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Abstract

The skin being a protective barrier between external and internal (body) environments has the
sensory and adaptive capacity to maintain local and global body homeostasis in response to
noxious factors. An important part of the skin response to stress is its ability for melatonin
synthesis and subsequent metabolism through the indolic and kynuric pathways. Indeed, melatonin
and its metabolites have emerged as indispensable for physiological skin functions and for
effective protection of a cutaneous homeostasis from hostile environmental factors. Moreover, they
attenuate the pathological processes including carcinogenesis and other hyperproliferative/
inflammatory conditions. Interestingly, mitochondria appear to be a central hub of melatonin
metabolism in the skin cells. Furthermore, substantial evidence has accumulated on the protective
role of the melatonin against ultraviolet radiation and the attendant mitochondrial dysfunction.
Melatonin and its metabolites appear to have a modulatory impact on mitochondrion redox and
bioenergetic homeostasis, as well as the anti-apoptotic effects. Of note, some metabolites exhibit
even greater impact than melatonin alone. Herein, we emphasize that melatonin—mitochondria axis
would control integumental functions designed to protect local and perhaps global homeostasis.
Given the phylogenetic origin and primordial actions of melatonin, we propose that the melatonin-
related mitochondrial functions represent an evolutionary conserved mechanism involved in

cellular adaptive response to skin injury and repair.
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Introduction to skin functions

The skin together with subcutaneous adipose tissue, defined as the hypodermis, represents
the largest body organ (15% of body weight and an average surface of about 2 m? [1]) with
diverse sensory and regulatory functions [2, 3]. The functions of the integument are defined
by its anatomic position where it serves not only as the protective barrier between external
environment and the body’s internal milieu [4-6], but also is empowered by sensory and
adaptive capabilities to react to changing environmental signals to protect and maintain local
and global body homeostasis [2, 7]. These functions, crucial for organismal survival, would
have been perfected by environmental pressure during evolution of species [6], and some of
its elements, perhaps, have been adapted by central neuroendocrine system [7, 8].

Human skin is composed of distinct compartments that include epidermis, dermis with
subcutaneous adipose tissue, and adnexal structures [1]. The epidermis represents a self-
renewing predominantly keratinocytic structure that during differentiation towards the outer-
most surface generates a solid lipid-rich cornified layers [4, 5]. Its important elements are
represented by melanocytes that produce and transfer melanin pigment to keratinocytes in an
organized fashion to protect skin from harmful action of ultraviolet radiation (UVR) [9]. It
must be noted that UVB spectrum of solar radiation is also required for transformation of 7-
dehy-drocholesterol to vitamin D in the epidermis [10]. Additional components of the
epidermis are the immune cells that derive from the bone marrow.

The epidermis is separated from the dermis by the basement membrane, which restricts
bidirectional communication between both components. It contains extracellular elements
including collagen, elastic fibers, and proteoglycans produced by fibrocytes, which are
responsible for cutaneous strength and elasticity. In the deeper levels, there is gradual
transition of dermal component into hypodermis (predominantly composed of fat) both of
which are providing cushion from the impact stress. The immune cells including
lymphocytes, macrophages, mast, and dendritic cells predominantly reside in the dermis,
although they can be present in the hypodermis. Their distribution and activities depend on
physiological and pathological signals imposed on the skin. Both structures are supplied and
connected by vasculature important for cutaneous viability and communication between
different elements of the skin and systemic homeostasis as well as for thermoregulation [3].
The hypodermis also plays an important role in energy storage. The adnexa (structures are of
the epidermal origin) are located in both the dermis and hypodermis depending on their
activity and function. In humans, these include the hair follicles, sebaceous glands, eccrine
glands (playing important thermoregulatory functions), and apocrine glands (having
predominantly vestigial functions). All cutaneous structures are supplied by a network of
somatosensory and autonomic nerve fibers [2]. The former can extend into the upper most
layers of the epidermis.

The functions of these different skin compartments are integrated by the skin immune,
pigmentary, epidermal, dermal, vascular, and adnexal systems. They further are regulated by
local neuroendocrine system through the action of locally produced hormones,
neurohormones, neurotransmitters, and cytokines [3]. These are locally organizes along
algorithms of hypothalamo-pituitary—adrenal axis [11], hypothalamo-pituitary—thyroid axis
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[12, 13], catecholaminergic [14], serotoninergic and melatoninergic [15, 16], cholinergic
[17, 18], steroidogenic [19], and secosteroidogenic [10, 20, 21], opioidogenic [22, 23], and
canabinnoidogenic [24] systems. They use the same mediators as those used by the central

neuroendocrine system.

In the context of mitochondrial function in skin cells, local cutaneous melatonin generating
and metabolizing system is of particular interest, since they, together with local endocrine
system, play crucial roles in protecting epidermal homeostasis against damaging effect of
solar radiation (Fig. 1).

Melatonin is both synthesized and metabolized in the skin

Melatonin synthesis in the skin

Following Aaron Lerner’s hypothesis that release of melatonin in the skin may lead to
pigmentary disorders [25], we used hamster skin to provide evidence that serotonin can be
transformed to melatonin in this organ [26] with N-acetyl-serotonin (NAS) serving as an
intermediate of the pathway [26, 27]. This was the first documentation that melatonin can
indeed be synthesized in the mammalian skin [26]. The follow-up studies have not only
documented that rodent and human skin, as well as normal keratinocytes, melanocytes, and
melanoma cells can produce endogenously melatonin, but they also express all the necessary
molecular and biochemical elements of the apparatus transforming tryptophan to serotonin
with its further metabolism to NAS and melatonin [15, 16, 28-33]. Thus, skin cells do
express tryptophan hydroxylase type 1 (TPH1; all resident skin cells) [29-31, 34], TPH2
(melanocytes) [33], arylalkylamine- N-acetyl-transferase/serotonin N-acetyltransferase
(AANAT/SNAT), and arylamine- N-acetyltransferase (NAT) [16, 28, 31, 32, 34] and
hydroxyindole- O-methyltransferase/ N-acetylserotonin methyltransferase (HIOMT/NASM)
[16, 28, 34]. These findings were confirmed by studies on human and rodent hair follicles
[35]. However, the cutaneous biosynthetic pathway for melatonin was defective in the
C57BL/6 mouse and used alternative to the AANAT enzyme that acetylated serotonin [34].
Interestingly, in rodent and human skin, serotonin can be acetylated to the NAS by both
AANAT/SNAT and arylamine- N-acetyltransferase (NAT) [16, 27, 28, 31, 32]. We also
determined melatonin and its metabolites concentrations in the human epidermis using
techniques of liquid chromatography—mass spectrometry (LC-MS) [36]. Melatonin levels
were at 0.93 £ 0.55 ng/mg protein, which were dependent on race, gender, and age of the
donors [36]. Interestingly, the highest melatonin concentration was found in the epidermis
from African-American (AA) subjects.

Melatonin metabolism in the skin

The melatonin metabolism in the skin has been discussed extensively in the most recent [37]
and previous [15] reviews; therefore, we will be brief and will outline the most important
points of the pathway. Originally, we have demonstrated that melatonin produced in the
hamster skin is metabolized through the indolic pathway [26], which was similar to the frog
skin and retina [38, 39]. The same pathway also appears to operate in human melanoma cells
[29]. Studies on human immortalized epidermal keratinocytes (HaCaT) have shown that
melatonin is metabolized but both indolic and kynuric pathways, and this metabolism can be
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stimulated by UVB [40]. Interestingly, exposure of aqueous solution of melatonin to UVB
energy leads to its transformation to N!-acetyl- N2-formyl-5-methoxykynuramine (AFMK)
through defined intermediates of the reaction that is dependent on UVB dose and time of
exposure [40]. Again, melatonin metabolism in the skin cells is rapid, which involves both
indolic and kynuric pathways, and 6-hydroxymelatonin is the major metabolite in the skin
[41]. All metabolites including 6-hydroxymelatonin, 5-methoxytryptamine, 5-
methoxytryptophol, AFMK, and N!-acetyl-5-methoxykynuramine (AMK) [36, 42] and
likely 2-hydroxymelatonin [37, 40] are present in the epidermis. All these metabolites
potentially can affect mitochondrial functions in the skin cells and consequently the skin

phenotype.

Physiological role of melatonin and metabolites in the skin

An overview

The role of melatonin, its precursors, and metabolites in regulation of physiological
functions of the skin and its attenuating effects in skin pathology has been extensively
discussed in recent reviews [15, 16, 33, 43, 44]. Thus, melatonin can regulate cutaneous
adnexal [35, 44-46], pigmentary [9, 16], and barrier [33, 40, 41, 43] functions. It has also
oncostatic effects, which has been best illustrated in melanoma cells [47, 48]. Many of the
above phenotypic effects exerted by nM or lower concentrations of melatonin are mediated
through interaction with membrane bound melatonin receptors type 1 and 2 (MT1 and MT2)
[49]. In human skin, MT1 is predominantly expressed in the epidermal compartment, while
MT?2 is found in the adnexal structures [16, 44]. The putative nuclear receptor for melatonin
would require higher concentration of the ligand, the requirement that can be made by its
local production or topical application [33, 49]. Here, we must emphasize that retinoic
orphan acid receptor A/a (ROR A/a) is not a receptor for melatonin, an error that is
frequently repeated by melatonin researchers. It is a receptor for sterols, oxysterols, and
secosteroids [33, 50, 51].

The phenotypic effects that would require high local concentration of melatonin or its
metabolites would be mediated through its action on mitochondria and/or through activation
of the nuclear receptor(s) that still need(s) to be defined. This requirement again can only be
met by high local intracellular concentrations of melatonin that could be possible through
topical application or its efficient cutaneous production, balanced by a regulated-on site
metabolism. It also implicates intra-, auto-, and paracrine mechanisms of melatonin action in
skin cells that target mitochondria activities, with secondary phenotypic effects on
radioprotection or barrier functions.

Photoprotection

Numerous studies have shown that melatonin and its derivatives can act as anti-oxidants in
the skin subjected to ultraviolet [52, 53] or X-ray radiation [54]. Similar effect was observed
for keratinocytes, melanocytes, and dermal fibroblasts in culture [33, 55, 56]. Furthermore,
melatonin derivative AMK was found to be potent singlet oxygen scavenger [57].
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The protective effects of melatonin in the skin cells were investigated by several groups
using proliferation assays based on sulforhodamine B (SRB) [58], 3H-thymidine
incorporation, morphological, and clonogenic assays [42, 47, 59], as well as lactate
dehydrogenase release viability tests [58]. We have reported protective effects of melatonin
and its metabolites: 6-hydroxymelatonin, AFMK, N-acetyl-serotonin, and 5-
methoxytryptamine in reducing oxidative cell damage in human skin cells: keratinocytes and
melanocytes, elicited by UVB [55, 56]. Pharmacological doses of melatonin and its
derivatives protect both type of cells, keratinocytes and melanocytes, from UVB-induced
oxidative stress. The formation of intracellular ROS, including nitric monoxide (NO") and
H50,, in cells exposed to UVB is significantly reduced when cells were pretreated with
either melatonin or its metabolites. Interestingly, this process is independent of membrane
bound melatonin receptors, as shown in melanocytes [55].

Melatonin and its metabolites also play a role in cellular defense against oxidative damage
by promoting glutathione production, as tested of GSH activation or stimulation of genes
encoding GSH production, although this effect is more pronounced in keratinocytes than in
melanocytes.

The anti-oxidative effects of melatonin have been confirmed earlier [41]. The protective role
of melatonin against UVB-induced DNA-base-oxidized intermediate 8-hydroxy-2’-
deoxyguanosine (§-OHdG) was also demonstrated in human full-thickness skin
histocultured ex vivo [60]. The preincubation with melatonin led to significant reduction in
production of 8-OHdG in cells exposed to UV, thus indicating protective melatonin activity
against UV-induced stress in skin cells. Melatonin’s free radical scavenging capacity in
transformed HaCaT and normal skin keratinocytes exposed to UVB was also previously
reported [58].

The mechanism of protection from UVB-induced oxidative stress of melatonin or its
metabolites is mediated by the activation of nuclear factor erythroid 2-like 2 (NRF2) and
upregulation of NRF2-dependent pathway in both cells, melanocytes and keratinocytes [41,
55]. By stimulating the expression of NRF-2, melatonin and its metabolites also target
NRF-2-related enzyme and proteins that further protect cells from UVB and other damaging
factors.

Melatonin and its metabolites exhibit protective actions against UVB-induced cell damage:
not only that they reduce the levels of the UVB-induced cell damage, in form of CPD’s or
6-4PP’s, but they also enhance UVB-induced DNA repair in keratinocytes and melanocytes.
They stimulate phosphorylation of tumor suppressor protein p53 and enhance nucleotide
excision repair (NER) via enhanced interactions between damaged DNA and the NER core
factors XPC and XPA. Furthermore, the inhibition of DNA synthesis was observed in human
immortalized keratinocytes and melanoma cells treated with melatonin metabolites AFMK
and AMK [36, 41, 42], of which production can be stimulated by UVB [40] or which can be
the products of melatonin metabolism in the mitochondria (Fig. 2).

It has been demonstrated that melatonin acts as a potent anti-inflammatory and anti-
apoptotic factor that attenuates pro-inflammatory cytokines gene expression and the
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expression of pro-apoptotic proteins in keratinocytes [61]. Melatonin also had an impact on
reduction of heat shock Hsp70 protein in UVR-treated human full-thickness skin in organ
culture and cultured keratinocytes [61].

Thus, melatonin and its metabolites act as radioprotectors in the epidermis (Fig. 3). Many of
these radioprotective effects would be secondary to melatonin action on the mitochondria
or/and mitochondrial melatonin metabolism to biologically active metabolites (Figs. 2, 4, 5).

Melatonin—-mitochondria axis in the skin

Mitochondrial involvement in melatonin metabolism and synthesis

In mitochondria, melatonin can be metabolized through different pathways, including
monooxygenase (the cytochrome P450 dependent pathway) and peroxidase (the kynuric
pathway) reactions with the participation of HyO, (Figs. 2, 4) [37, 40].

The kynuric pathway in mitochondria operates due to pseudoperoxidase activity of
cytochrome ¢ and predominantly results in the accumulation of AFMK and its secondary
product, AMK [62]. The reaction proceeds through a sequential generation of 2-
hydroxymelatonin and 2,3-dihydroxymelatonin as intermediates. Although 2-
hydroxymelatonin, AFMK, and AMK are found in the skin cells [36, 37, 40, 42], it is
unclear whether they are generated exclusively by cytochrome c-dependent
pseudoperoxidase reaction, since these derivatives might also accumulate in the skin due to
nonenzymatic processes [15, 40]. However, it is likely that in mitochondria—organelles with
own powerful anti-oxidant system, direct scavenging of ROS by melatonin must play a
supporting role, at least in attenuating UVR induced oxidative damage.

Interestingly, that HyO, through activation of protein kinase A- or C-mediated signaling
pathways can trigger mitochondrial targeting and transport of cytochromes P450 engaged in
melatonin metabolism in mitochondria [63, 64]. Cytochrome P450-mediated 6-
hydroxylation and O-demethylation of melatonin in these organelles was first described in
the liver [65]; however, it has become clear that these reactions may occur in other tissues,
including skin. Several forms of cytochrome P450 (CYP1A, CYP3A, and CYP2E)
responsible for the melatonin metabolism in hepatic mitochondria are found in the skin [66]
and the production of 6-hydroxymelatonin and N-acetylserotonin was detected in different
skin cells [41]. These findings indicate the existence of cutaneous metabolism of melatonin
by locally expressed mitochondrial cytochromes P450.

It is clear that there are at least two major pathways of melatonin metabolism in
mitochondria [62, 65], each consisting of different types of reactions and playing special
physiological roles in skin cells. Pseudoperoxidase oxidation of melatonin by cytochrome ¢
is involved in H>O,-mediated signaling pathways via regulation HyO, efflux from
mitochondria to cytoplasm. Cytochrome P-450-dependent 6-hydroxylation and O-
demethylation of melatonin provide mitochondria with target compounds that participate in
maintenance of mitochondrial homeostasis. One of them, 6-hydroxymelatonin, prevents
effectively oxidative modification of mitochondrial proteins and protects mitochondria from
+BuOOH-induced swelling [33, 67, 68], and the another, N-acetylserotonin, impedes
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opening of mitochondrial permeability transition pores induced by calcium, phosphate, or
neurotoxins [69].

Recent studies on melatonin biosynthesis in mitochondria suggest another intriguing
alternative for N-acetyl-serotonin—its conversion back to melatonin [70]. The probability of
such “replenishing reaction” appears to be supported by findings that the mitochondria
isolated from oocytes are able to generate melatonin from serotonin [71]. This indicates a
presence of the biosynthetic machinery necessary for melatonin synthesis in mitochondria.
Indeed, the rate-limiting enzyme of melatonin synthesis, AANAT/SNAT was detected in
mitochondria of oocytes [71]. However, the presence of HIOMT or any other enzyme
responsible for O-methylation of N-acetylserotonin remains to be defined.

The evidence is accumulating on the reciprocal interactions between intramitochondrial
pathways of melatonin metabolism and synthesis, the bioenergetics functions of this
organelle, and detoxification processes with final phenotypic effects on the organ level (Fig.
4). Careful studies on these interactions in skin cells represent a realistic and exciting subject

for investigations.

Melatonin-dependent regulation of redox homeostasis of the skin cells

Although bioenergetics is a primary function of mitochondria, they also play an essential
role in regulating redox signaling. Currently, it is widely accepted that hydrogen peroxide
(H70,) released from mitochondria acts as important regulatory mediator in different
signaling pathways and processes, such as cell proliferation, epidermal differentiation, and
hair follicle development [72, 73]. Physiological doses of UVB irradiation through the
generation of intra-cellular H>O, activate epidermal growth factor receptor/extracellular-
regulated kinase 1/2 signaling pathway, as well as trigger the phosphorylation and
internalization of keratinocyte growth factor receptor in cultured fibroblasts [74, 75].
However, harmful exposure to ultraviolet radiation and other stressors associated with
mitochondrial dysfunction may trigger excessive ROS formation, which is typically
activating the programmed cell death. Neutralization of dysfunctional cells is an essential
process that ensures organized death and removal of several billion cells every day without
inducing pathological processes. It is important to note that depletion of basal cells is
detrimental for skin repair; thus, specific mechanisms protect cells against excessive
mitochondrial damage and ROS formation. In particular, disruption of electron flow, e.g, due
to inhibition of ETC complex I or complex III and subsequent escape of electrons, is
implicated in superoxide formation ( O.,"). Superoxide is typically undergoing
disproportionation to H>O,, process greatly enhanced by mitochondrial superoxide
dismutase (SOD). These mechanisms prevent harmful production of superoxide-related
reactive nitrogen species (RNS) and ensure conversion and removal of lipid membrane
permeable H,O,. Notably, H,O, is relatively week oxidant, unless following metal-
dependent production to hydroxyl radical (OH-). Importantly, melatonin is able to directly
scavenge highly toxic OH- [76], but does not react with its precursor—H»O, [77]. Thus,
direct scavenging of HyO, by melatonin has negligible significance, but it is possible that
melatonin in mitochondria detoxifies HyO, due to cytochrome c-dependent
pseudoperoxidase reaction, as described below. An important question is, however, whether
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melatonin concentrations and compartmentation in mitochondria or cytosol are sufficient to
diminish the effects of highly reactive species at the site of their production. There is
sufficient evidence that cytochrome c, due to its pseudoperoxidase activity, effectively
competes with mitochondrial scavenging enzymes (catalase, glutathione peroxidase, and
peroxiredoxin III) to control HyO; levels [78, 79] at the expense of endogenous reductants.
Importantly, melatonin oxidation by cytochrome ¢ may exhibit a potential protective
mechanism (Figs. 4, 6) [62]. Pseudoperoxidase oxidation of melatonin by cytochrome cis
able to compensate for the absence of the conventional H,O,—detoxifying enzymes
(catalase, glutathione peroxidase, and peroxiredoxin III) in the intermembranous space and
melatonin derivatives (2-hydroxymelatonin, AFMK, and AMK) themselves could further
contribute to neutralization of ROS [57]. This makes cytochrome c-mediated kynuric
pathway highly effective in reducing the extensive production of ROS occurring in
mitochondria under UV irradiation, a function of special importance in the epidermal
compartment.

Melatonin and its metabolites as regulators of bioenergetics of mitochondria

It has been suggested that melatonin could donate electrons to the ETC, thus improving
mitochondrial respiration and increasing ATP production [80]. At the same time,
mitochondrial ETC may be a target not only for melatonin, but also for its metabolites
generated in mitochondria [37, 40] (Fig. 6). It appears that AMK like a melatonin exerts
effects on electron flux through the respiratory chain [80]. According to our data, 6-
hydroxymelatonin in vitro effectively reduces oxidized cytochrome c, thus exhibiting greater
reducing potential than melatonin itself (Fig. 6a, b). During mitochondrial respiration,
cytochrome ¢ supports electron shuttling between complex III (ubiquinol cytochrome ¢
oxidoreductase) and complex IV (cytochrome c oxidase). Therefore, when an electron is
removed from 6-hydroxymelatonin, it becomes available for donation by reduced
cytochrome cto complex IV, contributing to mitochondrial energy production (Fig. 6¢). This
phenomenon ensures electron transfer in the terminal cytochrome c oxidase segment of the
ETC, even when the dysfunction occurs in its initial steps, such as in the case of the age-
related decline in complex II (succinate:ubiquinone oxidoreductase) activity in human skin
fibroblasts [81]. In addition to contribution to mitochondrial bioenergetics, reduction of
ferricytochrome ¢ by 6-hydroxymelatonin supports cytochrome c-dependent scavenging of
H,0, (Figs. 4, 6¢). In conclusion, we propose that skin protective (direct and indirect)
activities of melatonin are dependent on mitochondria through the reciprocal interactions
with skin cell homeostasis (Figs. 4, 5).

Anti-apoptotic and protective effects

Keratinocytes need to proliferate to provide an effective epidermal barrier, whereas UV-
mediated mitochondrial dysfunction may deplete this pool of cells via intrinsic apoptotic
event, which would impair barrier formation [4, 5, 19]. As it has been described above,
mitochondria are recognized as a place of synthesis and metabolism of melatonin [70].
Furthermore, melatonin was found to accumulate in mitochondria and the presence of
specific melatonin transporter(s) such as PEPT1/2 has been suggested [82]. Consequently,
mitochondria were found to be one of the noncanonical targets for melatonin [70].
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Melatonin inhibits UV stimulated activation of apoptosis [33, 43, 55, 56, 59, 83]. The
inhibition of UV-induced apoptosis was shown by the terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) assay in human HaCaT keratinocytes [59].
Melatonin was also found to inhibit cytochrome c release from mitochondria [58]. In an
addition, in keratinocytes subjected to UV, melatonin was shown to decrease activation of
Caspases 3, 7, and 9 suggesting inhibition of mitochondrial pathway of apoptosis [83].

Protective activities of melatonin on mitochondria not only relay on direct scavenging of
reactive oxygen species, but also include the maintenance of optimal mitochondrial
membrane potential (Ay,) [58, 83] as well as cytosolic pH [58]. It has been suggested that
protective effects of melatonin on mitochondria are achieved by direct or receptor mediated
inhibition of the mitochondrial permeability transition pore (MPTP), and stimulation of
uncoupling proteins (UCPs) (see [70] for discussion). However, this hypothesis still remains
to be evaluated in the skin cells. Recent studies suggested a complex- and concentration-
dependent regulations of mitochondrial homeostasis [84]. At nanomolar and sub-nanomolar
concentration, melatonin transiently stimulates the expression of nNOS through activation of
MT1 and MT2, which results in NO-mediated modulation of mitochondrial function
(inhibition of the oxidative phosphorylation and decrease of mitochondrial membrane
potential and ATP synthesis). However, at higher concentrations (>1 nM), melatonin would
interact with calmodulin leading to nNOS inhibition [84]. Melatonin and its metabolites 6-
OHM, AFMK, AMK, NAS, and 5-MT increased viability of human keratinocytes and
melanocytes subjected to UVB irradiation [43, 55, 56, 59]. In addition, increased level of
reduced glutathione and decreased levels of nitrate and hydrogen peroxide was observed in
keratinocytes pretreated with melatonin metabolites and subsequently irradiated [56].
Accordingly, recent has shown that melatonin at 1 mM concentration counteracts UVB-
driven inhibition of ATP production and reduces levels of ROS in the cells after irradiation
[85].

About 10 years ago, we have suggested that the sensitivity of skin cell lines as well as
melanoma cell lines to melatonin antiproliferative activities may depend on the level of
expression of MT1 and MT?2 receptors and melatonin-binding quinone reductase NQO?2 [43,
47]. Indeed, melatonin was found to upregulate expression of anti-oxidant genes [33, 55,
56]. In the study, based on the dorsal skin flap model, it was shown that melatonin decease
amount of ROS as measured by malondialdehyde (MDA) level, and increase level of
superoxide dismutase (SOD) and catalase (CAT) [86]. Interestingly, melatonin was found to
enhance activities of anti-oxidant enzymes: superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (GPx), as well as increase level of glutathione (GSH) in both
normal and diabetic (C2 line) human skin fibroblasts [87]. Melatonin also prevented UVB-
driven depletion of anti-oxidative enzyme including SOD1, catalase, and GPx in the human
skin ex vivo [60]. It was recently suggested that melatonin could activate second-phase anti-
oxidant enzymes (y-GCS, HO-1, and NQOI1) in normal human epidermal keratinocytes
subjected to ultraviolet radiation [85].

Interestingly, melatonin is also involved in mitochondrial homoeostasis, including
biogenesis, fission and fusion, as well as mitophagy [70]. In addition, dynamics of
mitochondrial oscillation resemble and match the melatonin circadian secretory rhythm in
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pinealocytes and most probably in other melatonin producing cells [70] that may include
epidermal cells. Thus, melatonin and its metabolites can regulate skin cell phenotype
through their action on mitochondria in a complex manner (Figs. 4, 5, 6).

Conclusions and perspective

The skin, placed at the interphase between external and internal (biological) environments, is
a subject for the homeostatic regulation by the local melatonin synthesis and metabolism
systems that include regulation of mitochondrial activity in skin cells with attendant
phenotypic effects (Figs. 1, 2, 3, 4, 5, 6). The evolutionarily conserved functions of
melatonin and its metabolites in protection against oxidative damage and capacity to restore
cellular homeostasis and cell integrity are well suited to build the barrier function of the
skin. This includes strengthening of the physical epidermal barrier as well as induction of
local radioprotective mechanisms enhancing the skin’s ability to counteract or buffer against
a damage inflicted by external physical and/or chemical factors or to restore local metabolic
homeostasis. In this context, it is of particular interest that these properties are shared by
melatonin metabolites some of which are generated by oxidative processes or by direct
photochemical transformation induced by UVB. These roles are clearly dependent on local
melatonin synthesis and metabolism, since anti-oxidative and radioprotective properties of
melatonin and products of its metabolism or photochemical degradation require relatively
high concentration of these compounds that cannot be achieved by delivery from central
sites of its production including pineal gland. This opens exciting areas for investigation in
testing hypothesis whether photochemical degradation induced by UVB represents a
photoactivation mechanism that produces AFMK and AMK with a changed biological
activity. This could represent an additional and distinct mechanism of photoactivating
properties of UVB already well described for the production of vitamin D, all of which were
adapted by the integument during evolution to regulate local and systemic homeostasis,
where they serve as chemical second messengers of high-energy electromagnetic
wavelengths of solar radiation.

We believe that the photoprotective and skin barrier building functions of melatonin and its
metabolites are directly or indirectly dependent on mitochondria. These, in addition to
mitochondrial metabolism of melatonin, would involve its direct or indirect (via metabolites)
action on mitochondrial functions culminating with diverse phenotypic effects. Accepting
the 2.5 billion-year-old phylogenetic origin and function of melatonin, the epidermis, placed
between external and internal environments, represents a perfect model for evaluating
interactions between noxious factors, local melatonin generating and metabolism systems
and mitochondria, as regulators of integumental homeostasis with possible systemic
consequences. Thus, the epidermal melatonin system may represent a signature/record of the
conserved evolutionary function of this molecule and its metabolites as protectors against
noxious external and endogenous factors. Melatonin and its metabolites would coordinate
mitochondrial interactions with the skin cell to decide whether it survives or enters precisely
defined differentiation pathway, necessary for barrier formation, or dies through apoptotic
pathways to prevent carcinogenesis.
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Skin Melatonin Systom

Fig. 1.
Skin melatonin—mitochondria axis counteracts the damage inflicted by solar radiation
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Fig. 3.
Melatonin and its metabolites act as radioprotectors on epidermal keratinocytes and

melanocytes. Local melatoninergic system in skin includes sequential transformation of
tryptophan to serotonin and melatonin. NAS is both precursor and metabolite of melatonin.
Through indolic pathways, melatonin is hydroxylated to 6(OH) M or metabolized to 5-MT.
Through kynuric pathway, melatonin is transformed to AFMK. UVB is absorbed in the
epidermis inducing oxidative stress and direct DNA damage. Melatonin and its metabolites
inhibit oxidative stress and DNA damage induced by UVB (zed arrow). In response to
oxidative stress, NRF2 is released from Keap (Kelch-like ECH-associated protein) and
translocated to the nucleus. This process is stimulated by melatonin and its metabolites (blue
arrow). NRF2 binds to ARE (anti-oxidant response element) and further activates
detoxifying enzymes and proteins: melatonin and its metabolites also stimulate the
production of anti-oxidants (b/ue arrow) which further reduces UVB-induced damage to
melanocytes and keratinocytes (red arrow). UVB-induced DNA damage to the skin
promotes p53 expression, which after phosphorylation accumulates in the nucleus and
activates the DNA repair process. Melatonin and its metabolites stimulate phosphorylation
of p53 at Ser-15 (blue arrow). Melatonin and its metabolites induce repair of DNA damaged
by UVB by enhancing the NER core factors: complementation group C (XPC) and
complementation group A (XPA)-DNA interactions (b/ue arrow). HO-1 heme oxygenase 1,
SOD superoxide dismutase, GP glutathione peroxidase, NQO2Z quinone reductase 2, GR
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glutathione reductase, CAT catalase, GCS glutamylcysteine synthetase, GS7TP! glutathione-
S-transferase
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Fig. 4.
Dynamic interaction between melatonin, melatonin metabolites, and mitochondrion redox

homeostasis. In mitochondria, cytochrome cis a natural scavenger of H,O, preventing its
accumulation via mechanism linked to reverse electron transfer from succinate to

NAD™ [88] or through “alternative electron leak pathway” [89]. The latter mechanism that
requires ferrocytochrome is active under physiological conditions. However, if there is a
block in electron transfer, ferricytochrome cannot be reduced and cytochrome ¢ would lose
its capability to scavenge H»O,. Reduction of ferricytochrome ¢ by 6-hydroxymelatonin
(60HMel) allows use of the electrons removed from the 6-hydroxymelatonin for the
detoxication of HyO,. In addition, when electron transport is disrupted, cytochrome c-
dependent pseudoperoxidase reaction with melatonin could become dominant [62]. GPrx
glutathione peroxidase, Prx peroxiredoxin, Me/ melatonin, 60OHmel 6-hydroxymelatonin,
MAO B monoamine oxidase B, SOD superoxide dismutase
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Fig. 5.
Proposed mechanism of regulation of mitochondrial and cellular homeostasis in the skin by

melatonin and its metabolites. A Melatonin (M) prevents initiation of mitochondrial pathway
of apoptosis through inhibition of cytochrome c¢ leakage from mitochondria and inhibition of
activation of caspase 9, 3, and 7. B Melatonin (M) binds and inhibits generation of ROS by
quinone reductase 2 (NQO2). CLow concentration of melatonin (1 nM, ML) triggers
expression of nitric oxide synthase 1 (NOS1) resulting in elevation of reactive nitrosative
species (RNS) and modulation of mitochondrial function. However, at higher concentration
(>1 nM), melatonin (M) interacts with calmodulin what results in inhibition of NOS1 and
subsequent decrease in RNS. D Melatonin (M) could be synthesized from serotonin and
further metabolized in mitochondria. It was also postulated that melatonin (M) can be
transported to mitochondria by peptide transporter 1/2 (PEPT1/2). EMelatonin maintain
mitochondrial membrane potential (Ayy,) by inhibition of the mitochondrial permeability
transition pore (MPTP), and stimulation of uncoupling proteins (UCPs), which results in an
increase of oxidative phosphorylation (OXPHOS) and production of ATP. F: Through
activation of MT1/2 receptors, melatonin (M) upregulates the expression of anti-oxidant
genes in cells subjected to radiation. NOS/ nitric oxide synthase 1
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Fig. 6.

Melatonin and 6-hydroxymelatonin as regulators of bioenergetics of mitochondria in
physiologic or pathological conditions. Reduction of oxidized cytochrome ¢ by melatonin
(a) and 6-hydroxymelatonin (b). Melatonin (a) or 6-hydroxymelatonin (b) was added to
0.025 mM of an oxidized cyt ¢ (trace 1) dissolved in 10 mM Tris—HCI buffer (pH 7.4), to a
final concentrations of 0.5 mM (#race 2); sodium dithionite was added to produce total
reduction of cyt ¢ (frace 3). The absorbance spectrum was recorded 30 min after addition of
melatonin or 6-hydroxymelatonin as described previously [62]. Trace [ oxidized cytochrome
¢, trace 2 cytochrome creduced by melatonin (@) or by 6-hydroxymelatonin (b); trace 3 total
reduction of cytochrome cincubated with melatonin (@) or 6-hydroxymelatonin (b) by
sodium dithionite. ¢ Melatonin could donate an electron to the Complex I of the ETC in
physiologic conditions [90]. Accumulation of oxoferryl cytochrome ¢ (cyt ¢ + -FelV = O)
induced by high levels of HyO, could impair the cytochrome c-mediated electron shuttle
between complex III and complex IV. Interaction of melatonin with oxoferryl hemoprotein
restores the normal redox cycle of cytochrome c, protecting mitochondrial energy
homeostasis under oxidative stress. Melatonin metabolite, 6-hydroxymelatonin, effectively
reduces oxidized cytochrome ¢ (cyt ¢ Fe3*), thereby supporting electron flux through the
respiratory chain, even when cytochrome c is intensively oxidized by high levels of H,O5.
Thus, melatonin and 6-hydroxymelatonin interactions with both oxoferryl and
ferricytochrome c could play a significant role in bioenergetics of mitochondria in
physiologic or pathological conditions
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