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Melatonin: a well-documented antioxidant with conditional

pro-oxidant actions

Abstract: Melatonin (N-acetyl-5-methoxytryptamine), an indoleamine
produced in many organs including the pineal gland, was initially
characterized as a hormone primarily involved in circadian regulation of
physiological and neuroendocrine function. Subsequent studies found that
melatonin and its metabolic derivatives possess strong free radical scavenging
properties. These metabolites are potent antioxidants against both ROS
(reactive oxygen species) and RNS (reactive nitrogen species). The mechanisms
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remains to be established.

Introduction

Melatonin is an evolutionally phylogenic old molecule,
which can be traced back to the ancient photosynthetic
prokaryotes. It is a tryptophan derivative that was first
isolated from bovine pineal glands [1]. Melatonin was later
found to be also present or synthesized in extrapineal tis-
sues such as retina, Harderian gland, gastrointestinal tract,
testes and lymphocytes [2]. Melatonin is a functionally
diverse molecule [3]; its originally described mission was
the regulation of circadian and circannual cycles [4-7].
These actions directly involve membrane receptors specific
for the indoleamine situated in the germane tissues. More
recently, melatonin and its derivatives were found to be
potent free radical scavengers and broad-spectrum antioxi-
dants, properties that have been conserved through evolu-
tion [8, 9]. Mechanistically, melatonin executes its free
radical scavenging actions via nonreceptor-mediated pro-
cesses, while its stimulation of antioxidant enzymes
involves receptors [10, 11]. In mammals, melatonin acti-
vates at least two high-affinity G protein-coupled recep-
tors, the MT1 and MT2, which regulate a variety of

by which melatonin and its metabolites protect against free radicals and
oxidative stress include direct scavenging of radicals and radical products,
induction of the expression of antioxidant enzymes, reduction of the activation
of pro-oxidant enzymes, and maintenance of mitochondrial homeostasis. In
both in vitro and in vivo studies, melatonin has been shown to reduce
oxidative damage to lipids, proteins and DNA under a very wide set of
conditions where toxic derivatives of oxygen are known to be produced.
Although the vast majority of studies proved the antioxidant capacity of
melatonin and its derivatives, a few studies using cultured cells found that
melatonin promoted the generation of ROS at pharmacological concentrations
(um to mm range) in several tumor and nontumor cells; thus, melatonin
functioned as a conditional pro-oxidant. Mechanistically, melatonin may
stimulate ROS production through its interaction with calmodulin. Also,
melatonin may interact with mitochondrial complex III or mitochondrial
transition pore to promote ROS production. Whether melatonin functions as
a pro-oxidant under in vivo conditions is not well documented; thus, whether
the reported in vitro pro-oxidant actions come into play in live organisms
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cellular and physiological processes including neuronal fir-
ing, arterial vasoconstriction, cell proliferation, immune
responses, and reproductive and metabolic functions [12,
13]. Aside from MT1 and MT2 receptors, melatonin has
been shown to interact with other intracellular proteins,
including nuclear receptor ROR/RZR, quinone reductase
2 (or MT3), and calmodulin [3]. ROR/RZR has been pro-
posed to work in coordination with the plasma membrane
receptors MT1/MT2 to regulate gene expression [14]. The
interaction between melatonin and quinone reductase is
possibly involved in the regulation of cellular redox status,
although the exact role of this interaction remains poorly
understood [15]. The low-affinity interaction between mel-
atonin and calmodulin may be involved in its antioxidant
action as well as other signaling processes [16].

Although the vast majority of experiments have docu-
mented that melatonin is a powerful free radical scavenger
and antioxidant, some recent in vitro evidence suggests
that melatonin may have pro-oxidant actions in some cells
[17-28]. Most notably, melatonin functions as a pro-
oxidant in cancer cells where it aids in the killing of tumor
cells [18, 19, 21, 25, 27, 28]. In the following discussion, we
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will review the published studies and present arguments to
reconcile the two seemingly opposing actions of melatonin
with regard to its relationship with free radicals.

Free radicals

Free radicals are continuously produced in aerobic organ-
isms as byproducts from oxidative reactions [29]. Two
groups of toxic species, some of which are free radicals,
have been extensively studied for their roles in diseases
and aging: reactive oxygen species (ROS) and reactive
nitrogen species (RNS). Common ROS includes singlet
oxygen ('0,), superoxide (O;7), hydrogen peroxide
(H>O,), and the hydroxyl radical (OH), with the latter
being the most reactive and doing the largest amount of
damage in living cells. Oxidants are generated as a result
of normal intracellular metabolism in mitochondria and
peroxisomes, as wel as from a variety of cytosolic enzyme
systems (e.g. lipoxygenases, NADPH oxidase, and cyto-
chrome P450) [30]. In addition, a number of external
agents can trigger ROS production (e.g. ionizing radiation,
ultraviolet light, environmental toxins, inflammatory and
cytokines). The mitochondrion is a major site of O;" gen-
eration during oxidative phosphorylation. O™ is rapidly
converted to H,O, through enzymatic reactions catalyzed
by the superoxide dismutases (SODs) localized in different
cellular compartments (mitochondria, cytosol, and extra-
cellular). H>O, can subsequently be metabolized to water
or to the devastatingly toxic OH. The OH is formed dur-
ing the Fenton reaction when H,O, interacts with transi-
tion metals (Fe“, Cu'", etc.). RNS includes nitric oxide
(NO), peroxynitrite (ONOO7), and peroxynitrate
(ONOOH), with peroxynitrite being the most toxic RNS.
NO'is generated from r-arginine catalytically and involves
nitric oxide synthase [31, 32]. NO can subsequently couple
with O to generate ONOO . This product eventually
degrades into ONOOH and OH or OH-like products.

Free radicals function as double-edged swords in biolog-
ical systems as they can be either harmful or beneficial to
living systems, depending on the site of generation and
their levels [33]. Generally, in high concentrations, ROS/
RNS are important mediators of damage to cellular com-
ponents (e.g. lipids, proteins, and DNA). The deleterious
consequences of free radical damage, referred to as oxida-
tive stress, at cellular level can be cell death, senescence or
tumorigenesis. Free radicals promote cytochrome c release
from mitochondria, activation of caspases, cell cycle con-
trol protein p53, and other apoptotic signaling proteins in
a mitochondria-dependent or mitochondria-independent
manner [34, 35]. The destructive effects of free radicals are
associated with the induction of cellular senescence [36],
and they play important roles in cancer initiation and
progression [37].

To defend against free radical damage, cells have devel-
oped multiple systems to keep levels of free radicals in
check. These include oxidant scavengers to directly neu-
tralize free radicals and antioxidant enzymatic systems to
convert toxic free radicals to nontoxic molecules. In addi-
tion, the cells have developed systems to repair or clear
molecules or structures damaged by free radicals. For
instance, oxidatively damaged DNA can be repaired by
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base excision repair system, while oxidatively damaged
proteins are removed by autophagy [38, 39]. Oxidative
stress occurs when the levels of free radicals overwhelm
the cellular defense system designed to metabolize them.
The resulting damage leads to the interruption of normal
cellular operations with potentially disastrous physiologi-
cal consequences.

Numerous studies have also revealed the beneficial
effects of ROS/RNS on the host [40]. ROS/RNS are pow-
erful agents against infectious agents and function in the
first line of defense against infection [41]. Oxidative/respi-
ratory burst occurs during phagocytosis of infectious
agents by phagocytic cells (e.g. macrophages and neu-
trophils), thereby protecting against infectious agents [42,
43]. ROS/RNS are also critical secondary messengers for
multiple cellular signaling pathways involved in cell
growth, differentiation, and inflammatory responses [44,
45]. As an example, oxidation reduction of protein cyste-
ine residues regulates signaling pathways through the acti-
vation or inactivation of proteins/enzymes [46]. Also, NO'
has been recognized to play an important role in the nitric
oxide-cyclic GMP signal transduction pathway [47].

The roles of ROS/RNS in a living system are highly
complex and usually well regulated. The balance between
the deleterious and beneficial effects of ROS/RNS depends
on multiple factors, including but not limited to the con-
centration of ROS/RNS, the cell type, the subcellular com-
partments where they are generated, and the timing of the
generation.

Melatonin as an antioxidant

Melatonin and its derivatives have been shown to be pow-
erful direct free radical scavengers [8, 9, 31, 48-52]. Several
mechanisms by which melatonin detoxifies oxidants are
considered to be operative, including single electron trans-
fer, hydrogen transfer, and radical adduct formation [50,
51]. Besides direct scavenging of ROS/RNS, melatonin
also stimulates antioxidant enzymes [10, 11, 53], sup-
presses pro-oxidant enzymes [53-55], and improves mito-
chondrial function thereby reducing radical formation
[56-59] (Fig. 1).

Within the cell, the free radical scavenging capacity of
melatonin could be affected by its subcellular localization
[2]. Melatonin differentially distributes in various subcellu-
lar compartments in extra-pineal tissues. Menendez-Pelaez
et al. [60, 61] first reported that melatonin was distributed
to the nucleus. Recently, Venegas et al. [62] reported that
melatonin levels in the cell membrane, cytosol, nucleus,
and mitochondrion varied over a 24-hr cycle, with some
evidence of rhythmicity. The cell membrane had the high-
est concentration of melatonin followed by mitochondria,
nucleus, and cytosol. When administered in vivo, melato-
nin in doses ranging from 40 to 200 mg/kg body weight
increased the accumulation of melatonin in cell membrane
and cytosol in a dose-dependent manner, with values 100
times greater in the former than in the latter. Melatonin
levels in the nucleus and mitochondria reached saturation
with a lower dose of 40 mg/kg body weight, with no fur-
ther accumulation under higher doses of injected melato-
nin. Notable is that Venegas et al. [62] observed that
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pinealectomy, which lowers blood melatonin values, rather
than reducing mitochondrial concentrations of melatonin
actually caused them to increase.

Direct scavenging of ROS

Melatonin was first demonstrated to be a direct scavenger
of oxidants by Tan et al. [49]. Using an in vitro system,
this group found that melatonin directly scavenged the
highly toxic OH. Other studies subsequently confirmed
this action of melatonin, using a variety of in vitro meth-
odologies under well-controlled and sometimes cell-free
conditions [63-69]. Li et al. [70] provided the first evidence
that melatonin neutralized ‘OH in vivo. In this study,
administration of melatonin reduced OH generated during
cerebral ischemia-reperfusion, a finding supported by the
study of Bromme et al. [71].

When melatonin detoxifies the ‘'OH, it is converted to
cyclic 3-hydroxymelatonin (3-OHM), which is also a potent
radical scavenger [72-75]. 3-OHM is an intermediate
metabolite of melatonin. It undergoes oxidation resulting
in the formation of N'-acetyl-N-formyl-methoxykynuram-
ne (AFMK) [74]. Deformylation of AFMK leads to the
generation of N2-acetyl-5-methoxykynuramine (AMK) [76,
77]. These compounds are also major melatonin
metabolites with a similar potency to melatonin in detoxi-
fying ROS and reducing oxidative stress [78-81]. The
sequential scavenging of ROS by melatonin and its metab-
olites is known as melatonin’s antioxidant cascade [82, 83]
(Fig. 1).

The physicochemical nature of the reaction between
melatonin and free radicals has been investigated. Three
mechanisms have been proposed and tested, including sin-
gle electron transfer, hydrogen atom transfer, and radical
adduct formation [50, 84]. Using In vitro cell-free system
in the presence of one-electron oxidants, ONOO™, or alk-
oxyl radicals, several studies found that single electron
transfer and hydrogen atom transfer were important char-
acteristics of the antioxidant activity of melatonin [85-88].
In the presence of OH, however, radical adduct formation
seems to be the major mechanism by which melatonin det-
oxifies OH [66].

| Protection of mitochondria |

Melatonin has also been shown to react in primarily in
vitro cell-free systems with H,O, [77, 89], 'O, [89-91], NO
[85, 92, 93], ONOO /ONOOH/ONOOH* [87, 88, 93, 94],
and LOO [95]. The capability of melatonin to directly
detoxify O; and hypochlorous acid (HOCI) remains to
be conclusively determined [31]. The in vitro findings that
melatonin detoxifies ONOO™ is consistent with the results
of several in vivo studies, which demonstrated that melato-
nin administration in vivo reduced the accumulation of ni-
trotyrosine, a footprint of ONOO™ nitration of tyrosine
[96-99]. Also, Yin et al. [100] reported that melatonin
arrested ONOO™-induced tau hyperphosphorylation and
the overactivation of protein kinases with the reduction of
oxidative stress in rat brain.

Regulating the expression or activity of proteins

Melatonin and its metabolites have been demonstrated to
modulate the expression of genes involved in detoxifica-
tion or generation of ROS/RNS (for extensive discussion
please refer to the reviews by Luchetti et al. [16] and
Rodriguez and coworkers [53]). Antolin et al. [101] first
demonstrated that melatonin enhanced the expression of
genes involved in detoxifying ROS, including CuZnSOD
(copper zinc superoxide dismutase, or SOD1) and MnSOD
(manganese superoxide dismutase, or SOD2) in hamster
Harderian gland. Mayo et al. [102] subsequently demon-
strated that melatonin at a physiological serum concentra-
tion (1 nm) increased the expression of CuZnSOD and
glutathione peroxidase (GPx) in neural cell lines. In con-
trast, Tang et al. [103] found that higher concentrations of
melatonin (30-120 um range) did not alter gene expression
of CuZnSOD and GPx in neuronal cells. These results
suggest that the melatonin affects the expression of antiox-
idative stress genes in a dose-dependent manner. The mel-
atonin-mediated changes in antioxidant enzyme gene
expression are consistent with melatonin’s ability to upre-
gulate the activities of these enzymes [10, 11, 53].

When it was administered in vivo, melatonin increased
gene expression of multiple antioxidative stress genes in
neuronal tissues, including CuZnSOD, MnSOD, GPx,
catalase, and glutathione reductase (GR) [104-106].
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Melatonin, when added to ex vivo human skin tissue, pro-
tected skin from UV injury by enhancing the expression of
SODs, catalase, and GPx [107]. Melatonin was further
found to protect synovial mesenchymal stem cells and pro-
mote in vitro development of pronuclear embryos by
enhancing gene expression of antioxidative stress genes
[108, 109]. Finally, melatonin attenuated the reduction of
gene expression of CuZnSOD and GPx (both cytosolic
and mitochondria (GPx)) in rat liver during aging, sug-
gesting a potentially beneficial effect of melatonin to atten-
uate the aging process [110].

Melatonin not only upregulates the expression of genes
involved in detoxifying free radicals, it also suppresses the
activity or expression of genes involved in the generation
of free radicals. It is noted that the majority of studies have
focused on the effect of melatonin on the genes involved in
RNS production, for example, nitric oxide synthase
(NOS). Bettahi et al. [111] first demonstrated that melato-
nin inhibited NOS activity in rat hypothalamus. Subse-
quent studies further confirmed this finding [55, 112].
Later, it was observed that a melatonin metabolite, AMK,
also inhibited NOS activity [113]. Aside from the inhibition
of the activity of NOS, melatonin was subsequently found
to reduce the expression of inducible NOS (iNOS) in liver
and lung of lipopolysaccharide-challenged rats [114].

It has been proposed that melatonin modulates the
activities of antioxidant enzymes via its interaction with
calmodulin, which in turn inhibits downstream processes
that lead to the inactivation of nuclear ROR« melatonin
receptor [115]. Inactivation of RORua relieves the block of

Matrix

NF-xB-induced expression of antioxidant enzymes by
reducing the expression of the upstream inhibitor of NF-
kB, IkB. Therefore, the increment in antioxidant enzyme
activities induced by melatonin may involve the inhibition
of the RORo pathway.

Protection and improvement of
mitochondrial function by melatonin

Mitochondria are a major target of melatonin [57-59,
116-119]. Both in vivo and in vitro experiments have dem-
onstrated that melatonin protects mitochondria against
oxidative damage and improves mitochondrial function
(e.g. respiration and ATP production). Tan et al. [120]
recently hypothesized from an evolutionary point of view
that mitochondrion is the original site of melatonin syn-
thesis in eukaryotic cells. It is therefore not difficult to
imagine the evolutionarily preserved effect of melatonin
on mitochondria. In addition, melatonin, as a lipophilic
molecule, has been found to accumulate in high concentra-
tions in mitochondria, suggesting that mitochondria could
be a major target for melatonin [56, 60]. Finally, mito-
chondria are considered the main intracellular source of
ROS as well as the major target of free radical damage,
making it one of the most desirable targets to be protected
against ROS-induced molecular mutilation.

After surveying the literature, herein we summarize the
potential mechanisms or approaches by which melatonin
interacts with mitochondria (Fig. 2). (i) Melatonin directly
detoxifies ROS/RNS through its nonreceptor-mediated

=== Gene expressjon

Fig. 2. Schematic representation of the potential mechanisms by which melatonin protects mitochondria. (A) Melatonin directly detox-
ifies ROS once it enters mitochondria. (B) Melatonin increases activities of antioxidant enzymes (SODs and GPx). (C) Melatonin stabi-
lizes mitochondrial inner membrane. (D) Melatonin increases ETC. activity, respiration, and ATP production. (E) Melatonin regulates
mitochondrial gene expression. (F) Melatonin directly regulates MPTP. Mel, melatonin; MMP, mitochondrial membrane potential;
MPTP, mitochondrial permeability transition pore; SODI, superoxide dismutase 1; SOD2, superoxide dismutase 2; GPx, glutathione per-
oxidase; Prdx, peroxiredoxin; GSH, glutathione; mDNA, mitochondrial DNA. Roman letters I, II, II, IV, and V represent mitochondrial
electron transport chain complexes; IM, mitochondrial inner membrane; OM, mitochondrial outer membrane; IMS, inter membrane

space.
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free radical scavenging capacity, thereby lowering damage
to mitochondrial proteins and DNA [121]. (ii) Melatonin
increases the activity of antioxidative enzymes while sup-
pressing pro-oxidant enzymes in mitochondria [122, 123].
(iii) Melatonin stabilizes the mitochondrial inner mem-
brane, thereby maintaining mitochondrial integrity [124].
(iv) Melatonin increases the activity of mitochondrial elec-
tron transport chain (ETC.) complexes and improves
mitochondrial respiration and ATP production, thereby
reducing electron leakage and ROS generation [56]. (V)
Melatonin regulates mitochondrial gene expression [121,
125]. (vi) Melatonin may directly control the currents
through the mitochondrial permeability transition pore
(MPTP) [126, 127]. (vii) In addition to its receptor-inde-
pendent actions, melatonin modulates mitochondrial
function and cell survival through MT1/MT2 receptor-
mediated mechanisms [128, 129].

These mechanisms are not mutually exclusive; rather
they could well be interdependent or connected. For
instance, melatonin may regulate mitochondrial gene
expression through MT1/MT2-dependent processes. Also,
the direct ROS/RNS scavenging capacity of melatonin
may help maintain mitochondrial membrane stability,
ETC. activity, and MPTP. Furthermore, the lipophilic fea-
ture of melatonin allows it to accumulate in the mitochon-
drial membrane, thus positioning itself in the vicinity of
ETC. and MPTP so that it could directly scavenge ROS
generated from ETC. or interact with ETC. to facilitate
electron transfer or regulate the opening of MPTP. Finally,
evidence indicates that melatonin protects mitochondrial
function in the brain of Alzheimer’s patients through both
MTI1/MT2 dependent and independent mechanisms, sug-
gesting that melatonin may preserve mitochondrial func-
tion through multiple mechanisms simultaneously [129].
Interestingly, melatonin (25-50 nm) was recently found to
be effective against the parasite Leishmania infantum
through a mechanism of disrupting the mitochondria, indi-
cated by early MPTP opening, alteration of calcium
homeostasis, increase of nitrites, and reduction of ETC.
complex I, II, and III activities [130]. This exception may
be due to the potentially species-specific responses to exog-
enous melatonin, which are in agreement with melatonin’s
cytotoxicity against cancer cells [131, 132].

Melatonin protects proteins of the ETC. and mitochon-
drial DNA from oxidative damage via its free radical scav-
enging capacity in vivo [133-137]. By directly detoxifying
ROS/RNS, melatonin limits the loss of intra-mitochon-
drial glutathione, protects mitochondrial proteins and
DNA from oxidative damage, and improves ETC. activity
as well as ATP production. By doing so, melatonin is
believed to protect against ischemia-reperfusion induced
damage to the heart [138]; it also attenuates mitochondrial
dysfunction in sepsis [139, 140], multiple sclerosis [141],
doxorubicin-induced cellular senescence [142], in senes-
cence-accelerated mice [143-145], and during aging [134,
146-148]. Tt was also found that the protection of cardioli-
pin from peroxidation in mitochondria was an important
means by which melatonin prevents mitochondrial
dysfunction [138, 146, 149-151].

In addition to its free radical scavenging capacity which
protects mitochondria from oxidative damage, melatonin

Melatonin and oxidative stress

also exerts its protective effect on mitochondria by direct
involvement in membrane integrity, permeability transi-
tion pore, electron transport, and ATP production. Garcia
et al. [124] first demonstrated that melatonin helped main-
tain mitochondrial membrane integrity and MPTP in vitro
using a microsomal system. Melatonin was further shown
to interact with mitochondrial ETC. complexes I and IV
to promote electron flux under basal conditions to increase
ATP production [56, 152]. The high redox potential of
melatonin (—0.98 V) was postulated to facilitate the elec-
tron transfer in the ETC., by donating an electron to com-
plex 1T of the ETC. [57, 153]. However, the role of
melatonin in mitochondrial metabolism such as oxygen
consumption remains minimally investigated [154—156].

Melatonin regulates gene expression associated with
mitochondria. Prunet-Marcassus et al. [125] provided the
first evidence that melatonin directly affected mitochon-
drial gene expression. It was found that a 3 hr treatment
with melatonin (10 nm to 0.1 um) reduced mitochondrial
gene expression in Siberian hamster brown adipocytes,
indicated by a ~40% decrease in cytochrome b mRNA
level. However, it has not been fully investigated whether
this effect is achieved through direct interaction between
melatonin and the mitochondrial transcriptional apparatus
or through an indirect cascade of reactions initiated by
melatonin. Majority of the studies indicate that melatonin
modulates nuclear gene expression through both receptor-
mediated and receptor-independent mechanisms, including
MTI1/MT2 for receptor-mediated mechanism and redox
regulation (free radical scavenging) by receptor-indepen-
dent mechanisms [16]. Whether melatonin modulates mito-
chondria-coded gene expression in a similar manner
remains to be investigated.

Inarrea et al. [123] recently found that melatonin acti-
vated mitochondrial intermembrane CuZnSOD through a
mitochondrial cytochrome P450-mediated mechanism.
Cytochrome P450 utilizes melatonin as a substrate to gen-
erate. ROS in mitochondria (melatonin concentration
ranges from 0.1 to 10 pm), thus activating CuZnSOD
within the intermembrane space through oxidative
modification.

Finally, melatonin was shown to inhibit the MPTP [126,
127, 157, 158]. Andrabi et al. [126] first demonstrated that
melatonin directly inhibits MPTP in cultured mouse stria-
tal neurons. Melatonin strongly inhibited MPTP currents
in a dose-dependent manner with an IC50 of 0.8 um. Con-
sistent with its ability to inhibit MPTP, melatonin blocked
N-methyl-D-aspartate  (NMDA)-induced calcium rises,
similar to the pattern seen with cyclosporine A (CsA),
which is a blocker of MPTP. When the mouse striatal neu-
rons were subjected to oxygen—glucose deprivation
(OGD), melatonin strongly prevented the OGD-induced
loss of the mitochondrial membrane potential. Thus, it
was concluded that the direct inhibition of the MPTP by
melatonin might essentially contribute to its anti-apoptotic
effects in transient brain ischemia. Jou et al. [127, 157,
158] later also demonstrated that melatonin blocked
MPTP. Using time-lapse conventional, confocal, and mul-
tiphoton fluorescent imaging microscopy coupled with
noninvasive mitochondria-targeted fluorescent probes, Jou
et al. [158] demonstrated that melatonin prevented
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H,0,-induced opening of MPTP. They concluded that the
prevention of MPTP opening and mitochondria mem-
brane potential depolarization by melatonin was due to its
ability to reduce mitochondrial ROS generation. There-
fore, it appears that melatonin prevents the opening of the
MPTP through two not mutually exclusive modes: by a
direct interaction with the MPTP (shown by Andrabi’s
study [126]) or indirectly by suppressing upstream events
that regulate the opening of the MPTP such as ROS (as
shown by Jou’s studies [127, 157, 158]). The later would
be a result of the direct free radical scavenging capacity of
melatonin.

Antioxidant capacity of melatonin’s
metabolites

Melatonin is metabolized in vivo through enzymatic reac-
tions as well as chemical reactions such as oxidation to
several derivatives, including 3-OHM, AFMK, AMK,
6-hydroxymelatonin sulfate, 2-hydroxymelatonin, and cyc-
lic 3-hydroxymelatonin [9, 51, 159]). Three of these metab-
olites, 3-OHM, AFMK, and AMK, have been studied
extensively with regard to their biological significance.

3-OHM is an immediate product of melatonin’s interac-
tion with reactive oxygen species [72-75]. 3-OHM was first
detected in human and rat urine using sophisticated tech-
nologies [74, 75]. In vitro, 3-OHM was generated in a cell-
free system when melatonin was incubated with H>O, plus
Fe?> ™. In vivo, the level of urinary 3-OHM increased after
‘OH levels were induced by ionizing radiation in rats [74].
Therefore, 3-OHM is considered a biomarker of OH gen-
eration. Later studies demonstrated that 3-OHM is a more
potent antioxidant against OH and hydroperoxyl (OOH)
radicals than melatonin and its other metabolites (AMK
and AFMK) [72, 73].

Mechanistically, 3-OHM functions similar to the classic
antioxidants such as vitamin C, rather than to melatonin
[72]. 3-OHM and classic antioxidants exhibit single phase
reactions toward ABTS' (2,2'-azino-bis(3-ethylbenzothiaz-
oline-6-sulfonic acid), while melatonin exhibits two phases
due to its cascade reactions toward radicals [72]. Using
Density Functional Theory, Galano et al. [73] found that
3-OHM reacts with OH at diffusion-limited rates, regard-
less of the polarity of the environment, supporting its
excellent OH scavenging activity. Functionally, it effec-
tively prevents the oxidative degradation of cytochrome ¢
induced by H,0,, suggesting its potential in protecting
mitochondria against oxidative damage [72].

AFMK was first found to be a melatonin metabolite in
rat brain by Hirata et al. [76]. In 2000, Tan et al. [77]
reported for the first time that melatonin can be converted
to AFMK through nonenzymatic reactions, that is, oxida-
tion by H,O,. AFMK can be further oxidized to AMK by
ROS/RNS [89]. Bonnefont-Rousselot et al. [160] recently
demonstrated that melatonin can be oxidized to AFMK
and AMK in vitro preferentially by OH generated by radi-
ation, while H>O, and O did not affect the reaction. The
discrepancy between these two studies could be due to the
difference in experimental conditions. AFMK and AMK
are the primary metabolites in vivo, which have been dem-
onstrated in tissues, cells, and cellular compartments,
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including central nervous system [76], leukocytes [161],
and the mitochondria [162]. Mitochondria are likely a
favorite site for AFMK production due to the accumula-
tion of melatonin in mitochondria which are the major site
of ROS generation. A recent study by Niu et al. [163]
raised some questions about the notion that AFMK and
AMK are major melatonin metabolites. In their study,
AFMK and AMK were not detected in several mouse tis-
sues, including liver, brain, and eyes. In addition, oxidative
stress induced by acetaminophen in the mouse model did
not boost AFMK/AMK levels. Niu et al. [163] went fur-
ther to state that AFMK/AMK formation might not be a
significant pathway of melatonin disposition in mice, even
under conditions of oxidative stress. However, the failure
to detect AFMK and AMK may relate to their rapid
metabolism to other molecules in the antioxidant cascade
[116].

AFMK and AMK possess similar or even greater an-
tioxidative capacities than melatonin [164]. AFMK has
been shown to scavenge 'O, with a similar potency to mel-
atonin [79]. AFMK reduces lipid peroxidation and oxida-
tive DNA damage induced by a variety of oxidative
stressors under various conditions [78, 165-169]. AMK
has even greater efficiency than AFMK and melatonin in
terms of its capacity to scavenge ROS [80, 170]. In addi-
tion to its direct antioxidant capacities, AMK reduces
intracellular NO levels by inhibiting NOS activity in cyto-
sol as well as in mitochondria [113, 171-173]. In addition,
AMK, like its precursor melatonin, promotes mitochon-
drial complex I activity to elevate ATP production by low-
ering electron leakage and inhibiting opening of the
mitochondrial permeability transition pore [119, 171, 172].

Aside from their antioxidative capacity, AFMK and
AMK as well as melatonin exhibit anti-inflammatory and
immunoregulatory activities [174, 175]. AMK was
observed to inhibit the biosynthesis of prostaglandins
[176]. AFMK (0.001-1 mwm) inhibits tumor necrosis factor-
alpha and interleukin-8 formation caused by lipopolysac-
charide (LPS) in neutrophils and peripheral blood
mononuclear cells. The formation of AFMK during mela-
tonin oxidation was speculated to be an important event
in the cross-talk between neutrophils and monocytes [161].
A mechanistic study has revealed that AFMK and AMK
selectively inhibited gene expression of a proinflammatory
enzyme, cyclooxygenase 2 (COX-2) [177]. AFMK also reg-
ulates the cell cycle of malarial parasites as does its precur-
sor melatonin [178].

The various physiological actions of 3-OHM, AFMK,
and AMK indicate that melatonin likely exerts its actions
partially through its metabolites. Many other metabolites
of melatonin have been identified [9]. Uncovering of the
function of these metabolites will surely further expand
the understanding of the function of melatonin in vivo.

Melatonin as a conditional pro-oxidant
Evidence

As discussed in early sections, the vast majority of studies
have demonstrated that melatonin is a powerful scavenger
for free radicals, that is, an antioxidant. However, a few
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Table 1. Studies in which a pro-oxidant action of melatonin has been reported

Study Cell type [Melatonin] Effect References
In vitro Cell free Lipid, protein oxidation Medina-Navarro et al. [26]
In vitro HepG2 0.1-10 um Cell viability| (after 96 hr) Osseni et al. [28]
1-10 mm GSH|, ROS? (after 15 min)
In vitro Jurkat 0.1-1 mm ROS?T, GSH|, fas-induced apoptosist Wolfler et al. [27]
Ex vivo Mouse brain slice 1 mm Redox active iront, heme-oxygenase-11 Clapp-Lilly et al. [20]
In vitro CMK, Jurkat, MOLT-4 I mm Cytotoxicity, ROSt Biiytikavc et al. [19]
In vitro U937 1 mm ROS?T, GSH| Albertini et al. [18]
In vitro U937 I mm ROS1, 5-LOX1, PLA21, arachidonic acid?, Radgona et al. [17, 21]
oxidative stress«>, viability«>
In vitro U937 I mm NF-«xB1 Cristofannon et al. [179]
In vitro Hematopoietic tumor cell lines 1 mm ROSY, viability|, caspase activity? Bejarano et al. [25]
In vitro Messangial cells 50 um ROS?T Zhang et al. [23]
Isolated mitochondria 2.5-100 pum ROS?T Zhang et al. [24]
In vitro Human platelets 20-100 pum ROS?, intracellular calcium?, apoptosist Girish et al. [22]
In vitro Leishmania 25-50 pum Ca>" induced mPTP opening?, nitritest, Elmahallawy et al. [130]

mitochondria ETC. |, parasite-toxicity?]

studies have reported that melatonin occasionally pro-
motes the generation of ROS (Table 1). Medina-Navarro
et al. [26] first reported that melatonin possesses pro-oxi-
dant actions in an in vitro cell-free system, indicated by its
pro-oxidant tendency toward lipids and proteins. Subse-
quently, other investigators observed the pro-oxidative
activity of melatonin in a variety of in vitro cellular
systems. Wolfler et al. [27] found that melatonin at high
concentrations (10-1000 um) was able to promote ROS
generation and lead to Fas-induced apoptosis in human
leukemic Jurkat cells. When tested at concentrations of
<10 um, melatonin did not induce significant ROS genera-
tion in these cancer cells. Concurrently, Clapp-Lilly et al.
[20] found that melatonin at 1 mm levels increased mark-
ers of oxidative stress in an organotypic slice culture
model of Alzheimer’s disease, while at <100 pm, it reduced
oxidative damage.

Biiytikavci et al. [19] observed that high concentrations
of melatonin (0.01-1 mm) induced moderate cytotoxicity
with a significant increase of ROS generation in multiple
human leukemia cell lines, including Jurkat cells, MOLT-4
cells, and CMK cells. The same concentration of melato-
nin induced elevated ROS in HL-60 leukemia cells without
significant cytotoxicity, while it did not promote ROS
generation or cause cytotoxicity in K562 leukemia cells
and Daudi B lymphoblast cells. Bejarano et al. [25]
observed that puMm to mMm concentrations of melatonin
induced apoptosis in HL-60 cells or human platelets, asso-
ciated with the activation of caspase-3 and caspase-9. In
contrast, other studies reported that 1 mm melatonin,
which reduced intracellular glutathione in U937 lym-
phoma cells, did not affect GPx activity or cell viability
[18, 21]. Instead, melatonin induced a survival pathway
involving NF-xB activation in U937 cells [179]. They
argued that the pro-oxidant action of melatonin stimu-
lated production of ROS which acted as secondary
messengers for cell survival signaling.

In addition to cancer cells, the effects of high concentra-
tions of melatonin on nontumor cells have also been
reported. High levels of melatonin (um to mm) did not
cause cytotoxicity in several types of nontumor cells,

including peripheral blood mononuclear leukocytes [21],
neuronal stem cells [180], human umbilical vein endothe-
lial cells [181], primary hepatocytes [182], and HT22, a
mouse hippocampal cell line [132]. Although showing no
cytotoxicity, high concentrations of melatonin did inhibit
cell proliferation or arrest cell growth in some nontumor
cells. However, Girish et al. [22] reported that melatonin
(50 pm—1 mwm) induced apoptosis in normal human plate-
lets. These data indicate that the effects of high concentra-
tions of melatonin are cell type dependent, that is, whether
it is a cancer cell or a normal cell.

When it does occur, the induction of ROS generation
by melatonin varies among different cell types. Radogna
et al. [21] observed that melatonin (1 mm) induced ele-
vated ROS as early as 1 min after its addition. However,
the production of ROS was transient, which only lasted
5-6 hr. Osseni et al. [28] reported that high concentrations
of melatonin (1-10 mm) induced ROS generation within
15 min after the addition of melatonin to human hepato-
cellular carcinoma HepG2 cells. In Jurkat cells, elevated
ROS generation was measured 30 min after the addition
of melatonin [27]. Other studies have observed significant
rises of ROS from 2 to 48 hr after the addition of melato-
nin, depending on cell type [18, 19, 25]. These data indi-
cate that the timing and duration of ROS elevation
stimulated by melatonin is cell type dependent.

Interestingly, Osseni et al. [28] reported that relatively
lower concentrations of melatonin (0.1-10 um), which
exhibited antioxidant action in HepG2 cells within 24 hr,
became pro-oxidant after 96 hr of treatment, as indicated
by the increase of glutathione within 24 hr and its deple-
tion after 96 hr. This suggests that not only the concentra-
tion of melatonin but also the duration of the treatment
with melatonin may decide the pro- versus antioxidant
actions of melatonin. However, such observations have
not been reported in other tumor cells or normal cells.

The evidence suggests that the pro-oxidant action of
melatonin is not correlated with cytotoxicity, and it is con-
centration dependent as well as cell type dependent. Most
importantly, the pro-oxidant action of melatonin has been
observed exclusively in in vitro cell culture systems and is
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mostly in cancer cells. It remains to be determined whether
it occurs in vivo. As such, we may state that melatonin is
a conditional pro-oxidant.

Mechanism of melatonin-mediated ROS production

The mechanism(s) by which high concentrations of mela-
tonin stimulate ROS production remains to be determined.
A recent study by Radogna et al. [21] excludes MT1/MT2
as a potential mediator for melatonin in promoting ROS
generation, as indicated by the failure of a MT1/MT2-spe-
cific antagonist luzindole to block melatonin-mediated
ROS generation and the failure of MT1/MT?2 high-affinity
melatonin analog to stimulate ROS generation. Instead,
Radogna et al. [21] observed that chlorpromazine, the cal-
modulin-specific inhibitor, prevented not only melatonin-
calmodulin interaction but also the stimulation of ROS
generation by melatonin in U937 cells, suggesting that the
weak interaction between calmodulin and melatonin may
be involved in the stimulation of ROS by pharmacological
concentrations of melatonin.

Calmodulin is a multifunctional protein, which is
involved in a variety of cellular functions, including Ca*t
transport, protein phosphorylation, and dephosphoryla-
tion through calmodulin-dependent kinases, interaction
with cAMP secondary messenger system, etc. [183]. Cal-
modulin binds melatonin with weak affinity [184].

Radogna et al. [17] observed that the calmodulin-medi-
ated pro-oxidant action of melatonin involved 5-lipoxy-
genase (5-LOX) and phospholipase 2A (PLA2) (Fig. 3).
5-LOX catalyzes the oxygenation of arachidonic acid
(AA) to form the epoxide intermediate leukotriene Ay

Membrane
& cytosol

Mitochondri

Fig. 3. Presumed mechanisms by which melatonin stimulates
ROS production. Melatonin may enhance ROS production via (1)
calmodulin-mediated PLA2 activation which leads to 5-LOX-
mediated ROS production and (2) ETC.-mediated ROS produc-
tion in mitochondria. Mel, melatonin; CaM, calmodulin; iPLA2,
inducible phospholipase A2; 111, mitochondrial complex I1I; ROS,
reactive oxygen species; AA, arachidonic acid; 5-LOX, 5-lipoxy-
genase; S-HETE, 5-Hydroxyeicosatetraenoic acid; III, mitochon-
drial complex III.
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(LTA4) and 5-hydroxyeicosatetraenoic acids (5-HETEs)
[185]. AA usually is released from the membrane by PLA2
[186], which feeds the 5-LOX to produce LTA,4 and gener-
ate ROS. The calcium-independent PLA2 (iPLA2) can be
bound and sequestered by calmodulin in an inactive form
[187]. Pharmacological concentrations of melatonin freed
iPLA2 from calmodulin, which released AA to feed
5-LOX for the generation of ROS in U937 cells [17]. Two
PLA2-specific inhibitors, brophenacil bromide and bro-
moenol lactone, prevented melatonin from inducing ROS
production. Addition of the 5-LOX-specific inhibitor,
AAS861, also abolished the ability of melatonin to stimu-
late ROS production, indicating the involvement of
5-LOX. An inhibitor of Ca®"-dependent PLA2 (cPLA2),
AACOCF3, or a cyclooxygenase-specific inhibitor, indo-
methacin, did not prevent melatonin from releasing AA,
suggesting that cPLA2 and cyclooxygenase were not
involved in this process. The same phenomenon was also
observed in other cell types other than U937, including
primary lymphocytes and monocytes, and human T lym-
phocytic Jurkat cells. Finally, a compound, chlorproma-
zine, which specifically interrupts the binding of melatonin
to calmodulin [188], prevented melatonin-induced AA
release and ROS generation; whereas another inhibitor of
calmodulin, calmidazolium, which failed to prevent the
binding of melatonin to calmodulin did not, suggesting the
binding of melatonin to calmodulin was required.

Interestingly, an earlier study reported that melatonin at
a physiological concentration (1 nm) modulated the sub-
cellular localization of calmodulin in MDCK cells [189].
Whether pharmacological levels of melatonin affect the
intracellular position of calmodulin remains to be deter-
mined. One possible speculation is that different concen-
trations of melatonin may differentially modulate the
subcellular localization of calmodulin, thereby dictating its
involvement in pro-versus antioxidative activities.

Melatonin has also been reported to regulate the phos-
phorylation of calmodulin. Soto-Vega et al. [190] reported
that melatonin stimulated the PK Ca-mediated phosphory-
lation of calmodulin in both an in vitro reconstituted
enzyme system and in cell cultures. By affecting the modi-
fication of calmodulin, melatonin can modulate the inter-
action between calmodulin and its targets. Whether
pharmacological concentrations of melatonin affect cal-
modulin phosphorylation, thus ROS generation, remains
to be determined.

Sarti et al. [191] recently reported that melatonin at a
physiological concentration (~1 nm) transiently (within
few hours) raised the expression of neuronal nNOS (tran-
scription and translation), leading to elevated RNS (nitrite
and nitrate) production in mitochondria. The increase of
nNOS induced a mild reduction in oxidative phosphoryla-
tion efficiency, paralleled by a depression of the mitochon-
drial membrane potential and a shift to glycolysis.
However, the induction of nNOS by melatonin was
observed only at 1 nm but not 10 or 100 nm of melatonin.
It is doubtful that pharmacological concentrations of mel-
atonin (uM to mMm) may induce nNOS expression in cytosol
and mitochondria.

Although the vast majority of studies have reported that
melatonin at physiological concentrations protects



mitochondria from oxidative damage, several recent stud-
ies reported that pharmacological concentrations of mela-
tonin induced ROS generation in mitochondria isolated
from rat liver cells, human mesangial cell lines, and mouse
kidney [23, 24, 192]. Zhang and Zhang et al. [23, 24]
observed that 1 mm of melatonin induced ROS generation
through mitochondrial respiratory chain complex III in
the antimycin A-sensitive site, independent of calcium.
However, whether melatonin directly interacts with com-
plex III to increase ROS production remains to be deter-
mined. Martinis et al. [192] recently reported that
melatonin at 20-60 um induced ROS generation in iso-
lated rat liver mitochondria in the presence of pharmaco-
logical concentrations of Ca’", accompanied by a
reduction of respiration and increase in the permeability
transition. Inarrea et al. [123] observed that melatonin at
0.1-10 um induced a cytochrome P450-mediated ROS gen-
eration in isolated rat liver mitochondria. It was found
that cytochrome P450 used melatonin as a substrate to
generate ROS in mitochondria. Intriguingly, it was found
that the production of ROS by P450 activated mitochon-
drial intermembrane CuZnSOD through oxidative modifi-
cation, which could protect the cells from further
oxidative damage. Lopez et al. [193] reported that melato-
nin at a wide range of concentrations (10 nm to 1 mm)
protected isolated mouse liver mitochondria from oxida-
tive damage. The discrepancy between these studies may
be due to cell type specificity, experimental conditions,
and measurements. Also keep in mind, results obtained
from isolated mitochondria may not necessarily apply to
what happens in vivo.

The site of ROS production promoted by melatonin

ROS are continuously generated as a result of normal
intracellular processes in different subcellular compart-
ments including mitochondria, peroxisomes, and cytosol
(via a variety of cytosolic enzyme systems, e.g. lipoxygen-
ases, NADPH oxidase, and cytochrome P450) [30]. Phar-
macological concentrations of melatonin may promote
ROS generation through its interaction with these pro-
cesses in different subcellular compartments, including
cytosol/membrane area and the mitochondria (Fig. 3).

Melatonin was reported to promote ROS generation
through the release of AA from membrane lipid bilayers
via iPLA2 in lymphocytes and monocytes, suggesting that
ROS could be generated by 5-LOX adjacent to the lipid
membrane where AA is released by these types of cells
[17]. The demonstration of high level of accumulation of
melatonin in membrane suggests that the cell membrane
or its adjacent area could be a major site for melatonin to
promote ROS production.

Melatonin also accumulates in mitochondria [62], which
is the major site of intracellular ROS generation [193].
Mitochondria are therefore considered as another major
target for melatonin, besides the lipid membrane. The
identification of mitochondrial complex III as a potential
site for melatonin-induced ROS production in cultured
primary human mesangial cells and in mouse kidney mito-
chondria suggests that mitochondria respiratory chain is
potentially an important site of ROS production
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stimulated by pharmacological concentrations of melato-
nin [23, 24]. However, it remains to be determined whether
melatonin interacts directly with mitochondrial complex
III or indirectly through other mitochondrial proteins
located either in the mitochondrial matrix or the mito-
chondrial intermembrane space. Recent studies also
observed that physiological concentrations of melatonin
transiently induced the expression of nNOS in immortal-
ized human keratinocyte cells in vitro, leading to mild
decrease of oxidative phosphorylation and mitochondrial
membrane potential, which could increase ROS produc-
tion [191, 194].

Biological relevance

The pro-oxidant action of melatonin has been discovered
in in vitro cell culture systems when melatonin is present
at pharmacological concentrations (uM to mm range). It
remains unknown whether the pro-oxidant action exists in
vivo. It has been argued that in the tissue where melatonin
is produced in vivo (e.g. the pineal gland), the concentra-
tion of melatonin could reach uM levels or even higher [9].
However, there is no evidence to date that melatonin stim-
ulates ROS production in vivo. On the contrary, the vast
majority of evidence indicates that melatonin is a
potent antioxidant in vivo even at pharmacological
concentrations.

The pro-oxidant action of melatonin promotes inflam-
matory responses and apoptosis in vitro [27, 174]. The
capability of melatonin to induce apoptosis in tumor cells
might have significant therapeutic implications. However,
we are still far from understanding how and when melato-
nin becomes toxic to cancer cells but beneficial (or at least
nontoxic) to healthy cells. As cancer cells are different
from healthy cells in many aspects, including metabolism,
gene regulation, and stress responses [195-197], cancer
cells may respond to the same concentrations of melatonin
differently from that of healthy cells [198].

The increased usage of exogenous melatonin as nutrient
supplement alters the endogenous concentration of mela-
tonin, which may benefit the host by reducing oxidative
stress through both direct free radical scavenging capacity
and molecular regulation in different tissues. In addition,
the decline of melatonin production with age may render
it more beneficial to supplement melatonin to the aging
population to improve health by reducing free radical
damage [199]. The beneficial effect of melatonin to health,
disease, and aging has been supported by many in vivo
animal studies. These studies have demonstrated that mel-
atonin intake has the potential to improve cardiac func-
tion [140, 145, 200], inhibit cataract formation [201],
maintain brain health [129, 146, 147], alleviate metabolic
syndrome, obesity and diabetes [202, 203], reduce tumori-
genesis [204, 205], protect tissues against ischemia/reperfu-
sion injury [70, 206-212], etc. All of these beneficial effects
of melatonin are associated with its antioxidant capacity.

Concluding remarks

Melatonin and its metabolites including 3-OHM, AMFK,
and AFK are powerful antioxidants. They reduce
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oxidative stress by several mechanisms, including direct
free radical scavenging actions, gene regulation (increasing
the expression of antioxidant enzymes while suppressing
pro-oxidant enzymes), and/or improving mitochondrial
homeostasis. The direct radical scavenging actions of mel-
atonin are receptor-independent, while the regulation of
gene expression may involve an interaction of melatonin
with its conventional receptors including MT1/MT2 and
possibly RZR/ROR. Melatonin and its metabolites reduce
oxidative damage to proteins, lipids, and DNA. Melatonin
also protects mitochondria from oxidative damage by
improving or preserving mitochondrial respiration, ATP
production, membrane potential and permeability transi-
tion, thus preventing electron leakage and ROS
production.

While melatonin and its metabolites protect normal cells
against oxidative stress-induced damage, thus preserving,
protecting, or enhancing normal tissue/organism function,
they have oncostatic properties in that they directly sup-
press cancer cell growth and/or enhance the cytotoxicity of
anti-cancer drugs [213, 214]. These seemingly opposite
effects of melatonin may be due to the intrinsic cellular
and molecular differences between normal cells and cancer
cells, obvious making these actions context specific.

The antioxidant capacity of melatonin has been well
established both in vitro and in vivo in the last 20 yr, while
its pro-oxidant property has just been observed more
recently in in vitro systems. The limited data indicate that
melatonin possesses pro-oxidant capacity primarily at
pharmacological concentrations. However, melatonin at
high concentrations does not always induce ROS/RNS.
The vast majority of studies document that melatonin det-
oxifies ROS/RNS in um as well as lower concentrations.
In addition, the pro-oxidant action of melatonin was
primarily observed in vitro in cancer cell culture systems
or isolated mitochondria. Therefore, the melatonin’s pro-
oxidant action is context specific. Its biological relevance
remains to be determined. Calmodulin, the low-affinity
binding protein of melatonin, appears to mediate the pro-
oxidant action of melatonin. In addition, melatonin may
interact with the mitochondria to potentially promote
ROS generation. A likely target is mitochondrial electron
transport chain complex III.

Without doubt, the vast majority of the studies demon-
strate that even pharmacological concentrations of melato-
nin exhibit antioxidant actions in vivo. Its beneficial effect
and therapeutic value seems promising for health, aging,
and various diseases including cancer, ischemia/reperfu-
sion injury, and neurodegenerative disorders.
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