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Abstract

The whole spectrum of melatonin’s actions cannot be directly deduced from its primary signaling via its membrane-

bound G protein-coupled receptors. This is not so much a matter of possibly existing other binding sites, but rather of the

control of other important regulators by melatonin. Therefore, secondary signaling by factors influenced by melatonin

has to be taken into consideration, such as other humoral factors, components of circadian oscillators, sirtuins, and

microRNAs. Transmission of microRNAs by exosomes contributes to the actions of melatonin. In plants, melatonin-

binding proteins are being investigated, but additionally interactions with phytohormones are likely. The recent

demonstration of melatonin formation in mitochondria of both plants and mammals as well as the presence of a

mammalian mitochondrial melatonin receptor open new aspects of melatonin’s intracellular actions.

KeyWOI‘dS: Circadian; Melatonin; MicroRNAs; Mitochondria; Sirtuins

Abbreviations: GPCRs: G Protein-Coupled Receptors;
RZR: Retinoid Z Receptor; CaM: Calmodulin; ASMT: Acetyl
Serotonin Methyl Transferase; mtPTP: Mitochondrial
Permeability Transition Pore; sAC: Soluble Adenylyl
Cyclase; SCN: Suprachiasmatic Nucleus; AD: Alzheimer’s
Disease.

Introduction

In mammals, melatonin is known to mainly act via two
membrane-bound, G protein-coupled receptors (GPCRs)
[1-5]. According to actual terminology, these proteins are
known as MT; and MT; receptors, whereas their genes
have been named MTNR1A and MTNRI1B, respectively. In
nonmammalian vertebrates, a third membrane receptor,
Mel;., was discovered [6]. Apart from the GPCRs, several
other melatonin binding sites were described, as
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summarized elsewhere [5]. One of these, originally
believed to represent a third melatonin receptor found in
the literature under the name of ‘MT3’, was later identified
as the enzyme quinone reductase 2 [7,8]. The enzyme was
also shown to bind other ligands with similar or even
higher affinity, to be inhibited rather than activated by
melatonin and, importantly, to be devoid of any
demonstrable signaling pathway [9]. Therefore, it cannot
be classified as a receptor. Countless publications have
dealt with transcription factors of the retinoic acid
receptor superfamily, subforms of ROR (retinoic acid
receptor-related orphan receptor) and RZR (retinoid Z
receptor), that were assumed to represent nuclear
melatonin receptors. Although there was a lot of
controversy about this issue from the beginning, the
numerous studies in which such a role was taken as
granted led to their consideration in many reviews until
the last decade [5,9]. After the demonstration that the
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most often discussed subform, RORa, does not bind
melatonin, this debate seems to have ended [10,11]. RORy
was also shown to be devoid of melatonin binding, an
evaluation of RORB (= RZRp) is still missing, and other
members of the superfamily have not been associated
with melatonin [10]. Several other proteins, such as
calreticulin and some poorly characterized nuclear
proteins, one of them with homology to calreticulin, were
also reported to bind melatonin, findings of potentially
high interest [12]. However, the required detailed
analysis of a melatonergic signal transduction pathway is
still missing. As calreticulin displays various actions
outside the endoplasmic reticulum and is, in some of its
functions, related to the JAK/STAT pathway, a closer look
by investigators may be worth-while. However, the
connection between calreticulin and JAK/STAT has to
date been limited to specific immunological effects,
mainly in myelofibrosis, whereas no corresponding data
on melatonin are available in a pertinent context [13,14].

Another, in terms of regulation important protein,
calmodulin (CaM), has also been shown to bind melatonin
and to act as an inhibitor of CaM-dependent actions
[15,16]. Although some affinity data seemed to suffice for
physiological signaling, a discussion went on concerning
the question of whether CaM contains a high- or a low-
affinity binding site. While the earlier studies indicated
high affinity binding, later investigations concluded on
much lower affinities in the micromolar range [9,15-18].
It should be briefly mentioned that melatonin was also
reported to bind with low affinity to a membrane-bound
variant of CaM in Xenopus oocytes [19]. Nevertheless, a
physiological role of CaM as a melatonin-binding protein
cannot be completely ruled out, especially as the affinity
of melatonin to the CaM/CaM kinase II complex was
considerably higher than that to CaM alone [20].
Therefore, melatonin binding to the complexes with CaM
kinase II or other CaM-activated enzymes might be of
much higher relevance.

Melatonin Binding Sites Outside the

Vertebrates

As melatonin is a ubiquitous compound present in
presumably all eukaryotes and many bacteria, its actions
require binding sites in all these organisms [21-23]. In
principle, actions via the also widely present CaM might
be possible in all eukaryotes and this would be in
accordance with the first effects described in plants and
ciliates, concerning the cytoskeleton, in the years 1969-
1973, although mechanistic details had not been
elaborated at the time of discovery [21,24]. Beyond this

Hardeland R. Extended Signaling by Melatonin. Cell Cellular Lif Sci J 2018, 3(1):

000123.

possibility, there is an urgent demand for identifying
high-affinity binding sites in non-vertebrates to
understand melatonin’s actions in these organisms.
However, investigations of this type are still in their
infancy. A high-affinity binding site with pharmacological
similarity to the mammalian MT, receptor was described
in crayfish visual cells [25]. In Drosophila, a GPCR encoded
by the CG 4313 gene was concluded to be responsible for
effects of melatonin on cardiac rhythmicity [26]. However,
one should be aware that melatonin levels are in this
genus extremely low and only attain concentrations 3
orders of magnitude lower than those of its precursor, N-
acetylserotonin [27]. This difference is meanwhile
explained by deficiency of the last enzyme in melatonin
synthesis, N-acetylserotonin O-methyltransferase (ASMT).
Therefore, the physiological meaning of a melatonin
receptor in Drosophila remains questionable. Data
obtained in Caenorhabditis elegans indicated the presence
of a GPCR with pharmacological properties similar to MT;
[28]. In this study, effects by melatonin were shown to be
interrupted by mutations in the genes of Ga subunits. In a
dinoflagellate, Lingulodinium polyedrum, in which no
classic melatonin receptors were detectable by standard
procedures, the presence of binding sites was concluded
on the basis of accumulation of external melatonin [29]. In
plants, in which melatonin has become an important issue
during the last years, the hunt for melatonin binding sites
has meanwhile started [23,24,30,31]. Apart from a
possible signaling via CaM, high-affinity binding sites have
been described in studies on PR-10 proteins applying co-
crystallization procedures. Proteins with these properties
were discovered in St John's wort [32] & Lupine [33]. A
complication has resulted from the fact that these
proteins also bind with substantial affinity cytokinins, a
class of phytohormones. The relationship between
melatonin and cytokinins awaits further elucidation.
Anyway, the cross talks between melatonin and other
phytohormones is, at least, complicated and not easily
clarified. In several studies, melatonin seemed to exert
auxin-like actions [34]. However, transcriptomic and
proteomic data as well as other functional studies rather
indicated relationships to different phytohormones, such
as abscisic, jasmonic, and salicylic acids, including related
volatile molecules, such as ethylene and methyl jasmonate
[24,30,31,35]. The upregulation of genes associated with
actions of abscisic, jasmonic and salicylic acids may be
taken as a hint for secondary melatonin signaling via
these phytohormones, especially in the context of stress
responses. Clarification of the relationships promises
substantial new insights on melatonin’s actions and
signaling pathways in plants.
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A Melatonin Receptor and Other Binding
Sites in Mitochondria

For multiple reasons, mitochondria have been in the
focus of melatonin research. These include the role of
these organelles as sources of free radicals, their
sensitivity to oxidative damage, their implication in
apoptosis, the consequences of mitophagy and peripheral
mitochondrial depletion, their participation in metabolic
sensing, the existence of numerous mitochondrial
diseases, their role in aging, and various mitochondria
protecting actions of melatonin [9,36-48]. More recently,
several important and, for some time, unforeseen
developments have taken place in this field. One of the
puzzling aspects of melatonin in mitochondria concerned
the identification of a binding site with lower affinity
compared to the GPCRs [49]. In that study, melatonin was
shown to directly inhibit the opening of the mitochondrial
permeability transition pore (mtPTP). Meanwhile, the
role of melatonin does not seem to serve the complete
inhibition of superoxide flashes released through this
pore, but rather to reduce their duration [50]. However, a
Ki value of 0.8 uM indicated a requirement for melatonin
uptake into these organelles if this effect should be of
physiological relevance. In fact, such an uptake was
demonstrated in other investigations [51,52]. More
recently, accumulation of melatonin became more
probable by the involvement of transporters in melatonin
uptake, in particular, the oligopeptide transporters
PEPT1/2 [53]. However, this was not yet the end of the
story. Starting from the insight that melatonin has been
originated during evolution in bacteria, including o-
proteobacteria, the group that was ancestral to
mitochondria [54], melatonin synthesis was, in fact,
demonstrated in plant mitochondria [55]. Finally,
melatonin synthesis was recently demonstrated in the
mitochondrial matrix of the murine brain [56]. Contrary
to pineal melatonin synthesis, no substantial circadian
differences were observed in the brain mitochondria, a
finding that is not really surprising because a similar
paucity of circadian fluctuations was also observed in
other extrapineal sites of melatonin formation [57].
Notably, melatonin is formed in numerous tissues and
cells [9,57-59]. Therefore, mitochondrial production in
conjunction with uptake from the circulation might well
generate mitochondrial concentrations that suffice for
physiological actions in these organelles. Despite the fact
that the earlier discussed but not approved nuclear
receptors have failed to explain intracellular actions of
melatonin, its mitochondrial synthesis underlines the
likelihood of wuntil recently unknown intracellular
properties and signaling. This assumption is supported by
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the presence of the melatonin receptor MT; in
mitochondria. The original demonstration has been
confirmed in the article on mitochondrial melatonin
synthesis [56,60].The fact that mitochondria are the sites
of both synthesis and action has led to the proposal of the
new term “automitocrine” [56]. In this latter study, MT;
was reported to be localized in the outer mitochondrial
membrane, to interact with G proteins and to associate
with B-arrestins. Its function was seen in the inhibition of
cytochrome c release and caspase activation, effects
known since long from exogenously delivered melatonin,
but which had previously not been understood in
mechanistic terms. Overexpression of the mitochondrial
MT; receptor was also reported to exert neuroprotective
effects [56].

Actually, the question remains whether an MT;
receptor in the outer mitochondrial membrane will
explain all other melatonin effects in these organelles,
especially those concerning the regulation of electron flux
and of processes in the matrix. Concerning the regulation
of electron entrance at Complex 1, a melatonin binding
site had been assumed to exist at the amphipathic ramp of
this complex, which extends into the matrix. High affinity
binding had been provisionally communicated, but
detailed experimental data had never been published.
These findings, cited elsewhere, cannot yet be judged with
certainty [38]. Moreover, the presence of MT; in the outer
mitochondrial membrane cannot easily explain other
melatonin-associated effects on respiratory electron flux,
especially if these do not only correct oxidotoxic actions
by mitotoxins. Therefore, the additional presence of MT1
in the inner membrane, perhaps in other cell types, might
be taken into consideration. This had been suggested in
analogy to findings on respiration effects of cannabinoids
via the mitochondrial cannabinoid receptor mtCB1 that
acts via a G; protein at the matrix side of the inner
membrane and signal transduction by inhibiting the
soluble adenylyl cyclase (sAC) and PKA in the matrix [61].
Whether or not this possible pathway of melatonin
signaling exists requires experimental support [62].

Secondary Signaling via Sirtuins

Being a highly pleiotropic regulator molecule [9],
melatonin also influences, directly or indirectly, positively
or negatively, various other important control factors.
Among them are other hormones, the excitatory and
proinflammatory mediator nitric oxide [42], cytokines
[9,63-65], and various metabolic sensors [42]. A specific
group of molecules, the sirtuins, have recently attracted
particular interest in melatonin research. Having been
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detected in the context of aging, sirtuins turned out to
possess a remarkably broad spectrum of actions that
reaches from metabolic sensing to mitochondrial effects,
anti-inflammatory properties and, importantly,
participation in the functioning of cellular circadian
oscillators [42,64,66,67]. For two reasons, this latter
aspect is of particular significance for the understanding
of melatonin’s actions. First, melatonin’s functions are
intertwined with circadian rhythms because the pineal
hormone is under circadian control but, in reverse,
influences central and peripheral oscillators [66,68].
Second, circadian oscillators control countless functions
in almost all nucleate cells. Therefore, influences of
melatonin on sirtuins have to be transduced to countless
functions much beyond traditional awareness.

At the beginning of sirtuin studies in melatonin
research, a controversy seemed to emerge, which was,
however, not that much controversial as soon as the
dynamic properties of circadian oscillators were taken
into account. Studies in cancer had revealed that
melatonin strongly downregulated sirtuin 1 (SIRT1)
levels [69,70]. However, just the opposite, namely,
upregulation of SIRT1 by melatonin, was observed in
nontumor cells, as recently summarized [66]. These
stimulatory effects were obtained in the context of aging
and also under conditions of inflammation. For several
reasons, these findings are of particular interest. First,
sirtuins had been discovered as aging suppressors and,
although some divergent effects of SIRT1 on aging had
been reported, life extension by brain-specific SIRT1
overexpression has been documented [71]. Second, the
parallel declines of melatonin levels and SIRT1
expression, as observed during aging, may be taken as a
hint for a functional relationship [67]. Third, the fields of
action of melatonin and SIRT1 are considerably
overlapping, in terms of anti-inflammatory effects,
mitochondrial protection, enhancement of -circadian
amplitudes [64,66,67,72], and anti-aging effects
[42,71,73]. Notably, the lifespan extending effect of
melatonin was more pronounced in the senescence-
accelerated mouse strain SAMP8 than in the normally
aging control strain SAMR1, a finding that should be seen
in relation to the typical underexpression of SIRT1 in
untreated SAMP8 mice [73,74].

The divergent results obtained in tumor and nontumor
cells turned out to not be really contradictory, because of
the decisive role of SIRT1 in acting as an accessory
component of circadian oscillators with amplitude-
enhancing properties and a fundamental difference
concerning the expression of some core oscillator genes
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with antitumor potential [65,66,75]. As outlined in these
publications, tumor suppressor genes have to be
epigenetically silenced to allow the existence as a tumor
cell. This is especially required for the gene Per2 (Period
2), whose deficiency makes a mouse cancer-prone, and
which is suppressed in the cancer lines studied in the
context of melatonin and SIRT1 [76]. As a result, the
oscillators of cancer cells are strongly dysregulated and
more or less fixed in abnormal phase positions in which
proliferation is favored. Under these conditions, under
which Per?2 is silenced, the core oscillator protein CLOCK
and also SIRT1 are strongly upregulated, a change that is
gradually reversed by melatonin [65,66,75].

The relationship between melatonin and SIRT1 will
certainly require further elucidation. However, recent
data indicate that SIRT1 may be a downstream factor of
melatonin, not only because of the multiply documented
upregulation of SIRT1 in nontumor cells, but even more as
some effects of melatonin were shown to be blunted by
SIRT1 inhibition [66]. This was shown in a study on
counteractions of glucocorticoid-induced chondrocyte
impairment by melatonin [77]. Similar conclusions were
drawn in different models of neuroprotection [78-80]. As
a full record of findings would exceed the scope of this
article, only a few important findings shall be addressed.
Protective effects by melatonin were counteracted by the
sirtuin inhibitors sirtinol [81] and EX527 [78]. Melatonin
did not only enhance, in the septic heart, SIRT1
expression, but also NAD* levels, which determine SIRT1
activity, and expression of Nampt mRNA, which encodes
the rate-limiting enzyme of NAD* formation, nicotinamide
phosphoribosyltransferase [82]. Moreover, this study
underlined the common anti-inflammatory properties of
melatonin and SIRT1 in the context of sepsis. Finally, this
investigation also revealed upregulation of Rora and
downregulation of Rev-erba mRNAs, i.e., an activator and
a repressor at the ROR response element (RORE),
respectively [82]. These findings indicate enhanced
expression of genes with RORE-containing promoters,
such as Bmall and Clock, i.e., core oscillator genes whose
proteins stimulate the expression of, e.g., Per2, other Per
and Cry (cryptochrome) genes and Nampt as well. Beyond
the pathologies, it should be noted that melatonin also
upregulated Sirtl mRNA in PMBCs of healthy control
subjects [83].

Collectively, findings indicate that, at least, some of
melatonin’s actions are mediated by SIRT1. This signifies
the extension of receptor-mediated signaling by
secondary processes that depend on this sirtuin and have
to be taken into consideration in future studies. These
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effects on SIRT1 also imply secondary actions via the
circadian oscillator system. Importantly, these secondary
circadian changes are not restricted to the circadian
master clock, the suprachiasmatic nucleus (SCN), but
extend too many, perhaps, all peripheral oscillators. This
would be in accordance with some earlier observations
and expand the spectrum of chronobiological actions of
melatonin considerably [68]. It seems to be of
fundamental relevance to be aware of the countless
functions driven by circadian oscillators via rhythmic
expression of circadian controlled genes [84].

Whether or not SIRT1 is the only sirtuin that transmits
information originating from melatonin remains an issue
of actuality, but will require further experimental support.
This may concern especially the mitochondrially located
SIRT3 and the constitutively chromatin-associated SIRT®6.
Both SIRT3 and SIRT6 are driven by the NAD+* cycle and
transmit circadian information [85,86], but, because of
their localization, they may not feed back to core
oscillators. Meanwhile, upregulation of SIRT3 expression
by melatonin has been reported for ovary/oocytes [87-
89], liver [90], and heart [91-93], under various
pathological conditions. The actions on SIRT3 were
associated with signaling via PGC-1a [90,91], a property
shared with SIRT1 [94].

Secondary Signaling via MicroRNAs and
Exosomes

MicroRNAs (miRNAs) have received increasing
attention during the last years, for several reasons [95-
98]. First, they act as co-regulators of countless functions,
mainly by causing destruction of target mRNAs via
formation of a microRNA-induced silencing complex
(RISC complex) that leads to the destruction of the
double-stranded intermediate. Their formation can take
place in different ways, either from longer hairpin
transcripts known as pri-miRNAs that are converted to
pre-miRNAs, which are spliced in the cytoplasm by the
RNase III Dicer and, thereafter, unwound. Alternately,
other miRNAs are formed from intron sequences by
hnRNA splicing via intermediates known as mirtrons [99].
Moreover, some miRNAs are subject to RNA editing
[100,101]. In addition to mRNA targeting, some miRNAs
bind to a toll-like receptor, TLR7, which represents a
protein that interacts exclusively with single-stranded
RNAs, whereas other TLR subforms that are specialized
for double-stranded RNAs do not interact with miRNAs
[102-104]. A second reason concerning their importance
is their abundance. In mammals, the number of miRNAs is
estimated to be in the range of a thousand. As many of
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them are capable of targeting sometimes more than a
hundred mRNAs, their impact may concern more than
half of the genome [95-99]. A third reason is related to
their distribution. In addition to actions in the cells in
which they have been formed and to the possibility of
entering neighbor cells via gap junctions, they are also
distributed within the body by means of exosomes and
ectosomes. Formally, exosomes and ectosomes are
distinguished by their mode of biogenesis, either, in the
former case, involving the multivesicular body and
release by exocytosis or, in the latter case, by budding at
the plasma membrane [105,106]. Despite this difference,
ectosomes, also often referred to as microvesicles, and
exosomes are frequently not clearly distinguished in
experimental studies. However, regardless of the missing
distinction, both of them are carriers of miRNAs, which
are enriched in these extracellular vesicles by virtue of
IncRNAs (long noncoding RNAs) and circRNAs (circular
RNAs), which act as miRNA sponges [106-108]. As
exosomes and ectosomes are found in all body fluids, they
transmit regulatory messages over long distances to
target cells. By virtue of this property, they are discussed
in terms of spreading dysregulatory information of
pathologies, but may also spread protective, correcting
information upon curative treatment [109].

With regard to the pleiotropy of melatonin [9],
numerous actions of this regulator molecule should be
expected to be either transmitted or modulated by
miRNAs. Actually available information clearly supports
this conclusion. However, melatonin’s spectrum of action
is that large that a coherent picture concerning the
participation of miRNAs cannot be easily achieved.
Nevertheless, results obtained to date have brought about
a remarkable number of important details. Instead of
summarizing many, often functionally unrelated findings,
the focus shall be laid on results of more fundamental
relevance, which may also serve as a proof of principle for
the involvement of miRNAs in melatonin signaling.
Various other details have been reviewed elsewhere
[72,109]. With regard to well-documented protective
actions by melatonin, studies have often focused on the
correction of detrimental effects. In a model of
neuroinflammation by LPS (bacterial lipopolysaccharide),
upregulation of miR-34a and downregulation of miR-146a
and miR-126 have been reversed by melatonin, notably in
conjunction with SIRT1 upregulation [80]. This effect may
be indicative of the transmission of a melatonin signal via
SIRT1 at the miRNA level. The observation of both up- and
downregulations of different miRNAs was also made in
models of Alzheimer’s disease (AD), in which the
pathological change consisted in upregulation of miR-124
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and downregulation of miR-132 [110,111]. The correction
of these effects was especially of importance in the case of
the Ap-induced suppression of miR-132, since this
microRNA displays anti-apoptotic properties [111]. In a
study on 25 AD-specific changes of miRNA expression,
associations with melatonin were detected, among them a
particularly strong connection with miR-765 and a
negative one with miR-30e-5p [112]. It will be of great
interest to have to whole set of these associations tested
in a functional context, in animal models or clinically.

A few papers have addressed the effects of melatonin
on stem cells, however, in poorly comparable models,
such as hair follicle cells [113], cardiac progenitor cells
[114] and mesenchymal stem cells [115]. Additional
findings in spermatogonial cell lines are discussed
elsewhere [109]. Collectively, more than 180 miRNAs
were shown to be differentially expressed under the
influence of melatonin. Two particular findings shall be
specifically addressed. In cardiac progenitor cells exposed
to hydrogen peroxide, melatonin maintained the
expression of miR-675 by protecting its IncRNA
precursor, H19 [114]. In mesenchymal stem cells, in
which melatonin is known to induce chondrogenic and,
under respective conditions, osteogenic differentiation
[42], the pineal hormone was recently shown to induce
two pro-chondrogenic miRNAs, miR-525b-3p and miR-
590-5p [115].

Another line of experimentation concerned the effect of
melatonin on miRNAs in cancer cells, in particular,
prostate and breast cancer cells, in which on costatic
actions of melatonin had been repeatedly shown, and
glioma cell lines [116-118]. In functional terms, melatonin
inhibited angiogenesis via miR-3195 and miR-374b
expression in prostate cancer, which should be of
relevance to tumor growth [116]. In glioma cell lines,
melatonin downregulated miR-155, which is believed to
reduce proliferation and migration [118]. The broad scale
study in breast cancer cells revealed differential
expression in 22 miRNAs, which, according to 5‘-utr
sequencing, may target over 2000 mRNAs [117].

Although miRNAs are present in exosomes and
ectosomes, changes in their RNA contents have not yet
been studied in the context of melatonin. However, an
investigation on pathological changes in exosomes and
their counteraction by melatonin indicates a promising
new line of experimentation. In vitro differentiated
macrophages were exposed to exosomes from
hepatocellular carcinoma cells, which had either
remained untreated or were incubated with melatonin
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[119]. In the recipient macrophages, exosomes from
untreated carcinoma cells upregulated the secretion of
various cytokines, such as IL-6, IL-10, IL-1f, and TNF-q,
whereas these were downregulated by exosomes from
melatonin-treated cells. These results demonstrate the
potential of such an approach, but, in the future, the
conclusiveness would be substantially enhanced by
analyses of miRNA contents as well as of their sponges,
IncRNAs and circRNAs.

Conclusion

Primary signaling via GPCRs [1-4] is beyond doubt in
vertebrates. This statement also includes modulations via
the nonbinding melatonin receptor ortholog GPR50, the
stabilization of MT; by the scaffolding protein MUPP1
(multi-PDZ domain protein 1), effects of homo- and
heterodimerizations, and all consequences of receptor
modification [5]. Whether or not CaM contributes in a
substantial way to melatonin signaling in vertebrates may
require further support, but this should remain to be
considered in plants. Other binding sites in vertebrates
have either not been approved, not been sufficiently
studied in detail, or are devoid of a demonstrable signal
transduction pathway.

However, the message of this mini reviews it to direct
readers’ attention to the manifold possibilities of
secondary signaling. Regarding a highly pleiotropic
molecule like melatonin, it is not surprising that it also
acts on other powerful regulators, including other
hormones, metabolic sensors, cellular co-regulators, and
components of the circadian oscillators. As examples of
secondary signaling by humoral factors, cytokines
released by immune cells as well as uroguanylin and
guanylin in the intestine should be mentioned [63,65].
These latter compounds are released by Paneth cells in
response to MT; activation and stimulate cGMP formation
via the receptor guanylyl cyclase 2C (GUCY2C) in the
plasma membrane of enterocytes [120-122]. A full
spectrum of hormones and hormone-like compounds
influenced by melatonin would exceed the scope of this
article and would be worth another review.

In plants, high-affinity binding sites and primary
signaling are awaiting elucidation, apart from the
possibility of additional CaM-mediated effects. Despite
this still existing gap, the interference of melatonin with
genes under control of established phytohormones may
indicate secondary signaling via these agents
[24,30,34,35]. How melatonin may interact with these
phytohormones remains to be clarified.
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In mammals, signaling via mitochondrial MT1 opens an
important new field of investigation, along with the fact of
mitochondrial melatonin synthesis [56]. As melatonin is
also formed in plant mitochondria [55], the possibility of
intramitochondrial signaling in plants may be of interest,
too, but would first require the identification of binding
sites. In plants, melatonin formed in chloroplasts and its
signaling deserve additional attention.

Secondary signaling via SIRT1 appears to be of
fundamental importance. This is not only related to the
more or less concomitant declines of melatonin and SIRT1
in the course of aging, but has also to be seen in the
context of metabolic sensing and the circadian role of
SIRT1. It will be of utmost importance to identify in the
next future the extent of melatonin effects transmitted by
SIRT1. Moreover, investigators who administer melatonin
in experiments designed for cell protection should be
particularly aware of the possibility of secondary
signaling by SIRT1. This should include the identification
of downstream factors controlled by SIRT1 as well as
substrate proteins that are deacetylated by this enzyme.
The upregulation of SIRT1 by melatonin, as already
demonstrated in a number of cases, has to be taken into
account in all aspects related to circadian rhythmicity
[66,77-83]. The circadian dynamics is of fundamental
significance for numerous physiological and cell biological
parameters, already with regard to the countless
circadian controlled genes and the global epigenetic
regulation by circadian oscillators [84].

Attention concerning secondary signaling by SIRT1
should also include the possibility of changes in SIRT1-
controlled miRNAs. With regard to noncoding RNAs, the
situation may be extremely complex, as other miRNAs and
sponging RNAs may be also directly influenced by
melatonin or by other components of circadian
oscillators. A poorly investigated but highly promising
field is that of signaling via exosomes and ectosomes.
Whether directly or indirectly modulated by melatonin,
the possible spreading of protective, perhaps, curative
messages by these extracellular vesicles opens fascinating
perspectives.

To date, one of the practical problems of noncoding
RNA research consists in the countless number of
different miRNAs, the various IncRNAs and circRNAs, and
the even higher numbers of potentially targeted mRNAs
[123]. Some investigators have concentrated their studies
on a very few miRNAs, whereas others have chosen global
RNA sequencing approaches. In both cases, the
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information remains limited, either because of the small
molecular spectrum looked at or because of the difficulty
of finding the decisive needle in the haystack. A way out
may be to consequently concentrate first on approaches
concerning effects of melatonin in a nonpathological
context or in selecting treatments that are devoid of a
foreseeably high complexity. For instance, the use of LPS
or of mitochondrial toxins that exert countless effects in
the entire body will presumably reveal a high number of
changes, but a low degree of insight. This statement
should not be misunderstood in terms of underrating the
importance of pathophysiological studies, but rather
indicate routes towards a better understanding of effects
by melatonin per se, as far as secondary signaling is
concerned.
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