
hydrogen atoms in the melatonin molecule). Exogenous (D7) and endogenous (D0) melato-
nin were quantified simultaneously, but separately, by a highly specific assay, gas chroma-
tography/negative ion chemical ionization mass spectrometry. After i.v. administration, the 
maximum plasma concentration (Cmax) and the area under the plasma concentration-time 
curve (AUC) values were found to be significantly different in male and female subjects, but 
there was no significant gender difference in total body clearance when normalized to body 
weight. After oral administration, pharmacokinetic parameters used to quantify bioavailabil-
ity were near 3 times greater in female subjects than in males, with large inter-individual 
variations [39]. In the review article of Gómez-Moreno et al. [40], the use of melatonin in 
implant dentistry has been proved to increase the new bone formation and bone-to-implant 
values, around dental implants, leading to a more stable bone area around the implants. In 
view of these findings, researchers are currently exploring further possibilities as to how 
melatonin might benefit implant dentistry.

Two i.v. formulations of melatonin (5 mg/ml) have been tested in Wistar rats: one formulation 
with hydroxypropyl-β-cyclodextrin and propylene glycol to increase solubility and stability 
and the other with an antioxidant and chelating agent to minimize oxidation and hydro-
lysis. The pharmacokinetic profiles and the plasma antioxidant activity results suggested a 
potential for use in the clinical study for these two i.v. melatonin formulations [41]. Another 
research group [42] studied the possibility of using high-dose intravenous melatonin as an 
anesthetic adjuvant and compared its effects with thiopental and propofol using Sprague 
Dawley rats. By administering to the rats bolus or cumulative i.v. doses of melatonin, thiopen-
tal, or propofol, they assessed the righting reflex, hind paw withdrawal to a noxious stimu-
lus, response to tail clamping and hemodynamic effects. The results showed that melatonin 
caused a dose-dependent increase in paw withdrawal. Melatonin was comparable to thiopen-
tal and propofol in terms of its rapid onset of hypnosis and it was concluded that intravenous 
melatonin can exert hypnotic effects similar to those observed with thiopental and propofol. 
Other researchers have injected mice daily with 50 μg of melatonin, 12 h after lights on, for 
18 weeks. The results indicated that mice underwent gonadal regression after 4–7 weeks and 
reproductive recrudescence after 15 weeks [43].

The effect of differing doses and routes of administration of melatonin on plasma melatonin 
levels in sheep and goats has been examined by the researchers Kennaway and Seamark [44]. 
Melatonin injected subcutaneously in a saline or oil vehicle caused high transitory peaks in 
plasma melatonin, whereas oral administration, in either saline solution or adsorbed onto 
pelleted foodstuff, resulted in sustained elevated blood levels for periods exceeding 7 h. Oral 
dosages of about 2 mg proved adequate to raise the normal daytime plasma levels in both 
sheep and goats to levels within the normal night-time range. It was concluded that with 
ruminants the oral route of administration provides a facile and practical way of administer-
ing melatonin for physiological study. The review paper of Williams et al. [45] presents data 
from five research trials and 108 clinical trials conducted in three countries to validate the 
optimum use of melatonin to advance seasonal breeding patterns of a variety of breeds of 
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sheep. In order to define the optimum time for treatment in breeding flocks, ewes of three 
different breeds were treated with controlled-release 18-mg melatonin implants (Regulin®), 
with treatments commencing at various times ranging from 9 to 3 weeks, prior to joining with 
fertile rams. Overall, the studies presented in this paper showed that melatonin pretreatment 
of spring and early summer joined ewe flocks resulted in both a modest decrease in the num-
ber of barren ewes and an increase in the number of multiple births concluding that this treat-
ment strategy maximizes the potential advantages expected from the melatonin treatment.

2.6. Melatonin topical preparations

As mentioned previously, melatonin has shown antioxidant and immunological properties 
and therefore, it may be beneficial as a topical drug for the use against oxidative damage in 
the skin or even as a potential sun protection element, against UV-induced oxidative dam-
age. Melatonin skin penetration properties have been studied in alcoholic solutions, creams, 
in various vesicular approaches (liposomes and ethosomes), in undecanoic, lauric, and oleic 
acids.

The skin penetration properties of melatonin from three galenic preparations (0.01% in a 
cream and 0.01 and 0.03% in a solution) were investigated by the evaluation of the serum 
melatonin levels over a 24-h time period in a clinical study (15 healthy volunteers) conducted 
by a research group [46]. The cumulative melatonin serum values for each preparation were 
7.1, 8.6, and 15.7 pg/ml, respectively, showing that the alcoholic solution was superior to the 
cream formulation for melatonin delivery. The strongly lipophilic substance melatonin is able 
to penetrate through the skin, leading to dose- and galenic-dependent melatonin levels in the 
blood.

Novel ethanolic liposomes (ethosomes) bearing melatonin were evaluated for transdermal 
administration potential [47]. Melatonin loaded ethosomes were prepared and characterized 
for vesicular shape and surface morphology, vesicular size, entrapment efficiency, stability, in 
vitro skin permeation, and in vivo skin tolerability. The results suggested that ethosomes may 
offer a suitable approach for transdermal delivery of melatonin.

The effects of vehicles and enhancers on skin permeation and lag time were evaluated for a 
more effective transdermal delivery of melatonin [48]. Skin permeation study was conducted 
in Franz diffusion cells using excised hairless mouse skins and samples were analyzed by 
HPLC. As vehicles, ethanol (EtOH), polyethylene glycol 400 (PEG), or propylene glycol (PG) 
were used alone or mixed with a phosphate buffer. The results indicated that the use of binary 
vehicles could effectively modulate the skin permeability of melatonin (to the limited extent) 
and the lag time observed. As enhancers, fatty acids were used and when compared with the 
binary vehicles, the use of oleic acid drastically enhanced the skin permeation of melatonin as 
well as shortened its lag time.

Apart from being an established radioprotectant and anticancer agent [49], melatonin has also 
been found to counteract UV-induced solar damage, which includes the generation of reac-
tive oxygen species, skin aging, mitochondrial, and DNA damage [50]. The presence of mela-
tonin along with the UV filters could provide a synergistic effect for optimum sun protection 
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as topical application of melatonin along with vitamin E and C in human volunteers has been 
found to counteract ultraviolet induced erythema and the generation and adverse effects of 
free radical species [51]. Another research work [52] has dealt with the preclinical safety eval-
uation of the sunscreen formulation comprising of four US FDA approved UV filters; namely 
avobenzone, octinoxate, oxybenzone, titanium dioxide along with melatonin and pumpkin 
seed oil. The results obtained from this study indicated that the sunscreen formulation is 
nontoxic and safe in animal models and alongside with additional preclinical evaluations 
may serve as a basis for considering the formulation, as a potential candidate for further trials 
to establish its efficacy, tolerability, and applicability.

2.7. Transdermal patches

The transdermal delivery of melatonin could be a good route for its administration, given 
the variability of absorption, short biological half-life, and extensive first-pass metabolism of 
melatonin when administered orally. The main obstacle is the barrier nature of the stratum 
corneum of the skin that requires the right choice of a suitable vehicle, where the drug can be 
dissolved, then released, and finally penetrate the skin.

A research group [53] prepared and evaluated monolithic drug-in-adhesive type transdermal 
patches of melatonin using Eudragit E 100 as the adhesive polymer, containing penetration 
enhancers such as fatty alcohols, fatty acids, and terpenes. The results indicated that the addi-
tion of enhancers in the patch increased the permeation of melatonin through hairless rat 
skin. Decanol and undecanoic acid showed the maximum permeation of melatonin among 
the fatty alcohols and fatty acids, respectively, while menthol showed the maximum perme-
ation of melatonin among all the enhancers studied. The release profile of melatonin from the 
patches followed first order kinetics. A lag time of 4–6 h was observed before a steady-state 
flux of melatonin was reached.

The effect of transdermal in comparison to oral controlled-release and oral transmucosal 
drug delivery systems on plasma concentrations of melatonin and its principal metabolite 
(6-sulfatoxymelatonin (MT6s)) was evaluated in 12 human subjects using a crossover, single 
dose design [23]. The plasma concentrations of the parent drug and MT6s were measured 
by radioimmunoassay. Transdermal drug delivery resulted in a significant delay in sys-
temic drug levels and a gradual decline in drug delivery after patch removal (patch dosage 
forms were removed after 10 h of application), possibly due to the deposition of melatonin 
in the skin.

Other researchers suggested that transdermal melatonin may have advantages over fast-
release oral melatonin in improving sleep maintenance at adverse circadian cycles [54]. An 
experimental skin patch designed to deliver melatonin, such that plasma levels steadily 
increase for 6–8 h, and thus counteract the increasing circadian wake drive and improve day-
time sleep was administered to 8 healthy subjects (2.1 mg melatonin or placebo, randomized, 
double-blind, crossover study) 1 h before an 8 h daytime sleep opportunity (09:00–17:00 h). 
The results indicated that transdermal melatonin delivery was effective in elevating plasma 
melatonin levels for an extended duration during the daytime.
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nontoxic and safe in animal models and alongside with additional preclinical evaluations 
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melatonin levels for an extended duration during the daytime.
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Another group of researchers examined the pharmacokinetics of melatonin incorporated 
in solid lipid nanoparticles, administered by oral or transdermal route [18]. Solid lipid 
nanoparticles were used as a reservoir system, permitting a constant and prolonged release 
of melatonin. In comparison to the standard formulation of orally administered melatonin, 
the absorption and elimination after administration of the solid lipid nanoparticle-melatonin 
complexes through the transdermal route demonstrated to be slow and melatonin plasma 
levels above 50 pg/ml were maintained for at least 24 h. Therefore, these systems disclose a 
potential for the sustained delivery of melatonin.

3. Conclusions

In this chapter, a concise account of the different melatonin delivery routes is given. The 
choice of the most effective melatonin delivery system is circumstantial and depends on the 
dysfunction that needs to be treated. However, it seems that modified release formulations 
mimic closer the endogenous melatonin release pattern and thus a plethora of such systems 
are currently under thorough investigation.
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Another group of researchers examined the pharmacokinetics of melatonin incorporated 
in solid lipid nanoparticles, administered by oral or transdermal route [18]. Solid lipid 
nanoparticles were used as a reservoir system, permitting a constant and prolonged release 
of melatonin. In comparison to the standard formulation of orally administered melatonin, 
the absorption and elimination after administration of the solid lipid nanoparticle-melatonin 
complexes through the transdermal route demonstrated to be slow and melatonin plasma 
levels above 50 pg/ml were maintained for at least 24 h. Therefore, these systems disclose a 
potential for the sustained delivery of melatonin.

3. Conclusions

In this chapter, a concise account of the different melatonin delivery routes is given. The 
choice of the most effective melatonin delivery system is circumstantial and depends on the 
dysfunction that needs to be treated. However, it seems that modified release formulations 
mimic closer the endogenous melatonin release pattern and thus a plethora of such systems 
are currently under thorough investigation.
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