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cells. In most of these tissues, the melatonin-synthesizing 
enzymes have been identified. Melatonin is present in 
essentially all biological fluids including cerebrospinal 
fluid, saliva, bile, synovial fluid, amniotic fluid, and breast 
milk. In several of these fluids, melatonin concentrations 
exceed those in the blood. The importance of the continual 
availability of melatonin at the cellular level is important 
for its physiological regulation of cell homeostasis, and 
may be relevant to its therapeutic applications. Because 
of this, it is essential to compile information related to its 
peripheral production and regulation of this ubiquitously 
acting indoleamine. Thus, this review emphasizes the pres-
ence of melatonin in extrapineal organs, tissues, and fluids 
of mammals including humans.

Keywords  Melatonin receptors · Oxidative stress · Free 
radicals · Mitochondria · Cytoprotection · Homeostasis

Introduction

Brief historic overview

For a number of years after the discovery of melatonin 
(N-acetyl-5-methoxytryptamine) by Lerner in 1958 [1], 
melatonin was considered to be exclusively produced 
in the pineal gland related to the control of the circadian 
and circannual rhythms including seasonal reproduction. 
Following the identification of melatonin synthesis in the 
pineal gland, the presence of melatonin-related enzymes 
was subsequently uncovered in the retina and cerebel-
lum [2, 3]. This was followed by its identification in many 
other peripheral tissues and organs. The existence of the 
key enzymes of melatonin synthesis in many tissues [4], 
the presence of melatonin receptors in numerous tissues, 
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tryptophan via 5-hydroxytryptamine. It is considered an 
indoleamine from a biochemical point of view because the 
melatonin molecule contains a substituted indolic ring with 
an amino group. The circadian production of melatonin 
by the pineal gland explains its chronobiotic influence on 
organismal activity, including the endocrine and non-endo-
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ostasis, are linked to the redox status of cells and tissues. 
With the aid of specific melatonin antibodies, the presence 
of melatonin has been detected in multiple extrapineal tis-
sues including the brain, retina, lens, cochlea, Harderian 
gland, airway epithelium, skin, gastrointestinal tract, liver, 
kidney, thyroid, pancreas, thymus, spleen, immune sys-
tem cells, carotid body, reproductive tract, and endothelial 
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and the discovery of the widespread antioxidant and anti-
inflammatory properties of melatonin, caused scientists to 
reclassify melatonin from being exclusively a hormone to 
that of a multi-tasking molecule [5–7].

The initial studies pointing to the existence of non-pin-
eal sources of melatonin were related to the retina [2], with 
the identification of hydroxindole-O-methyltransferase 
(HIOMT), now called N-acetylserotonin-O-methyltrans-
ferase (ASMT), in this tissue. Soon thereafter, Vlahakes 
and Wurtman [8] showed the presence of ASMT in the rat 
Harderian gland. The presence of melatonin in the retina, 
Harder’s gland, and cerebellum of pinealectomized rats 
was also found [3, 9]. These data, including the detection 
of aralkylamine-N-acetyltransferase (AANAT) and ASMT, 
suggested the ability of these tissues to synthesize mela-
tonin independently of the pineal. Also, in 1975 Raikhlin 
et  al. [10] immunocytochemically identified the presence 
of melatonin in enterochromaffin cells of the intestinal 
mucosa. They estimated a melatonin content in the gastro-
intestinal tract roughly 400 times greater than in the pineal 
gland, and 10–100 times higher than in the plasma. Gas-
trointestinal melatonin amounts were initially found not 
to be controlled by the photoperiod, but by the rhythms 
in food intake [10, 11]. At about the same time, melatonin 
was identified in the plasma and urine of pinealectomized 
rats [12]. In this study, the daily urinary excretion of mela-
tonin decreased by 80 % after pinealectomy, and it did not 
exhibit a circadian variation. These scientific reports initi-
ated the age of “extrapineal melatonin”. More recently, 
however, other authors showed a nocturnal melatonin 
peak in chicken duodenum, which could not be explained 
by food intake in this diurnal animal [13]. With the use of 
more specific molecular biology techniques including PCR, 
the expression of the mRNAs for AANAT and ASMT have 
now been detected in a variety of tissues and organs includ-
ing thymus, spleen, heart, skeletal muscle, liver, stomach, 
gut, placenta, testes, ovaries, cerebral cortex, and striatum 
[4, 14]. Because these tissues express both AANAT and 
ASMT, they likely synthesize melatonin from serotonin.

Except for some tissues such as the retina, the common 
absence of day:night variations in extrapineal melatonin 
synthesis suggests signaling pathway(s) other than the pho-
toperiod regulating the production of this indoleamine [15]. 
Moreover, many extrapineal tissues have higher concentra-
tions of melatonin than plasma throughout the 24  h, and 
the intracellular melatonin from these tissues is not gener-
ally released into the circulation [15]. These observations 
suggest that extrapineal melatonin acts locally possibly 
protecting cells from oxidative and inflammatory damage. 
Since melatonin is a highly effective antioxidant [16–19], 
the lack of a circadian fluctuation in extrapineal tissues also 
helps to explain one melatonin inconsistency. Thus, the 
nocturnal melatonin peak provides important photoperiodic 

information to every cell to ensure proper chronobiotic syn-
chronization [20]. However, the production of reactive oxy-
gen (ROS) and reactive nitrogen (RNS) species takes place 
mainly during the phases of metabolic, motor, and neu-
ral activity, when oxygen consumption is maximal; these 
activities do not necessarily occur at night, e.g., in diurnal 
animals. Phylogenetically, the potential of a cell to increase 
melatonin output as required probably constitutes an adap-
tive mechanism involved in the survival of cells and also 
tissues. Thus, melatonin may be produced in non-pineal 
cells as a protective mechanism against the metabolites of 
aerobic metabolism.

Melatonin receptors

The effects of melatonin in the body are mediated by two 
main pathways that include receptor-mediated and non-
receptor mediated effects. Melatonin receptors include 
membrane and nuclear binding sites. Among the former, 
two types of melatonin receptors, MT1 and MT2, which 
belong to the family of guanine nucleotide-binding regula-
tory protein (G protein)-coupled receptors, have been fully 
characterized in cell membranes [21–23]. Activation of 
MT1 receptors by melatonin leads to different responses, 
most of them depending on the inhibition of cAMP, through 
G proteins, and via increases in cytosolic calcium through 
Gq11 [24]. Binding of melatonin to MT2 receptors leads 
to cAMP and cGMP inhibition [25]. Both MT1 and MT2 
receptors can couple also to PLC-dependent pathways [26]. 
MT1 melatonin receptors are related to reproductive and 
metabolic functions, and vasoconstriction, whereas MT2 
receptors are involved in the control of circadian rhythms 
and dopamine release in the retina, and vasodilatation, 
among other actions [23]. A third melatonin binding site, 
formerly MT3, has been identified as a quinone reductase 
2, and it is related to the xenobiotic metabolism of the cell 
[27]; this enzyme, however, does not fullfit the criteria for a 
melatonin receptor. Melatonin binding sites in the nucleus 
have been also reported [28]; they were later identified as 
ROR orphan receptors that include three subtypes (α, β, γ) 
and four splicing variants of the α-subtype [29]. Only the 
splice variant c of the RORα subtype and the RORγ sub-
type are related to melatonin actions in the nucleus. Some 
of the genomic effects of melatonin are related to its inter-
action with these type of receptors [30]. Melatonin also 
interacts with cytosolic proteins including calmodulin and 
calreticulin, which are involved in the cytoskeleton regula-
tion and control of nuclear receptors, respectively [31, 32].

Melatonin synthesis pathways

Melatonin synthesis occurs in the pineal gland and extrap-
ineal tissues. In all tissues, melatonin is produced from 



2999Extrapineal melatonin

1 3

tryptophan via serotonin. In the pineal, its production is 
controlled by a circadian signal from the suprachiasmatic 
nucleus (SCN), which in turn is associated to the photo-
period [33]. Signals from the SCN reach the pinealocyte 
through a complex pathway involving the paraventricu-
lar nucleus and the upper thoracic intermediolateral cell 
column. From here, fibers project to the superior cervical 
ganglia that send postganglionic sympathetic noradrener-
gic fibers to the pineal gland. During the night, this path-
way is active and releases norepinephrine from the sym-
pathetic fibers which, in turn, activate adenylate cyclase 
via β1-adrenergic receptors in the pinealocyte [34]. Other 
modulators of the pineal melatonin synthesis included 
vasoactive intestinal peptide (VIP), pituitary adenylate 
cyclase-activating polypeptide (PACAP) [35], and α1-
adrenoceptors. Regarding the latter, a recent report showed 
that α1-adrenoceptors stimulate melatonin synthesis, but 
after their heteromerization with dopamine D4 receptors, 
melatonin production is blocked [36]. Thus, the dopamine 
D4 receptor can inhibit melatonin release by forming circa-
dian-controlled complexes with adrenergic receptors, pre-
venting the indoleamine modulation of circadian cycles of 
the body. The rapid increase in cAMP-dependent AANAT 
rapidly converts serotonin to N-acetylserotonin [37], which 
is metabolized to melatonin by ASMT. Although prelimi-
nary studies showed that AANAT was the rate-limiting 
enzyme in the melatonin synthesis, recent data suggest that 
this role at least on some occasions corresponds to ASMT 
[38]. Once formed, melatonin is not stored in the pineal 
gland but is rapidly secreted into the spinal fluid and into 
the blood, where it appears in free and albumin-bound frac-
tions [39]. Except for some tissues as the retina, extrapin-
eal melatonin synthesis occurs through the same metabolic 
pathway as that described in the pineal gland, although it is 
not regulated by the photoperiod.

Significant differences in the regulation of melatonin 
synthesis exist among animal species [40]. In contrast to 
that in lower mammals, the human pineal constitutively 
expresses AANAT and ASMT mRNA and protein, suggest-
ing a major role of their post-transcriptional regulation in 
the rhythmic melatonin synthesis [41]. These findings led 
to suggest that the activity of these enzymes is regulated 
by protein–protein interaction [42]. In this model, the pro-
tein complex, named “melatoninosome” by the authors, 
contains the phosphorylated active form of AANAT (p31T-
AANAT), ASMT and 14-3-3 protein. The presence of 
S-antigen (arrestin) closely to this complex suggest its role 
in melatoninosome assembly. Thus, the presence of these 
enzymes by themselves does not mean that melatonin is 
being synthesized. Although the occurrence of mRNAs of 
AANAT and ASMT has been proven in most of the tissues 
tested, including humans, it is not known whether these 
enzymes form complexes to synthesize melatonin. Also, the 

existence of unspecific/less specific N-acetyltransferases 
and/or O-methyltransferases isoforms with different activi-
ties [43] may also account for differences in the regulation 
of extrapineal melatonin synthesis. When known, features 
of the extrapineal regulation of melatonin production are 
included in each section of this review.

Melatonin actions: low vs. high concentrations

Among other actions, this review emphasizes that circu-
lating melatonin coming from the pineal plus melatonin 
produced by extrapineal tissues, collaborate in the mainte-
nance of homeostasis, protecting the cell against oxidative 
stress. Circulating melatonin reaches concentrations up to 
0.5  nM in mammalian blood, while extrapineal concen-
trations vary depending on the tissue, but they can reach 
micromolar levels. The importance of pineal vs. extrapin-
eal melatonin is that both counteract free radical damage, 
although through different mechanism’s of action, i.e., 
antioxidant and free radical scavenger activities, respec-
tively. Circulating melatonin binds and activates MT1/MT2 
membrane receptors that inhibit adenylate cyclase via Gi 
protein, reducing cAMP content. Consequently, there is an 
inhibition of protein kinase A and cAMP response element 
binding protein/activation transcription factor. Through this 
pathway, melatonin can modulate antioxidant gene tran-
scription [44]. Melatonin activation of MT1/MT2 recep-
tors also triggers other signaling pathways including phos-
pholipase C/protein kinase (PLC/PKC), mitogen-activated 
protein kinases (MAPK), and extracellular-signal-regulated 
kinase (ERK1/2) pathways. These pathways are involved 
in multiple regulatory processes, from chronobiological 
regulation to cell responses to a variety of injuries includ-
ing apoptosis [45–48]. The effects of melatonin depend 
on its dose and the presence of either MT1, MT2, or both 
receptors in the cell. Studies with variable native MT1 and 
MT2 receptors showed that nanomolar, but not micromo-
lar melatonin concentrations decreased ERK activity in the 
presence of MT1/MT2 receptors. Deficiencies in MT1 and 
MT2 yield melatonin activation of ERK. Thus, the relative 
MT1/MT2 distribution in different brain areas and in dif-
ferent tissues and the melatonin levels may drive its signal-
ing pathways [49, 50].

Melatonin inhibits the calcium-calmodulin complex 
in the cytosol [51], which may influence the RORα mela-
tonin receptor, influencing gene transcription of antioxi-
dant enzymes [52]. High concentrations of melatonin have 
been used in multiple experimental conditions in vivo, and 
consistently exhibit antioxidant activity [53, 54]. Two main 
mechanisms are involved in these actions of melatonin: (1) 
a direct free radical scavenger activity [55] that generates 
a series of intermediates during its interaction with ROS 
and nitrogen species, all of them which are also free radical 
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scavengers. This was defined as the free radical scaveng-
ing cascade reaction of the melatonin family; (2) an indi-
rect antioxidant activity that results of an increased expres-
sion and activity of endogenous antioxidant enzymes. This 
mechanism, which was initially related to an effect of mel-
atonin through the nuclear RORα receptors [56], may also 
depend on the activation of melatonin membrane receptors, 
because it was shown recently that high doses of mela-
tonin increased the mRNA expression and protein content 
of MT1/MT2 receptors in rat liver [57]. This wide spec-
trum of melatonin actions, and the extra-and intracellular 
production of melatonin, support the endocrine, paracrine 
and autocrine actions of this indoleamine to protect the 
cells from free radical damage. Moreover, the existence of 
some mechanisms controlling the intracellular distribution 
of melatonin allowing it to reach its targets including the 
nucleus and mitochondria, may explain the requirements 
of large doses of melatonin to counteract hyperoxidative 
status in multiple models of diseases elsewhere reported. 
Some of these situations are considered in this review.

Melatonin duality: antioxidant/pro‑oxidant effects

Although most of the studies report antioxidant actions of 
melatonin, in some conditions the indoleamine may induce 
pro-oxidant activity. The latter mainly occur in severely 
injured cells and in cancer cells. The dual effects of mela-
tonin on intracellular redox status include an antioxidant/
antiproliferative response or a pro-oxidant/cytotoxic effect 
[58]. Among other mechanism, the intracellular pro-oxi-
dant activity of melatonin in cancer cells depends on the 
NF-κB activation, which in turns drives the synthesis of 
melatonin, transforming melatonin in a pro-apoptotic mol-
ecule [59, 60]. The transient ROS production induced by 
melatonin in different cancer types may involve changes 
in the glutathione/glutathione disulfide ratio. When the 
ratio decreases, melatonin drives the cell fate to apoptosis, 
whereas melatonin has the opposite effect when the glu-
tathione/glutathione disulfide ratio increases. These and 
other pro-apoptotic pathways are activated by melatonin, 
and they have been recently revised [61]. Thus, whereas 
the antioxidant/pro-oxidant balance of melatonin effects 
may depend on the redox environment of the cell, its pro-
oxidant activity may explain its oncostatic actions [62]. 
The latter may serve to control the fate of the cell, pro-
moting in last instance a proapoptotic response to elimi-
nate cells that, otherwise, are potentially dangerous for the 
organism.

The melatonin-dependent redox status of the cell may 
have additional consequences. It is known that peroxire-
doxins, a type of thiol peroxidases that degrade hydroper-
oxides to water, are involved in the redox sensing of the cell 
[63]. In eukaryotic cells, circadian timekeeping involves 

both transcriptional and non-transcriptional mechanisms, 
the latter involving oxidation–reduction cycles of peroxire-
doxin [64, 65]. Melatonin affects the expression of perox-
iredoxin and may influence its oxidation–reduction cycles 
modifying the redox status of the cell [66]. Thus, melatonin 
does not only may modify the chronobiology of the normal 
cell through its interaction with the peroxiredoxin pathway, 
but it may have importance in the cytotoxic effect of the 
indoleamine in cancer cells.

Sources of extrapineal melatonin

With the use of highly sensitive antibodies against mela-
tonin and molecular biology techniques, melatonin was 
also identified in extrapineal tissues including the retina, 
Harderian gland, gut mucosa, cerebellum, airway epi-
thelium, liver, kidney, adrenals, thymus, thyroid, pan-
creas, ovary, carotid body, placenta, endometrium, mast 
cells, natural killer cells, eosinophilic leukocytes, plate-
lets, and endothelial cells [14, 67]; indeed, melatonin has 
been detected in all organs which have been examined, 
where often high concentrations of this indoleamine have 
been measured. The physico-chemical properties of mela-
tonin support its amphiphilic nature, which allows its pas-
sage across all morphophysiological barriers including 
cell membranes and the blood–brain barrier [15, 68, 69]. 
Although extrapineal melatonin generally does not gain 
access to the systemic circulation, there are several excep-
tions to this assumption, mainly in lower vertebrates such 
as chicks but also in rats. Here, oral overload of tryptophan 
to rats and chicks induced a dose-dependent increase of 
serum melatonin [70]. The tryptophan-induced melatonin 
production was related to the enterochromaffin cells of the 
gastrointestinal tract, which produce melatonin for regula-
tory purposes at duodenal level [71]. In other conditions, 
however, peripherally generated melatonin seems to do not 
enter the circulation. An answer to this question could be 
the existence of a molecule (protein?) that binds melatonin, 
acting as a “buffering system” to maintain melatonin con-
centrations in the cell and prevent its discharge into capil-
laries. Table 1 shows the levels of melatonin in biological 
fluids.

While it is known that some mammalian hormones are 
produced by multiple cell types [72, 73], none of these 
molecules appear to have the broad spectrum of sources 
as does melatonin. Thus, melatonin has a unique position 
among the identified signaling molecules. This reflects its 
essential role in the homeostatic control and probably also 
in cell survival. Herein, we review information related to 
the regulation and actions of melatonin in organs and tis-
sues where strong evidence of its synthesis exists. While 
other organs including kidney and adrenal gland seem to 
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have the machinery to synthesize melatonin and express its 
receptors [14], there is not sufficient experimental evidence 
supporting the local production of melatonin and they are 
not included in this review. Table 1 summarizes the infor-
mation related to the extrapineal synthesis of melatonin.

Melatonin in the brain

The presence of melatonin in the brain was suspected 
because it is released into the cerebral ventricles both from 
the systemic circulation [74, 75] and from the pineal gland 
[76]. The means by which pineal melatonin is transferred 
to the cerebrospinal fluid (CSF) has been summarized in 
a recent review [77]. In addition to brain melatonin being 
derived from other sites, the possibility of the brain pro-
duction of melatonin was addressed by Jiménez-Jorge 
et  al. [78]. These authors measured the melatonin content 
and the expression and activity of AANAT and ASMT in 
the rat developing brain during fetal and postnatal stages. 
Significant daily changes in brain AANAT and ASMT 
were found together with fluctuations in melatonin content. 
Since rat pineal gland does not produce melatonin during 
fetal development or until 2 weeks after birth [79], it was 
concluded that rat brain synthesizes melatonin rhythmically 
during these early periods. Support for this idea also comes 
from the observation that pinealectomy does not influence 
whole-brain melatonin levels during this time [78].

The brain area(s) capable of melatonin synthesis is not 
yet clear. Elevated AANAT activity has been reported in 
hippocampus, striatum, cerebellum, olfactory bulb, and 
prefrontal cortex [80, 81]. Also, the hypothalamus contains 
high melatonin amounts at night, and melatonin may be 
released from this brain area [82]. In some brain regions, 
including nucleus gracilis, pons, medulla, cerebellum, and 
cerebral cortex, high amounts of melatonin were measured 
[15, 67, 83, 84]. High activity of AANAT and melatonin 
concentrations in cerebral cortex and cerebellum suggest 
that at least these brain areas are capable of melatonin 
production.

To date, there is no agreement as to the amounts of 
melatonin synthesized in the brain through the day; find-
ings from different species have yielded inconsistent data 
[43]. This issue was recently addressed by measuring the 
content of brain melatonin during a 24-h cycle under dif-
ferent experimental conditions, including pinealectomy 
and continuous light exposure [15]. In this study, melatonin 
was estimated using HPLC with fluorescent detection. The 
authors examined the melatonin content in four subcellular 
fractions, i.e., membrane, cytosol, nucleus, and mitochon-
dria from rat cerebral cortex. Melatonin content in these 
fractions was higher than in plasma, reaching values of 
300 pg/mg prot in the mitochondria. Although fluctuations 
in the melatonin content in some subcellular fractions were 

found, they did not coincide with the normal melatonin 
cycle. Interestingly, when rats were pinealectomized, intra-
cellular contents of melatonin significantly increased up to 
four times in the cell membrane compared to the amounts 
in this compartment in sham-pinealectomized rats (Fig. 1). 
The effects of pinealectomy were reproduced when the ani-
mals were maintained under continuous light, which blunts 
endogenous melatonin production by the pineal gland [85]. 
Also, luzindole, an antagonist of MT1/MT2 receptors, 
treatment did not influence the brain content of melatonin, 
suggesting that MT1/MT2 melatonin receptors are unre-
lated to brain melatonin content. This study also provided 
no evidence for the release of melatonin from brain cells 
and, in contrast to the pineal, brain production of melatonin 
is unrelated to the photoperiodic environment. It was sug-
gested that the changes in the subcellular brain melatonin 
distribution are related to changes in their metabolic activ-
ity and to generation of toxic oxygen derivatives [15].

It remains unclear what cell type is responsible for the 
production of melatonin in the brain. Cultured astrocytes 
and C6 rat glioma cells both produce melatonin [86, 87]. 
Recently, high amounts of melatonin were detected in cul-
tured neural stem cells from the subventricular area of adult 
mice (Escames et al., unpublished). The production of mel-
atonin was further increased when these cells had differ-
entiated into mature neurons. The virtual absence of glial 
cells in these cultures suggests that neurons themselves 
synthesize melatonin.

The synthesis and the presence of melatonin in neurons 
and/or glia indicate that locally generated melatonin may 
exert intra-, para-, and autocrine functions in brain, pos-
sibly regulating neuronal homeostasis through the control 
of neurotransmitter release and neurogenesis. Many brain 
neurotransmitters and their receptors exhibit a circadian 
rhythm influenced by the day:night fluctuations in pineal-
derived melatonin [88–96]. Melatonin also regulates the 
circadian rhythm of some neuronal membrane properties 
including the ATPase pump activity [97]. Additionally, 
melatonin exerts anti-excitotoxic and protective effects in 
brain by reducing glutamate activity and increasing GABA 
[53, 92, 98–100]. Together, these effects reflect the abil-
ity of melatonin to protect neuronal cell membranes from 
hyperexcitability [101–105]. Melatonin modulates the 
electrical activity of the SCN neurons, acting primarily 
via MT1/MT2 receptors [106]. The chronobiotic actions 
of melatonin not only serves to influence the normal con-
trol of the daily brain activity, but also may be important 
in terms of its therapeutic application to restore abnormal 
circadian rhythms in individuals with neurodegenerative 
diseases [107, 108]. Moreover, the anti-inflammatory and 
antioxidant properties of melatonin are important in pro-
tecting neurons from damage during hypoxia, toxin expo-
sure, etc. [92, 109–113], as well as reducing deterioration 
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of the central nervous system during aging and age-related 
pathologies, e.g., Alzheimer’s disease (AD), etc. [107, 
114].

Melatonin stimulates dendritogenesis [115], and modu-
lates cytoskeletal organization in the cells of rat hippocam-
pus [116]. Thus, therapeutic doses of melatonin may help 
not only in reducing the brain damage but also in the treat-
ment of neurodegenerative and neuropsychiatric diseases 
by repairing damaged tissue and promoting synaptic con-
nections [117]. Melatonin promotes endogenous brain neu-
rogenesis through MT2 receptors after brain injury in mice 
[118], and maintains hippocampal neurogenesis and cog-
nitive functions after irradiation [119]. Melatonin-induced 
neurogenesis has also been detected in mouse hippocam-
pus [120, 121], and the dentate gyrus [122, 123]. Melatonin 
and its role in neurogenesis is a new field of research with 
promising results [124].

Melatonin in the retina

The retina is another major site of melatonin formation in 
many vertebrates including all mammals, where it exerts 
multiple regulatory functions [125, 126]. Using specific 
melatonin antibodies, Bubenik et  al. [127] first reported 
the presence and daily rhythm of melatonin in histological 
preparations from retinas of 2-day-old rat pups; these con-
centrations increased with age up to day 20. The rhythm of 

immunoreactive melatonin in the rat retina is not affected 
by pinealectomy, supporting the existence of an independ-
ent retinal oscillator controlling the indoleamine rhythm 
[9]. However, exogenous melatonin administration, or pin-
ealectomy, increased the content of melatonin in the rat ret-
ina [9, 128]. Whereas the former may depend on the uptake 
of circulating melatonin by the retina, the latter agrees with 
similar effects of pinealectomy in the rat liver and brain 
recently reported [15], and suggests some type of control 
derived from the pineal gland over extrapineal melatonin 
production.

Several experiments have led to the identification and 
the rhythmic production and regulation of retinal AANAT 
and melatonin [129–131]. Retinas from the golden hamster 
(Mesocricetus auratus) cultured in vitro for 5  days rhyth-
mically produce melatonin. Several experimental manipu-
lations, including different light cycles, continuous dark-
ness, and circadian short-period mutation ‘tau’, affected the 
rhythm of melatonin in these retinas [130]. At least in the 
CH3 mouse, the rhythm, but not the synthesis, of melatonin 
is related to the integrity of rod photoreceptors [130]. With in 
situ hybridization and laser capture microdissection, AANAT 
was detected in the inner nuclear layer and ganglion cell 
layer of the rat retinas, but only rhythmic AANAT transcrip-
tion was found in the outer nuclear layer [132]. The expres-
sion of both AANAT and ASMT has been studied in Y79 
human retinoblastoma cells in monolayer culture [125, 133]. 

Fig. 1   Daily changes in the 
melatonin levels of membrane, 
cytosol, mitochondria, and 
nuclei from rat cerebral cortex 
of sham-operated (SPx) and 
pinealectomized (Px) rats. 
Animals were maintained in 
a 12:12 h cycle and killed at 
the indicated hours. Black 
bars indicate the night period. 
** p < 0.01 and *** p < 0.001 
vs. SPx
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These experiments revealed that cAMP, which increases 
AANAT activity and melatonin synthesis, does not elevate 
AANAT but rather reduce ASMT expression. The authors 
suggest that in Y79 cells, the AANAT activity does not 
depend on its expression but results from protein activation.

A complete evaluation of melatonin synthesis was per-
formed in the retina of Macaca mulatta [41]. With PCR 
and Northern-blot analysis, the authors detected the expres-
sion of AANAT and ASMT in the rhesus monkey retinas. 
ASMT expression was very low and detected only at night. 
In turn, AANAT mRNA levels were similar over the 24 h, 
and AANAT activity increased up to fourfold during the 
night. These results agree with previous studies in Y79 
human retinoblastoma cells [133], supporting that AANAT 
protein activation at posttranscriptional level is of primary 
importance in the regulation of melatonin synthesis in the 
retina [133]. Moreover, in contrast to the rodent, the rhesus 
monkey and human only needs to activate AANAT, without 
requiring changes in gene expression, to rapidly synthesize 
melatonin [41].

The retinal pigment epithelium seems to be another 
source of extrapineal melatonin synthesis in the eye. 
Expression of tryptophan hydroxylases (TPH1 and TPH2), 
AANAT, and ASMT have been documented in cultured 
ARPE-19 cells, a human retinal pigment cell line [134]. 
These cells also express melatonin receptors MT2, RORα1, 
and RORα4, and quinone oxidoreductase (NQO2). Moreo-
ver, 5-hydroxytryptophan, N-acetylserotonin, and mela-
tonin, were detected by HPLC with a fluorometric detector. 
Thus, ARPE-19 cells express fully functional machinery 
for melatonin synthesis and effects for local homeostasis in 
an intra-, auto- and/or paracrine fashion [134].

Thus, local synthesis of melatonin in the retina may have 
clinical implications in the pathogenesis of a number of dis-
orders of the eye, including keratopathies, corneal healing, 
age-related macular degeneration, and UVB/light-induced 
pathologies. This suggestion is based on the different 
actions that melatonin may have in the retina, i.e., receptor-
mediated and non-receptor-mediated effects. With regard 
to the former, melatonin receptors have been identified in 
many ocular tissues, including the neural retina, retinal 
pigment epithelium, ciliary body, cornea, sclera, and lens. 
One of them is that it entrains the biological clock located 
in this tissue modulating dopamine release through MT1/
MT2 receptors [125]. The melatonin/dopamine interac-
tion in the retina mediates darkness-adaptive changes, i.e., 
dopamine mediates light-adaptive changes while melatonin 
inhibits nocturnal dopamine release through MT1/MT2 
receptors [135]. In turn, stimulation of dopamine receptors 
suppresses the nocturnal increase of AANAT enzyme activ-
ity in the retina and thus melatonin synthesis [136].

The second action of melatonin in the retina is related 
to its antioxidant capacity. In this regard, melatonin may 

be physiologically relevant for the protection of the pho-
toreceptor outer segment from photo-oxidative stress 
[134, 137–139]. It has been suggested that melatonin pro-
tects the photoreceptor outer segment of membranes from 
photo-oxidative stress [138, 139] and counteracts ischemic 
injury to chick embryo RPE cells [140]. The mechanisms 
involved in the protection of RPE by melatonin have been 
reported [137]. When human ARP-19 cells were cultured in 
the presence of H2O2 (0.5 mM), H2O2 induced a reduction 
of 71  % in cell viability. When the cells were pretreated 
with low (10−10 M) or high (10−6 M) melatonin concentra-
tions, the cells were protected against H2O2 toxicity for at 
least 48 h. The protective effect of melatonin significantly 
increased with its concentration. When the ARP-19 cells 
were co-cultured with H2O2 plus luzindole, the authors 
showed that at low concentrations (10−10–10−8  M) mela-
tonin elevated cell viability through the activation of its 
MT1/MT2 membrane receptors, while high concentrations 
of melatonin (10−6–10−4 M) protected the cells by a direct 
antioxidant activity not involving an interaction with MT1/
MT2 receptors [137].

Melatonin in the lens

The ciliary body [141], the lacrimal glands [142], and the 
lens [143] are other loci of melatonin production in the 
orbital cavity. The first indication of a relationship between 
melatonin and lens was provided by Quay [144] in 1984 
when he reported an increase in lenticular weight after the 
systemic administration of melatonin to hamsters, an effect 
unrelated to the pineal gland. Subsequently, Abe et  al. 
[145] reported the presence of tryptophan, 5-hydroxytryp-
tophan, and melatonin in rabbit lens extracts using HPLC 
with fluorometric detection. These authors also detected 
the activities of the two key enzymes mediating melatonin 
synthesis, i.e., AANAT and ASMT. Kinetic studies and 
photoperiod entrainment experiments further documented 
the capacity of the rabbit lens to synthesize melatonin. 
Using PCR and Western-blot techniques, the expression of 
AANAT and ASMT mRNAs were identified in adult male 
rat lens [146]. Histochemical analysis revealed the presence 
of AANAT protein in the cortical fiber cells of the rat lens, 
which also contain serotonin and melatonin. Moreover, the 
AANAT activity in rat lens displays a circadian rhythm 
[143] including under continuous darkness; this supports 
the existence of a circadian clock in rat lens, which controls 
AANAT activity and thus melatonin production.

Melatonin in the cochlea

Melatonin synthesis has been reported in the auditory tract 
of guinea pigs, including in the membranous cochlea [147], 
and small amounts of this indoleamine were also measured 
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in the cochlear nerve. Melatonin was also found in coch-
lea of the rat where it exhibits a significant daily variation 
[148]. There are no additional data, however, documenting 
the expression and/or activities of the enzymes that convert 
serotonin to melatonin in these tissues.

Melatonin in the immune system

Several cells and tissues related to the immune system con-
tain and/or produce melatonin. Among them, thymus, mast 
cells, natural killer cells, eosinophilic leukocytes, platelets, 
and endothelial cells contain melatonin in different concen-
trations [14, 149]. Human lymphocytes also produce large 
amounts of melatonin, with values up to five times greater 
than plasma concentrations at night [150, 151]. The authors 
also reported the mRNA expression and activity of AANAT 
and ASMT in human lymphocytes. An increased AANAT 
and reduced ASMT activities after phytohemagglutinin 
stimulation was shown, but the meaning of these changes 
in terms of melatonin production was not determined [151]. 
That lymphocytes synthesize melatonin was further dem-
onstrated after blocking AANAT and ASMT mRNAs; this 
was followed by the reduction of melatonin levels. Multi-
ple actions of lymphocyte melatonin including intra-, auto-, 
and paracrine regulation of IL-2 and/or IL-2R, are sup-
ported by experimental data [151].

Human and rat thymus synthesize melatonin [152, 153]. 
The thymus from 18-day fetal rats contain melatonin and 
express AANAT and ASMT mRNAs and activity. These 
enzymes exhibit significant day/night differences with high-
est levels during the day; the thymic maximal activities are 
reached during adulthood. In contrast, the melatonin content 
of the thymus also expresses a daily rhythm with peak levels 
at night; so the melatonin cycle is out of phase with those 
of AANAT and ASMT. Due to the transfer of melatonin 
from the mother to the fetus, this apparent discrepancy was 
presumably related to thymic uptake of circulating mater-
nal melatonin from the fetal blood [152]. The thymus from 
adult rats, however, had lower melatonin content at night, 
and it was hypothesized that high circulating nighttime 
melatonin concentrations of pineal origin inhibited thymic 
melatonin synthesis. In support of this possibility, several 
reports showed that pinealectomy influences extrapineal 
melatonin synthesis and/or content, including in the brain 
[154, 155], Harderian gland [9], and retina [9, 128]. The 
effects of circulating melatonin and pinealectomy on extrap-
ineal melatonin production was recently reported in rat liver 
and brain [15], further suggesting that the intact pineal mod-
ulates the synthesis of melatonin at peripheral sites.

Melatonin and serotonin production has been identi-
fied in rat peritoneal cavity-isolated macrophages [156]. In 
the presence of tryptophan, macrophages exhibited higher 
AANAT activity and melatonin production. High levels 

of plasma melatonin and elevated production of iNOS by 
macrophages were also reported in hypertensive patients, 
and they were reduced after treatment with lacidipine, a 
Ca2+-channel blocker [157]. Whether macrophages con-
tribute to the rise of plasma melatonin levels before treat-
ment, or it depends only of its pineal production, remains 
unclear. These data may reflect a role for melatonin in 
activated macrophages, probably protecting them from 
the damage induced by the high levels of NO● and/or the 
product, peroxynitrite, which they produce under some 
conditions.

Bone marrow constitutes a tissue with significantly 
elevated amounts of melatonin. Tan et al. [158] first iden-
tified the presence of melatonin in rat bone marrow using 
immunocytochemistry, radioimmunoassay, HPLC with 
electrochemical detection, and mass spectrometry analy-
sis. Nocturnal content of melatonin in rat bone marrow 
were almost two orders of magnitude higher than plasma 
concentrations. The production of melatonin was sup-
ported by the high amounts of melatonin that remained in 
this tissue after pinealectomy [158]. The concentrations of 
intracellular melatonin detected in bone marrow increased 
after exogenous melatonin administration, leading to the 
suggestion that, at least in part, melatonin could be seques-
tered from blood by bone marrow cells. High amounts of 
melatonin were subsequently confirmed in both mouse and 
human bone marrow cells [159]. This study also reported 
AANAT activity in the bone marrow obtained from differ-
ent sources, including mouse strains (C57/Bl/6, C3H/He, 
and SJl/J) and Nalm-6 cells from human bone marrow; the 
latter cells also express ASMT mRNA. Collectively, these 
data point to the synthesis of melatonin by cells normally 
present in bone marrow.

Mast cells express high-affinity IgE Fc receptors, and 
are one of the main effector cells of the immune system 
against parasitic and some bacterial infections [160]. The 
fact that they derive from bone marrow progenitors makes 
it possible that they may also synthesize melatonin. These 
cells contain elevated amounts of melatonin that further 
increase after their stimulation with phorbol-12-myristate 
13-acetate plus calcium ionophore A23187 [161]. Both 
unstimulated and stimulated mast cells exhibit AANAT and 
ASMT activities, suggesting they synthesize melatonin. 
The presence of MT1/MT2 receptors in mast cells further 
supports a regulatory mechanism related to the uptake of 
extracellular melatonin by mast cells or, alternatively, 
directly for the melatonin produced by them via autocrine 
or paracrine mechanisms.

Melatonin in the skin

In 1993, the research group of Slominski [162] identi-
fied two NAT isoforms in the Syrian hamster skin. One 
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of these isoforms, NAT-2, yields N-acetylserotonin, the 
melatonin precursor, suggesting the capacity of the skin 
cells to generate melatonin. Soon thereafter, also in ham-
ster skin cultures, the biotransformation of [3H]serotonin 
to its metabolites [3H]N-acetylserotonin, [3H]N-acetyl-
5-methoxytryptamine, and [3H]5-methoxytryptamine was 
reported [163]. The synthesis of melatonin by the skin was 
stimulated by forskolin, supporting the ability of hamster 
skin not only to synthesize melatonin but also its inacti-
vation through its catabolism to 5-methoxytryptamine. 
Human melanoma cells reportedly convert l-tryptophan to 
serotonin and melatonin [164], and they express tryptophan 
hydroxylase and ASMT. These data prove that melanoma 
cells produce melatonin that could be related to the inhi-
bition of their proliferation [165, 166]. Other functions of 
melatonin may involve melanogenesis and/or redox status 
regulation in these cells. The expression of genes involved 
in melatonin synthesis were reported in a variety of skin 
samples including normal basal epidermal cells, basal cell 
carcinoma and melanoma, melanoma cell lines, squamous 
cell carcinoma cells, normal epidermal and follicular mel-
anocytes, normal neonatal and adult epidermal and follicu-
lar keratinocytes, and fibroblasts from dermis and follicular 
papilla [167]. The expression of AANAT and ASMT, as 
well as other enzymes in the melatonin pathway, and the 
presence of serotonin and melatonin, have been identified 
in human skin, providing strong evidence of the in situ syn-
thesis of the latter.

MT1/MT2 melatonin receptors and 5HT2B and 5HT7 
serotonin receptors are present in rodent and human skin 
[168, 169], suggesting that the human skin not only syn-
thesizes melatonin but it is also a target for this indoleam-
ine. Some of these actions involve the presence of MT1/
MT2 and RORα receptors, and include regulation of hair 
growth, pigmentation, and inhibition of melanoma cell pro-
liferation as well as the mitotic activity of other skin cells. 
Other functions are related to the antioxidative activity of 
melatonin and include protection against UV and X-ray 
radiation, thermal injury, burns, and any other agent capa-
ble of inducing oxidative damage in the skin [170–172]. 
Of special importance is the ability of melatonin to protect 
against UVB radiation, which is highly harmful to the skin. 
UVB exposure induces melatonin catabolism to 2-hydrox-
ymelatonin and AFMK, both of which also possess signifi-
cant antioxidant capacity [173]. Thus, melatonin’s antioxi-
dative cascade reported elsewhere [55] is also operative in 
skin. The skin represents, therefore, a tissue able to produce 
melatonin but also a target for the multiple protective mela-
tonin actions [174], by acting through intra-, auto-, or par-
acrine mechanisms [170, 175].

Melatonin may have additional benefits in terms of skin 
annexa. In mammals, hair density protects against extremes 
of air temperature; the seasonal changes in fur thickness 

are under the control of the photoperiod. Consequently, it 
is reasonable to assume that seasonal changes in melatonin, 
which are also under the control of the photoperiod, serve 
as the basis for annual fluctuations in hair growth through-
out the year. In this regard, the relationship between photo-
periodic changes and the moulting stages in sheep and ram 
are modulated by melatonin [176, 177].

Melatonin in the gastrointestinal tract

It was proposed as early as 1975 that enterochromaffin 
cells from the gastrointestinal tract (GIT) might synthesize 
melatonin [10, 11]. The existence of a local production of 
melatonin in the GIT comes from the studies in postnatal 
rats. While pineal does not produce melatonin until the sec-
ond week of life, melatonin was detected in the GIT tissue 
of 2-day-old rats [178], increasing to the adult content at 
21  days postnatal [179]. Additional studies using several 
methodological approaches including radioimmunoassay 
and HPLC confirmed the presence of melatonin in the GIT 
of several species [180]. These data, and the presence of 
AANAT and ASMT activities in the GIT, further supported 
the GIT synthesis of melatonin independent of the pineal 
[4, 181].

Melatonin levels in the GIT are 10–100 times higher 
than in serum [182, 183], and the total amount of melatonin 
in the GIT was calculated to be up 400 times more than 
in the pineal [184–186]. Melatonin was also found in high 
concentrations in the GIT of several non-mammalian ver-
tebrates, with the highest content (>1,000 pg/g) reported in 
the stomach of the garter snake [187].

Exogenous melatonin administration increases its con-
tent in the GIT [70, 179, 188]. Under some conditions, GIT 
melatonin concentrations may increase at night [180, 189]. 
These observations led to the assumption that at least some 
gut melatonin might come from the pineal gland, which 
after its release, is taken up from the circulation [179, 186, 
190]. However, several decades ago it was found that the 
synthesis of melatonin in the GIT remain unchanged after 
pinealectomy [10], an observation that has been confirmed 
[191]; thus, melatonin in the gut is believed to be gut 
derived. However, daytime levels of melatonin in the blood 
of pinealectomized rats disappear with fasting, supporting 
a possible food source of blood melatonin [192, 193]. Most 
foods contain melatonin [194, 195] and when they are con-
sumed, this indoleamine is absorbed by the gut into the cir-
culation [195, 196]. Finally, taking into account that liver 
diseases reduce the metabolism of melatonin, such condi-
tions would be expected to lead to its elevation in the circu-
lation. The possibility that pinealectomy may influence the 
hepatic breakdown of melatonin also cannot be ruled out.

The exclusive source of melatonin in the GIT is still a 
matter of discussion. GIT melatonin levels are detectable 
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soon after birth in postnatal mice, with regional differ-
ences in terms of its concentration in jejunum, ileum, and 
colon, with each of the levels being greater than those in 
the stomach [197]. Luminal fluids of gut also contain mela-
tonin [198], which probably comes from the mucosa and 
from the bile [199]. Because melatonin is also produced by 
microorganisms in large amounts [200, 201], the intestinal 
flora could be an alternative source of melatonin. Clearly, 
GIT melatonin may derive from several sources including 
other tissues, bile, intestinal flora, or food. Since melatonin 
amounts in the digestive tract generally do not show daily 
fluctuations, the photoperiod seems to have little regulatory 
effect in GIT melatonin content. Additionally, experiments 
with pinealectomized animals, showing that this procedure 
does not influence the content of melatonin in the digestive 
tract, indicated these values are pineal-independent [191].

Because many foods contain melatonin, at least a por-
tion of the melatonin content in the GIT likely comes from 
that eaten [182, 185, 195, 196, 202]. The melatonin content 
varies widely in foods including edible plants [203–207], 
which may explain the species-dependent differences in 
the GIT melatonin concentrations based on the food nor-
mally consumed [182, 185, 202]. This may also explain in 
part the high melatonin amounts in the GIT during the day, 
when diurnal animals feed.

With regard to the functions and mechanisms of action 
of melatonin in the GIT and adnexa including the liver, the 
presence of melatonin binding was identified in the GIT 
tract, mainly in the mucosa. For the mucosa, which con-
tains epithelial lining cells and underlying connective tis-
sue including the muscularis mucosa, the nuclear fraction 
had the highest binding levels, followed by the microso-
mal, mitochondrial, and cytosol [28, 32, 208–210]. Of 
importance, it was reported that the effects of melatonin 
on GIT smooth muscle depend mainly on MT2 membrane 
receptors [211, 212], indicating the lack of involvement of 
nuclear receptors. Thus, the effects of melatonin mediated 
by ROR nuclear receptors in the GIT require evaluation.

As in other tissues, melatonin actions in the GIT include 
intra-, auto-, and paracrine effects. In this regard, entero-
chromaffin cells release serotonin into the lumen that stim-
ulates local enteric neural reflexes to initiate secretion and 
propulsive motility [213]. Melatonin produced by entero-
chromaffin cells of the GIT mucosa may be released to the 
blood vessels or diffuse to reach the outer smooth muscle 
layers, acting as an antagonist of the contractile effects of 
serotonin [212, 214, 215] thereby causing relaxation [180, 
189]. Melatonin may also regulate the myenteric nervous 
system [212, 216], transmembrane transport of electrolytes 
and ions [217], water content in the gut [197], and mitotic 
activity [218]. In response to neuronal stimuli, proximal 
duodenum enterochromaffin cells discharge melatonin, 
which binds to MT2 receptors causing calcium release and 

bicarbonate ions secretion from adjacent lining cells; this 
serves to neutralize the acid content of the stomach as it 
is released into the duodenum [71, 219–221]. Duodenal 
melatonin also plays an important role in the neurohumoral 
control of duodenal mucosa barrier via nicotinic receptor 
[222, 223]. Updated reviews have recently been published 
on these matters [180, 189, 212, 224–226]. Thus, entero-
chromaffin cells exert multiple functions in the GIT, which 
are modulated by the melatonin/serotonin balance.

Melatonin seems to have a variety of functions in other 
GIT annexa including liver. The hepatocytes express 
AANAT and ASMT mRNAs and activities. One portion of 
liver melatonin comes from the GIT via the hepatic portal 
vein [70, 202, 227]. Menéndez-Peláez et al. [209] reported 
the presence of melatonin in the liver, especially in the 
hepatocyte nuclei. Soon thereafter, the presence of nuclear 
receptors for melatonin were reported in rat liver [28, 210] 
and confirmed [29, 32]. The concentration of hepatic mela-
tonin was calculated as 15-fold higher than in serum [190]. 
The liver is the main catabolic tissue for circulating mela-
tonin, via cytochrome P450 [228, 229]. However, below a 
certain concentration in blood, corresponding to daytime 
levels of melatonin, this indoleamine may not catabolized 
by the liver [186, 190]. Hepatocytes also release melatonin 
into the bile, where it reaches remarkably high concentra-
tions [199, 230] (also see below). Clearly, the presence of 
melatonin and melatonin receptors in liver portend impor-
tant functions for this indoleamine in this organ. Among 
them, inhibitory effects of melatonin on hepatic cancer 
have been documented [231, 232].

Melatonin is present in human GIT [183]. The colon of 
the fetus has high concentrations of melatonin, and it was 
suggested that this indoleamine participates in meconium 
production [180]. Melatonin content in the GIT early after 
birth could also come from the mother, since melatonin 
crosses the placenta and remains in the circulation for at 
least 72 h in newborn infants [233–235]. A transient post-
prandial elevation of circulating melatonin in blood, which 
was related to the release of melatonin from the GIT, was 
related to the sleepiness after the midday meal [202]. This 
effect of melatonin is also associated with the reduction 
of the core body temperature [236, 237], although it is yet 
unclear whether the slight increase of melatonin levels in 
blood after a meal is sufficient to cause this effect. Stud-
ies in pigs showed that the melatonin produced in the lower 
GIT may be responsible for the rise in blood melatonin 
after feeding [182].

Melatonin in the reproductive tract

A potential association of the pineal gland with the repro-
ductive system was identified as early as 1898, when 
the relationship between a human pineal tumor and an 
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alteration in puberty was reported [228]. In a recent review, 
however, it was noted that the pineal tumors described 
were not pinealomas but choriocarcinomas, which produce 
human chorionic gonadotrophin, thus causing premature 
pseudopuberty [238]. Six years later after the identifica-
tion of melatonin [1], Hoffman and Reiter [239] found 
that exposure of male hamsters to short daily photoperi-
ods caused gonadal atrophy. Surgical removal of the pineal 
gland prevented the gonadal inhibition. These data pointed 
to a relationship between photoperiod, pineal activity, and 
reproduction. In subsequent years, multiple aspects of the 
main pineal product, melatonin, and reproduction have 
been uncovered documenting the existence of a complex 
regulation by which melatonin controls seasonal repro-
duction [240, 241]. The role of melatonin on reproductive 
physiology in determining the sexual status in photoperi-
odic mammals is now clear [242–244].

Preovulatory follicular fluid of the human ovary, 
obtained by laparoscopy, revealed the presence of signifi-
cantly higher amounts of melatonin than in serum, with a 
positive correlation between them [245]. Follicular fluid 
melatonin displays circadian and circannual rhythms, which 
may be related to human fertility [246]. Human follicular 
cells contain melatonin and MT1 and, to a lesser extent, 
MT2 mRNA is present in human granulosa cells [247, 
248]. Mature follicles contain high amounts of melatonin 
compared to those that are immature; the melatonin con-
tent is positively correlated with progesterone production 
[249], suggesting a regulatory role for melatonin on human 
reproduction and/or local steroidogenesis. Melatonin may 
be synthesized in the granulosa cells and released into the 
follicular fluid, where it is concentrated [250], although 
the initial lack of detection of AANAT mRNA in the ovary 
[251] suggested that ovarian melatonin comes from the 
blood. However, subsequently, the presence of AANAT and 
ASMT activities in the rat ovary were reported; and these 
ovaries also were found to contain melatonin. The kinetic 
analysis of AANAT and ASMT provided apparent Kms 
close to those in the pineal gland, suggesting that the ovary 
does in fact synthesize melatonin [252]. The activities of 
AANAT and ASMT were also detected in rat testis, with 
the highest activity in the interstitial cells and the lowest 
in the seminiferous tubules [253]. The high levels of sero-
tonin produced by the testis interstitial cells [254], and the 
presence of melatonin binding sites in these cells [255], are 
consistent with the production of melatonin in the testis and 
with specific actions in this organ. The synthesis and pres-
ence of melatonin in multiple sites of the ovary and testes 
reflect its potential intra-, auto-, and paracrine regulation of 
reproductive physiology, which guarantees the quality of 
the egg and sperm.

It now seems established that melatonin is produced by 
and acts on the ovary, thereby controlling its function [242, 

256–258], and it may aid in the improvement of oocyte 
quality in these circumstances [259]. High intrafollicular 
levels of 8-OHdG have been reported in oocytes obtained 
from women during in vitro fertilization and embryo trans-
fer, who presented infertility with elevated degenerated 
oocytes. Following the administration of 600 mg/day vita-
min E plus 3 mg/day melatonin, which induced an fourfold 
rise in intrafollicular melatonin, a reduction in the lev-
els of a damaged DNA product, 8-OHdG, with a signifi-
cant improvement in oocyte quality and fertilization were 
recorded. Even doses of melatonin of 200 mg/kg/day from 
gestational day 6 had no effect on prenatal survival, fetal 
body weight, or the incidence of fetal malformations in rats 
[260]. Due to the fact that many chromosomal alterations 
in the fetus are a result of oxidative stress, further studies 
should be done to assess whether melatonin may be also 
helpful in the prevention of chromosomal abnormalities 
[257].

The existence of a maternal-fetal transfer of melatonin 
in pregnant women was suggested after the identification 
of melatonin in the umbilical artery and vein cord of human 
neonates with a circadian rhythm resembling that of plasma 
melatonin in the mother [233, 235, 261]. The rhythm of 
plasma melatonin disappeared 72  h after delivery in the 
neonates, supporting its maternal origin [235]. The mater-
nal-fetal transfer of melatonin was further shown in preg-
nant women who underwent a cesarean section after receiv-
ing a single oral dose of 3 mg of melatonin [261], with a 
significant correlation between maternal and umbilical cord 
blood melatonin levels. Thus, the fetus receives a photo-
periodic signal during gestation, which may be necessary 
for synchronizing fetal physiology. Throughout gestation, 
maternal serum melatonin gradually increases, reaching 
maximal values at the time of delivery; after parturition the 
values return to normal levels [234, 262–264].

Based on the available evidence, it is likely that mela-
tonin plays a role in the feto–maternal interface, helping 
to maintain a successful pregnancy. In this connection, 
the mRNA expression of AANAT and ASMT has been 
detected in human placenta during the first trimester of 
pregnancy [265]. With the use of PCR, Western blot, and 
analysis of its activity, the presence and physiological activ-
ity of AANAT and ASMT in villous trophoblastic cells has 
been documented [266]. Thus, increased melatonin levels 
in maternal blood during pregnancy may be, at least in part, 
of placental origin. Immunohistochemical analysis identi-
fied the presence of MT1 and MT2 in villous cytotropho-
blast and syncytiotrophoblast of normal-term placenta, as 
well as in endothelial cells surrounding the fetal capillaries 
and in the villous mesenchymal core [266]. The mRNAs 
and proteins of three receptors were also expressed in pri-
mary cultures of villous cytotrophoblast and syncytiotroph-
oblast. The mRNA expression of MT1 and MT2 melatonin 
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receptors was also found in the placenta, further support-
ing a role of melatonin in regulating placental function 
through intra-, auto-, and/or paracrine actions. Although 
melatonin reduces cAMP production through the activation 
of its membrane receptors, it was shown that higher levels 
of melatonin increase myometrial cAMP [267]. Thus, the 
possibility exists that the elevated amounts of melatonin in 
the placenta may induce the production of hGC, a cAMP-
dependent process [265]. However, other authors have pub-
lished contrary results [268], although it involved a differ-
ent experimental model (normal first-trimester trophoblasts 
cells vs. choriocarcinoma cells). Taking into account the 
role of hCG in villous trophoblast differentiation [269], and 
the role of melatonin in promoting hCG, a role for mela-
tonin in the regulation of villous trophoblast differentiation 
and endocrine function was proposed [266].

During the prepubertal period until females become fer-
tile, melatonin is high relative to values in adult women. 
These levels reportedly drop throughout puberty and then 
remain constant until 35–40  years, when they decrease 
with age. During all stages, melatonin displays its typical 
circadian rhythm, with the possibly some seasonal varia-
tions. Although humans are not seasonal reproducers, they 
reportedly display some changes in terms of birth and con-
ception [270] and embryos quality [271] throughout the 
year. These changes have been associated with the seasonal 
variations in melatonin levels [272]. Melatonin may influ-
ence the reproductive axis in other ways; high levels of 
melatonin have been related to low reproductive rates and 
hypothalamic amenorrhea [273]. Seasonality varies with 
the geographic area, and it involves changes in the sperm 
quality, embryo quality, sperm chromatin concentration, 
multiple fetuses, etc. Circulating melatonin levels increase 
with pregnancy and they may modulate the timing of labor. 
In pregnant rats, but not documented in humans, the eleva-
tion of blood melatonin during pregnancy seems to depend 

on increased pineal production and not on its secretion 
from the placenta. This production of melatonin may be 
stimulated by placental hormones [258]. Blind people have 
higher melatonin levels, coinciding with lower sexual hor-
mone levels [274]. An association between pineal tumors 
with advanced or delayed puberty has been reported [275], 
although these data require confirmation and may not be 
related directly to changes in melatonin.

Melatonin in biological fluids other than blood

Melatonin is present at high concentrations, some-
times higher than in serum, in different biological fluids 
(Table 1). Fluids in which melatonin is detectable include 
CSF, saliva, bile, synovial fluid, breast milk, and amniotic 
fluid. The sources of melatonin in these fluids and its func-
tions remain largely unknown. Table  2 summarizes the 
presence of melatonin in biological fluids.

Melatonin in cerebrospinal fluid

While melatonin in the CSF may be primarily pineal-
derived, extrapineal melatonin may be released into the 
CSF from the brain and/or via the choroid plexus from 
the blood. The presence of a circadian rhythm of mela-
tonin in the CSF parallel to that of the blood supports the 
view that melatonin is released directly into the third ven-
tricle with ready access to the brain, affecting all neural 
structures [76]. The highest melatonin content has been 
detected in fluids of the third ventricle, with lower con-
centrations in the lateral ventricles in sheep and humans 
[276, 277]. At least some of the melatonin in the CSF is 
discharged from the pineal recess directly into the third 
ventricle of the sheep. Human studies also revealed that 
melatonin can directly enter the CSF possibly through the 

Table 2   Melatonin levels in human biological fluids (when available)

References include only those related to the original report of melatonin in a given fluid; more information in the text

RA rheumatoid arthritis

* Expressed in pg/lens

Fluid Melatonin (pg/ml) Species References

Cerebrospinal fluid 1.47–542 Human [74]

Bile 2,000–11,000 Pig, rat, guinea pig, rabbit, human, monkey [199]

Follicular fluid 36.5 ± 4.8
12.4–23.8

Human
Human

[245]
[246]

Amniotic fluid (labor) 25–158 Human [301]

Saliva 11–63 Human [296, 297]

Synovial fluid (RA) 79.8 ± 38.9 Human [299]

Breast milk (night) 36–99 Human [305, 307, 308]

Anterior chamber of lens 28–70* Rabbit [143]
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pineal recess [278]. Melatonin levels in CSF fluctuate as 
in the blood, with a circadian rhythm peaking at night and 
low levels during the day [76, 276]. In sheep, nighttime 
melatonin levels were reported to be several hundred-fold 
higher than in plasma, where it maintained at higher levels 
since it is not metabolized in this fluid [279]. In humans, 
however, there is less unequivocal data because of the dif-
ficulties in obtaining CSF samples throughout the day and 
night. It was calculated, however, that the nocturnal levels 
of melatonin in human CSF are much higher than in blood 
[280]. The high levels of N1-acetyl-N2-formyl-5-methox-
ykynuramine (AFMK), a unique melatonin metabolite, in 
rat brain and CSF fluid [281], and the presence of the mela-
tonin-synthesizing machinery in the brain [77], suggest the 
CSF melatonin could, in part, be derived from the brain. 
Thus, besides its intracrine actions on brain cells, mela-
tonin in the CSF may have paracrine effects throughout the 
nervous system.

Melatonin levels increase in the CSF of patients after 
severe traumatic brain injury where they correlate with the 
level of oxidative stress [282]. CSF of patients with men-
ingitis also has elevated levels of AFMK [281]; AFMK is 
known to be an important immunomodulatory agent [283]. 
In another pathology, i.e., AD, CSF levels of melatonin are 
significantly reduced [284], presumably related to its rapid 
utilization as a free radical scavenger [114].

Melatonin in the bile

It is clear now that one part of the circulating melatonin 
comes from the GIT through hepatic portal vein [70, 182, 
202, 285], where it protects the liver and biliary tract from 
various irritants [225]. The amount of melatonin trans-
ported to the biliary system depends on the melatonin con-
tent of the liver and its hepatic catabolism. Although the 
exact percentage of melatonin passing through the liver 
that is metabolized it is not yet clear, some studies indi-
cate that it depends on the blood melatonin concentra-
tion. So, below daytime concentrations of melatonin, the 
liver does not metabolize melatonin, whereas the catabo-
lism increases with higher concentrations [186]. Beyond 
the known catabolic activity of the liver, the meaning of 
hepatic melatonin catabolism is a matter of discussion. It 
was reported that portocaval anastomosis disrupted the 
pineal melatonin rhythm in rats [286], and liver cirrhosis 
disrupts the sleep rhythm in patients, although in this case 
plasma melatonin alterations were not related to sleep dis-
turbances [287]. Thus, the rapid decay in the melatonin 
peak at night may depend mainly on the degree of its liver 
metabolism and less on melatonin uptake into the cells. In 
the liver, the presence of melatonin was recently revised, 
when its subcellular distribution with higher concentra-
tions than in the serum was documented [15]. Much of this 

melatonin escapes from liver metabolism and it is excreted 
in the bile. It seems that the gallbladder from many species 
including rat, guinea pig, rabbit, pig, monkey, and humans 
concentrate melatonin up to 11,000 pg/ml in the bile [199]. 
These values are as much as 40-times higher than those in 
the GIT, and 2–3 orders of magnitude higher than in serum 
during the day. Messner et al. [230] also detected consid-
erable amounts of melatonin excreted through the human 
bile (51 ng/24 h). The meaning of these amounts is unclear; 
however, due to the antioxidant and anti-inflammatory 
properties of melatonin, a protective effect in the own gall-
bladder and intestinal epithelium induced by bile acids, 
oxidized cholesterol derivatives, and the metabolic activity 
of intestinal epithelium during digestive processes, is sug-
gested. These actions reflect a regulation of the gut-liver 
axis by melatonin.

The question of the source of high amounts of mela-
tonin in the hepatobiliary tract was addressed suggesting 
that GIT releases melatonin to the portal circulation, which 
reaches the liver and is then excreted into the bile. While 
this is, in fact, a source of hepatic melatonin, there are new 
data supporting the synthesis of melatonin by the liver. 
Hepatocytes contain AANAT and ASMT [4, 14], and they 
have access to tryptophan and/or any other melatonin meta-
bolic precursors. Moreover, a recent study showed that liver 
of pinealectomized rats or rats subjected to continuous light 
have higher melatonin concentrations than sham-operated 
animals [15] (Fig.  2). The intracellular content of hepatic 
melatonin changes throughout the day and they were not 
related to serum melatonin variations or food intake, 
because animals were fasted before the study. Hepatocyte 
content of melatonin was not affected by luzindole, and the 
level increased after subcutaneous melatonin administra-
tion. Thus, the liver probably synthesizes melatonin, and 
the changes reported in its concentrations probably depend 
on the metabolic requirements of the liver.

Melatonin in saliva

Many hormones, peptides, and other molecules are trans-
ferred from the circulation into the saliva [288]. Salivary 
glands may also inactivate and/or activate inactive hor-
mones, such as the conversion of salivary androstenedione 
to testosterone and cortisol to cortisone [289, 290]. Bio-
logical actions of salivary hormones range from the con-
trol to the oral immune response to cell proliferation and 
wound repair, and social behavior [291]. Saliva is also a 
good pathway by which melatonin enters the oral cavity 
from the blood via plasma ultrafiltration by the salivary 
glands; alternatively, these glands may produce mela-
tonin. Immunohistochemical analysis revealed the pres-
ence of melatonin in the salivary gland of rats [292], and 
the accumulation of this indoleamine in the saliva [293]. 
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The presence of AANAT was reported in epithelial cells of 
striated ducts of the rat parotid, submandibular, and sub-
lingual glands, and in human submandibular gland [294]. 
Also, rat oral mucosa and parotid glands express MT1 and 
MT2 receptors [294, 295]. Melatonin synthesis may occur 
in salivary glands where it may have paracrine or autocrine 
actions.

Melatonin is excreted in the saliva, and its levels are 
about 30 % of the serum concentrations; this corresponds 
to the free melatonin in blood [39]. Thus, salivary mela-
tonin depends on its serum levels [296], and it displays 
a circadian rhythm that closely resembles that in serum 
[297]. Regarding the functions of salivary melatonin, it 
was proposed that it may control protein synthesis of the 
rat parotid gland by a mechanism involving an nNOS-
dependent mechanism [298]. While the specific nature of 
these proteins is not yet identified, the protective effects of 
melatonin in the oral cavity suggest that it may induce the 
synthesis of proteins involved in oral defense.

Together, the results summarized here support the 
idea of the beneficial effects of melatonin in maintaining 
the normal redox status in the oral cavity. These findings 
also suggest the therapeutic use of melatonin alone or 
in combination with GH to improve bone formation and 
reduce the time required for osteointegration of dental 
implants.

Melatonin in synovial fluid

Melatonin is present in the synovial fluid, although its source 
is unclear [299]. As mentioned above, melatonin exerts 
important immunomodulatory properties, acting on specific 
receptors in immune cells. Among other effects, melatonin 
stimulates the production of IL-2 by lymphocytes and mac-
rophages [151]. The fact that plasma melatonin increases at 
night, in advance of the cyclic increase in the manifestations 
of rheumatoid arthritis [300], led investigators to examine the 
effects of melatonin in this disease. Higher concentrations of 
melatonin were measured in the synovial fluid from these 
patients, relative to levels in controls. Moreover, synovial 
macrophages in patients suffering from rheumatoid arthri-
tis have specific melatonin binding sites compatible with its 
membrane receptors. The elevated amount of melatonin in 
the synovial fluid of these patients suggests that it may be 
locally produced [159] and may act through intra-, auto-, 
and paracrine mechanisms. This report also suggested that 
the high content of melatonin induces iNOS and/or nNOS to 
produce the elevated levels of NO● found in these patients.

Melatonin in amniotic fluid

The amounts of melatonin in the amniotic fluid during preg-
nancy and labor are low [301]. During human labor, serum 

Fig. 2   Daily changes in the 
melatonin content of mem-
branes, cytosol, mitochondria, 
and nuclei from rat liver of 
sham-operated (SPx) and pine-
alectomized (Px) rats. Animals 
were maintained in a 12:12 h 
cycle and killed at the indicated 
hours. Black bar indicates 
the night period. *p < 0.05, 
**p < 0.01, and ***p < 0.001 
vs. SPx
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melatonin was positively correlated with amniotic fluid 
melatonin, which also displays a diurnal rhythm although 
with lower levels than in serum [302]. The concentrations 
of melatonin were not related to the physical stress of labor 
or with any other endocrine change associated with it [262, 
263]. The elevate concentrations of melatonin in amniotic 
fluid (and low ACTH levels) was proposed as an endocrine 
marker of a high risk of fetal abnormalities [303]. Moreo-
ver, in pregnant mice, LPS-induced intra-uterine fetal death 
and growth retardation were significantly attenuated by 
melatonin administration without changing the levels of 
TNFα and IL-1β in amniotic fluid [304]. Moreover, the ele-
vated levels of melatonin found in the neonatal cord blood 
[233], together with the fact that melatonin administration 
to pregnant women had no side-effects and ameliorated 
and protected the fetus [261], supports the absence of any 
pathologies related to high levels of melatonin. Neverthe-
less, further studies are necessary to evaluate the exact role 
of melatonin in amniotic fluid.

Melatonin in breast milk

Melatonin has been identified in human milk of moth-
ers 3–4 days after delivery. While no detectable melatonin 
was found during the day, they were measurable at night 
with the values being threefold lower than in the serum 
[305]. Daily variations in milk melatonin remained stable 
until 3 months after delivery. Because the newborn pineal 
does not produce melatonin rhythmically [234], the cir-
cadian rhythm of milk melatonin may serve the newborn 
for chronobiotic regulation. This hypothesis was tested by 
Cubero et al. [306]. They measured the content of trypto-
phan in breast milk in 16 infants of 12 weeks of age divided 
into two groups of natural or artificial feeding. Trypto-
phan amounts in milk showed a circadian rhythm peaking 
at 03:00 h, which coincided with the urinary excretion of 
6-sulfatoxymelatonin in these infants. The variations of 
tryptophan in milk were associated with sleep efficiency 
of the neonates, whereas neonates under artificial feeding 
showed significantly poorer sleep. Thus, not only melatonin 
in milk but also the variations of tryptophan in milk, which 
resemble those of melatonin, may serve as a chronobiotic 
signal to communicate time of day information to breast-
fed infants leading to consolidate the sleep-wake rhythm. 
Once the newborn circadian system matures, endogenous 
melatonin production occurs and provides chronobiologic 
information.

Melatonin in milk may have other important conse-
quences for the newborn’s health. In a study examining the 
etiologies of infantile colic and sleep disturbances, it was 
found that infants exclusively fed with breast milk had a 
significantly lower incidence of colic attack, lower severity 
of irritable attacks, and a trend for longer nocturnal sleep 

than infants fed with artificial milk [307]. Daily changes 
in melatonin were also assessed in diurnal and nocturnal 
samples of colostrum from healthy puerperal mothers and 
from mothers with mastitis [308]. Melatonin exhibits a cir-
cadian rhythm in the colostrum from normal mothers, but 
it is not apparent in mothers with mastitis. Among other 
conclusions, the data suggest the reduction in the transfer 
of melatonin or the metabolism (as a radical scavenger) of 
melatonin in breast milk during the inflammatory process. 
This could significantly impact the chronobiotic properties 
of natural milk feeding. The reader is reminded that during 
the intrauterine period, the fetus receives a circadian mela-
tonin signal from the mother, and this signal disappears 
soon after delivery [233, 235]. Newborns have the capac-
ity to produce melatonin [234], but not rhythmically until 
4 months after delivery [309]. Consequently, newborns lack 
the endogenous signal to synchronize their functions rhyth-
mically. Clearly, the melatonin in human milk functions as 
a potential chronobiotic [310] and thus breast milk feeding 
provides newborns an external synchronizer that they can-
not themselves generate.

Several conclusions should be drawn from these data 
[311]: (a) the importance of nocturnal breast feeding in 
darkness or, alternatively, under red light, to prevent the 
light-induced melatonin suppression; (b) artificial milk 
formulas should be differentiate into diurnal and nocturnal 
milks, the latter containing melatonin and/or tryptophan 
as precursor of melatonin synthesis by the newborn [312], 
and (c) milk banks also should classify milk obtained from 
donors during day vs. those collected at night in darkness, 
if this ever occurs.

Studies on melatonin safety and toxicity

Melatonin is an uncommonly safe molecule. A reduction 
in endogenous physiological melatonin levels throughout 
life seems to cause greater organismal detriments [313] 
than does its excess or long-term usage. Low toxicity of 
high doses of melatonin was revealed in a thorough study 
by Jahnke et al. [260] conducted under the auspices of the 
National Institute of Environmental Health Sciences in the 
United States. In the study in question, several doses of 
melatonin, including at least three doses that by any stand-
ard would be considered massive, were administered to dif-
ferent groups of rats on days 6–19 of pregnancy (roughly 
equivalent to administering melatonin daily to pregnant 
women from week 15 to week 39 of pregnancy). The 
doses used by Jahnke et al. [260] were 0, 1, 10, 100, 150, 
or 200  mg/kg daily. These exceptionally large amounts 
of melatonin did not influence pregnancy in any notice-
able way. These doses of melatonin exceed 70,000 times 
the doses recommended for sleep induction. For the three 
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highest doses, in some animals there was a slight aversion 
to treatment, some mild sedation (subjectively estimated) 
and a slight reduction in food intake and weight gain by 
the mothers. No untoward effects were observed, however, 
in either the mothers (serum 17 β-estradiol, progesterone, 
prolactin, or luteinizing hormone levels or glandular area of 
mammary tissue) or in the fetuses. There was no maternal 
morbidity/mortality. The fetuses (roughly 370 in each of 
the treatment groups) were surgically removed just prior to 
normal delivery and were examined in detail morphologi-
cally (external malformations, skeletal and visceral abnor-
malities); nothing unusual was uncovered. Interestingly, the 
pups of mothers treated with only diluent had a statistically 
insignificantly higher incidence of embryological malfor-
mations than did any of the melatonin-exposed offspring.

While the study of Jahnke et  al. [260] has limita-
tions since no biochemical/molecular parameters in the 
fetuses were evaluated and potential long-term behavio-
ral consequences were not a consideration, the otherwise 
thoroughness of the investigation is of interest since no 
abnormalities of any type were noted in either the moth-
ers or the fetuses, even at the melatonin dose of 200 mg/
kg daily. According to the human equivalent dose calcula-
tion [314], it corresponds to a 70-kg human taking roughly 
2.13  g of melatonin daily. An earlier investigation using 
mice reported no behavioral modifications after melatonin 
(100 mg/kg) in the short term [315].

Several clinical attempts to identify potential toxicities 
of melatonin have been performed using pharmacological 
doses of this indoleamine over relatively short intervals 
[316–318]. In the studies reviewed, no serious negative 
findings were reported. The doses of melatonin in these 
trials varied but surely caused blood levels of melatonin to 
rise above normal endogenous values.

Melatonin has been given to humans for a 1-month 
period at a relatively high dose (1  g daily taken per os) 
[319, 320]. They measured a number of blood and endo-
crine parameters at the conclusion of the study and reported 
nothing exceptional. Some drowsiness was noted by the 
subjects, but a thorough examination of the functions of the 
eyes, liver, kidney, and bone marrow revealed no evidence 
of toxicity. One gram of melatonin taken acutely each day 
surely caused extremely high pharmacological concentra-
tions of this indoleamine in the blood.

Melatonin is widely used as an over-the-counter prod-
uct in some countries and as a prescription medication in 
others. It has been available for more than two decades; an 
estimate of the total number of individuals who use mela-
tonin daily has not been tabulated according to the knowl-
edge of the present authors. On the other hand, no reports 
of illness have been linked to chronic melatonin use. The 
number of controlled studies that have been systematically 
performed in humans is limited. Considering the estimated 

large number of humans who routinely use melatonin, 
these individuals should be explored by epidemiologists 
for the purpose of comparing health parameters in humans 
who have regularly used melatonin for years vs. those who 
have never used this indoleamine.

There have been some unusual, extremely rare reactions 
to short-term melatonin use, e.g., one case of gynecomas-
tia in a male [321] and one incident where it aggravated 
the signs of Crohn’s disease [322]. Such unusual reactions 
should not be unexpected since every molecule, under 
some circumstances, occasionally initiates a reaction that 
is contrary to the norm. Interestingly, others have proposed 
the use of melatonin as a treatment for ulcerative colitis 
[323]. In the controlled studies that have been reported on 
melatonin usage, minor symptoms, e.g., headache, nausea, 
dizziness, etc., have been claimed but at essentially the 
same frequency as seen in the placebo-treated individuals.

Conclusions

The existence of multiple sites in the body where melatonin 
is synthesized may reflect an adaptive mechanism through-
out the evolution. The normal physiological function of the 
body requires a homeostatic equilibrium among all organs 
and tissues. The chronobiotic system works to maintain all of 
these functions and uses melatonin as the main endogenous 
synchronizer. Melatonin is produced from tryptophan through 
serotonin, and it is synthesized in phylogenetically very 
ancient one-cell organisms including cyanobacteria, algae, 
and trypanosomes [324, 325]. The presence of melatonin very 
early in evolution suggests its importance for cell physiology. 
Primitive cells probably developed a defense mechanism 
against the UV-induced free radical generation, decomposing 
tryptophan, a primitive amino acid, into a series of metabo-
lites with antioxidant properties. Among them, melatonin was 
probably the most efficient antioxidant because its metabo-
lism to other antioxidative metabolites, AFMK and AMK, so 
that primitive cells used the melatonin antioxidant’s cascade 
[326]. If these cells produced melatonin at a constant rate, its 
intracellular concentrations probably decreased during the 
day, when most of the UV irradiation occurred, because of 
its scavenger activity. This could be the origin of the circa-
dian rhythms associated with melatonin changes throughout 
the day. These two functions, chronobiotic and free radical 
scavenging, were then associated with melatonin during the 
evolution. Their efficacy in adaptations of the organism to 
the environment is likely because melatonin is currently per-
forming the same functions, and its chemical structure has 
remained unchanged over billions of years of evolution.

From these considerations, and the data herein reviewed, 
we can assume that melatonin has a double role in the body: 
synchronizing the organism’s functions and protecting the 
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Fig. 3   Most of the melatonin present in extrapineal tissues is produced locally for regulatory processes. This melatonin may act via intracrine, 
autocrine, or paracrine mechanisms to maintain cell homeostasis

Fig. 4   Dose-dependent changes 
in the subcellular distribution of 
melatonin in rat liver. Control 
rats were intraperitoneally 
injected with either vehicle 
(0) or 10, 40, 100, or 200 mg/
kg melatonin at 10:00 h, and 
killed 2 h later. *p < 0.05, and 
***p < 0.001 vs. 0
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cells from oxidative/inflammatory damage. This explains 
why extrapineal melatonin acts in a different manner than 
that of the pineal, and it has different regulatory mechanisms. 
While pineal-produced melatonin may to some extent regu-
late extrapineal melatonin synthesis, the latter is likely con-
trolled by additional mechanisms including the redox status 
of the cell. Moreover, antioxidant and anti-inflammatory 
properties of melatonin requires higher concentrations of 
this indoleamine than those produced and released by the 
pineal gland; this may also explain the higher concentra-
tions of melatonin in tissues and organs compared with its 
serum levels. Finally, the synthesis of melatonin by the same 
cells expressing its membrane and nuclear receptors support 
the intra-, auto-, and paracrine actions of this indoleamine, 
thereby refining its homeostatic potential (Fig. 3).

Another important consideration is the clinical relevance 
of melatonin. Due to the requirements of high melatonin 
content in the cell for its protective roles, for therapeutic pur-
poses melatonin should possibly be used at high doses, which 
yield pharmacological levels in blood, but physiologically 
relevant levels in subcellular fractions. Following pharmaco-
logical studies in animals, the therapeutic doses of melatonin 
in humans range from 50 to 500 mg/day [15] (Fig. 4). These 
doses are required for the saturation of the intracellular thera-
peutic targets of melatonin. Nevertheless, studies on the regu-
latory mechanisms of the synthesis, metabolism, and action 
of melatonin at different subcellular levels would be neces-
sary for the optimal understanding of its clinical applications. 
Taking into account that some disruption of the circadian 
rhythm could be produced when giving high doses of mela-
tonin, the choice of the right timing of its administration is 
mandatory. Thus, the circadian rhythm of melatonin should 
be analyzed, which can be easily done with a non-invasive 
method such as in the saliva. Moreover, when high therapeu-
tic doses of melatonin are used, the first consideration to have 
in mind is to counteract an oxidative and/or inflammatory 
stress; once the normal condition is reached, we can reduce 
the melatonin dose to restore any circadian disruption.
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