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Melatonin or N-acetyl-5-methoxytryptamine, is a compound
derived from tryptophan that is found in all organisms from
single cells to vertebrates and the human. It is one of the most
evolutionarily conserved and pleiotropic hormone still active
in humans and has been implicated in vital skin functions
such as hair growth, fur pigmentation as well as melanoma
control. Being a main secretory product of the pineal gland,
melatonin regulates seasonal biorhythms, reproductive
mechanisms or mammary gland metabolism. Due to its wide
range endocrine properties it is also recognized to modulate
numerous additional functions ranging from scavenging free
radicals, immunomodulation-mediated DNA repair, wound
healing, involvement in gene expression connected with
circadian clocks and modulation of secondary endocrine
signaling including prolactin release. Recently, apart from
above mentioned entities, it was shown that melatonin
suppresses ultraviolet (UV)-induced damage in human skin
and human derived cell lines (e.g., keratinocytes, fibroblasts).
The magnitude of UV-induced damage is mediated apparently
by various molecular mechanisms related to generation of
reactive oxygen species (ROS), apoptosis and mitochondrialmediated cell death which are all counteracted or modulated
by melatonin. We provide here an update of the relevant
protective effects and molecular mechanisms of action of
melatonin in the skin.

Introduction
Melatonin is a phylogenetically ancient methoxyindole, first
identified as the main secretory product of the pineal gland.1
This highly conserved molecule is present in all organisms from
unicells to vertebrates. Melatonin is well described as a neuroendocrine mediator with pleiotropic bioactivities such as hormonal,
neurotransmitter, immunomodulator and biological modifier
actions.2,3 Melatonin was found in the blood, where its concentration exhibits a circadian day-night-rhythm and seasonal rhythms.
These effects are indirectly connected with modulation of endocrine systems such as oesterus activity or prolactin secretion.4
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Moreover, melatonin was recently found to play an important
role in immunological responses,5 inhibition of tumour growth6,7
or reproduction.8 Recent reports showed that melatonin exerts
many direct, receptor-independent activities as a potent antioxidant,9,10 chemotoxicity reducing agent11,12 and as an anti-aging
substance.13
The last decades of investigations concerning occurrence of
melatonin in different body compartments revealed that significant high concentrations of melatonin were found in the bile
fluid, bone marrow, cerebrospinal fluid, ovary, eye, lymphocytes
or skin14 and is differentially distributed also in subcellular organelles.15,16 Its wide extracellular and intracellular distribution may
explain the complexity and pluripotency of melatonin’s role in
modulating a diverse number of physiological processes through
different mechanisms of action.17 Melatonin as a highly lipophilic compound penetrates easily through cellular membranes
and therefore is able to efficiently protect readily every intracellular structure including enzymes, proteins, lipids, mitochondria
and the nucleus against oxidative damage.18,19 Especially mitochondrial function has recently been found to be a target of
protective melatonin action. Melatonin seems to be responsible
for mitochondrial homeostasis or intracellular calcium balance,
thus leading simultaneously to prevention of Alzheimer’s disease,
Parkinson’s disease, aging, epilepsy, all of them related to mitochondrial dysfunctions.20
Some of the antioxidant ability of melatonin is possible
because of genomic effects in regulating gene expression and
activity of numerous antioxidant enzymes such as glutathione
peroxidase (GPx), catalase (CAT), Mn-superoxide dismutase
(Mn-SOD) and Cu/Zn-superoxide dismutase (Cu/Zn-SOD).21
Besides, melatonin does not act just as a potent antioxidant, but
is also capable to activate other endogenous enzymes involved
in antioxidative mechanisms against oxidative stress.22 For
instance, isoforms of nitric oxide synthase, inducible (iNOS)
and mitochondrial (mtNOS), are regulated by melatonin using
its ability to bind to the calcium-calmodulin complex leading in this way to inhibition of nNOS.23 Additionally, according to Tan et al.24 structural metabolites of melatonin such as
N-acetyl-5-methoxykynuramine (AMK) or N1-acetyl-N2-formyl5-methoxykynuramine (AFMK), formed during its enzymatic
metabolism in the brain, are also reported to be efficient scavengers of ROS and reactive nitrogen species (RNS). It is commonly
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Cutaneous Synthesis of Melatonin
Most of investigations regarding the different aspects of melatonin confirm that, both, biosynthetic and biodegradative
pathways of melatonin have been initially characterized in
whole human and rodent skin and in the major cutaneous cell
populations.28 The most important compound for intracutaneous synthesis of melatonin (Fig. 1) is the essential amino acid
tryptophan (Trp) which is converted by tryptophan hydroxylase (TPH) to 5-OH-Trp and further to serotonin by activity
of aromatic amino acid decarboxylase (AAD) which is available
in almost every tissue.2,28 In fact, serotonin is essential in the
melatonin biosynthesis pathway, nevertheless it has independent biological actions by itself and enters degradation independently of melatonin.28 Next, the acetylation of serotonin occurs
forming N-acetylserotonin (NAS) catalyzed by either arylalkylamine N-acetyltransferase (AANAT) and/or arylamine
N-acetyltransferase (NAT). Finally, NAS produced in the skin
may be released into the circulation or stay in the cutaneous
tissue and thereafter could be transformed into melatonin after
active hydroxyindole-O-methyltransferase (HIOMT).28,29
Melatonin as a Protectant against UV-Induced
Oxidative Stress

Figure 1. Biosynthesis pathway of melatonin in the skin. Melatonin
is synthesized from tryptophan in a cascade of enzymatic reactions
catalyzed by tryptophan hydroxylase (TPH), amino acid decarboxylase
(AAD), arylalkylamine N-acetyltransferase (AANAT), arylamine N-acetyltransferase (NAT) and hydroxyindole-O-methyltransferase (HIOMT).

known that there are many exogenous factors such as xenobiotics25 as well as various types of radiation such as ionisation and
UV14 inducing ROS generation. Additionally, UV-induced formation of free radicals causes damage to important intra- and
extracellular structures such as lipids, lipid membranes, nucleic
acids and proteins.26 Apart from the above mentioned properties
of melatonin, this compound is reported to exert UV protective
effects via modulation of proinflammatory mediators.27
In this review, updated investigations and statements describing different mechanisms of action of melatonin against UV
radiation are presented.
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Ultraviolet radiation (UVR) is the most important pathological environmental factor that directly affects the function of
various cell systems in the skin, including keratinocytes, melanocytes and leukocytes as well as Langerhans cells. In addition
to acute response resulting in sunburn cell formation, UVR
induces generation of ROS while melatonin effectively suppresses this inflammatory reaction.18,27 There are two antioxidant actions of melatonin: a direct, due to its ability to act as
a free radical scavenger, and an indirect due to gene expression
and activity upregulation of the main antioxidant enzymes.
The direct antioxidant function uses physicochemical properties of melatonin. Thus, as an electron-rich molecule, melatonin is able to interact with various forms of free radicals such
as H 2O2 , • OH, singlet oxygen (1O2 ), superoxide anion (O2•-),
peroxynitrite anion (ONOO -) and peroxyl radical (LOO •).21
It should be noted that melatonin’s antioxidant mechanism
of action implies a free radical scavengers cascade in case of
UV irradiation. Metabolites of melatonin degradation such
as AFMK or AMK are known to be the main photoproducts
and simultaneously potent antioxidants (Fig. 2).14,22 Cell-free
system investigations carried out by our group using mixed
UV-source (UVB: 60%, UVA: 30%) corresponding to natural solar irradiation, revealed four metabolites identified by
HPLC and LC-MS: 2-OH-melatonin, 4-OH-melatonin,
6-OH-melatonin and AFMK.14 This evidence may indicate
that melatonin metabolites, unlike classic antioxidants, do not
induce prooxidant reactions. Even more, AFMK and AMK
were found in mitochondrial studies to be much more potent
antioxidants than melatonin itself.22
The second mechanism of antioxidative action of melatonin is developed through indirect antioxidant function by
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Figure 2. Oxidative stress-induced melatonin response. Melatonin and its metabolites AFMK and/or AMK are found to significantly protect against
oxidative damage by scavenging ROS (direct activity) or enhancing gene and activity expression of the main antioxidant enzymes (GPx, CAT, SOD) via
nuclear (RORα), membrane (MT1, MT2) and cytosolic (NQO2/MT3) receptors (indirect activity).

activating antioxidant enzymes (Fig. 2).2 Here, melatonin was
determined as an upregulating agent of GPx, CAT or SOD. It
should be added that Pablos et al.30 observed different ratio of
activity of these particular enzymes in various tissues. It was
dependent on the accumulation rate of exogenous melatonin
and its distribution in the tissue. Based on these observations,
it is hypothesized that melatonin might upregulate GPx, CAT
or SOD gene expression and activities also in oxidative stress
induced by UV-irradiation in the skin. However, this hypothesis still needs to be investigated in future studies.
Intriguingly, not only enzyme activity, but also gene expression of antioxidative enzymes (Mn-SOD, Cu/Zn-SOD) is
upregulated by melatonin.2 In fact, it has been shown that
enzyme levels are increased, but it is more pronounced in
case of chronically than acute melatonin administration.31
Currently, there are some proposals that melatonin-mediated
expression of antioxidant enzymes is dependent of signal transduction pathways related to membrane, cytosolic and nuclear
receptors32 but these hypothesis should be still experimentally
demonstrated.
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Protective Effects of Melatonin
against Skin Photodamage
There is clear evidence that the protective effects of melatonin
against photobiological disturbances are mediated by the strong
antioxidative properties of this compound. It was shown that melatonin has a higher reduction potential (0.73 V) than vitamin C
(0.23 V).21 Formation of highly toxic hydroxyl radicals occurred
in presence of certain concentrations of vitamin C, while to date
melatonin has not demonstrated such pro-oxidant properties.
Regarding UV-induced ROS generation tightly connected with
photodamage, it was shown that melatonin is a strong scavenger
of free radicals compared to vitamin C or trolox, a vitamin E
analogue.33 According to investigations carried out by Ryoo et
al.34 in UV-exposed fibroblasts, only 56% of the cells survived
upon UV exposure (140 mJ/cm2), while cells preincubated with 1
nmol melatonin revealed a cell survival rate of 92.5% which was
paralleled by significant decrease of lipid peroxidation and cell
death. Comparative experiments using UV-treated fibroblasts
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showed similar correlation in cell viability in presence of 100
nmol melatonin.35
Moreover, human keratinocytes, the main target cell population in epidermal photodamage, irradiated at increasing doses
(10, 25, 50 and 100 mJ/cm2) were investigated for proliferation,
colony formation and induction of apoptosis (TUNEL positivity), respectively. Here, melatonin at 10 -3 and 10 -4 M significantly protected keratinocytes against UV-mediated apoptosis.36
Melatonin was also determined as a crucial agent that downregulates expression of genes playing an important role in the
execution of UV-induced skin photodamage: aldehyde dehydrogenase 3 type A1, interstitial collagenase (MMP-1), stromelysin
1 (MMP-3) or stromelysin 2 (MMP-10).3 Besides, melatonin was
described as an effective anti-apoptotic compound that inhibits
mitochondria-dependent (intrinsic) apoptosis through inhibition
of caspase 9 and caspase 3, but does not inhibit the receptordependent (extrinsic) pathway of apoptosis mediated by caspase 8.37 It reduces dissipation of mitochondrial transmembrane
potential, cleavage of caspases or activation of poly(ADP-ribose)
polymerase (PARP), a key DNA-repair-mediating enzyme.37
All these events are caused by UV-induced mitochondrial ROS
(mROS) generation which are effectively reduced by melatonin
at the concentrations of 10-6, 10-4 and 10-3 M.37 Here, melatonin
also significantly reduced detachment of UV-induced keratinocytes preventing appearance of apoptotic cells. These observations confirm direct and potent protective actions of melatonin in
vitro related to molecular consequences of UV-induced apoptosis.
Conclusions
As seen throughout this review, melatonin exerts several mechanisms of action to develop its large number of functions. Apart
from its role as a regulator of the circadian rhythm, another
important aspect that has to be taken into account is the implication of melatonin in those situations where free radical production is enhanced. One of those is UV radiation, where melatonin
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