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Abstract: Direct sun exposure is one of the most aggressive factors for human skin. Sun radiation
contains a range of the electromagnetic spectrum including UV light. In addition to the stratospheric
ozone layer filtering the most harmful UVC, human skin contains a photoprotective pigment called
melanin to protect from UVB, UVA, and blue visible light. This pigment is a redox UV-absorbing
agent and functions as a shield to prevent direct UV action on the DNA of epidermal cells. In addition,
melanin indirectly scavenges reactive oxygenated species (ROS) formed during the UV-inducing
oxidative stress on the skin. The amounts of melanin in the skin depend on the phototype. In most
phenotypes, endogenous melanin is not enough for full protection, especially in the summertime.
Thus, photoprotective molecules should be added to commercial sunscreens. These molecules should
show UV-absorbing capacity to complement the intrinsic photoprotection of the cutaneous natural
pigment. This review deals with (a) the use of exogenous melanin or melanin-related compounds to
mimic endogenous melanin and (b) the use of a number of natural compounds from plants and marine
organisms that can act as UV filters and ROS scavengers. These agents have antioxidant properties,
but this feature usually is associated to skin-lightening action. In contrast, good photoprotectors
would be able to enhance natural cutaneous pigmentation. This review examines flavonoids, one of
the main groups of these agents, as well as new promising compounds with other chemical structures
recently obtained from marine organisms.
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1. Solar Radiation and Skin Photodamage: General Concepts

Skin is an important barrier to protect the human body from environmental stress. One of
the more important factors causing this stress is sun exposure, due to the energy and free radical
generating capacity of sunlight. The solar radiation on the surface of our planet comprises an ample
range of electromagnetic radiation [1], including ultraviolet (UV, approximate range of wavelength
from 180 to 380 nm), visible (Vis, approximately from 380 to 800 nm), and infrared light (range 1-3
um approximately). Among the wavelengths reaching the Earth’s surface, UV radiation is the most
energetic and potentially harmful (Figure 1A).
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Figure 1. Solar radiation reaching Earth’s surface, skin penetrance, and biological effects. (A)
Approximate percentage (%) of the total solar radiation reaching Earth’s surface for different wavelength
regions. (B) Skin penetrance of UVB and UVA. Note that the less energetic UVA radiation has deeper
penetrance than UVB. The main cellular consequences are also mentioned.

UV radiation constitutes about 10% of the total energetic output of the sun. The biologically active
composition of the UV radiation reaching the Earth has suffered some changes in the last decades
due to chemical contamination and atmospheric factors [1]. This radiation is usually subdivided into
three regions (UVA, UVB, and UVC). UVA comprises the longest wavelengths (320-380 nm), partially
overlapping with the accompanying visible light, while UVB wavelengths are in the middle span
(280-320 nm) and UVC comprises the shortest wavelengths (180-280 nm) with the highest energy.
Fortunately, UVC rays do not penetrate through the stratosphere since the ozone layer acts as an
efficient filter to deter the very harmful effects of such radiation (Figure 1A).

UVB, UVA, and visible light are partially filtered by the atmosphere, but the percentage of solar
radiation arriving at the Earth’s surface is significant. In human skin, the penetrability is not uniform,
and the most energetic UVB displays low penetrance due to the variety of cellular biochromes (mainly
cutaneous pigments, proteins and nucleic acid) at the epidermis absorbing in this range of energy.
In this way, the effects of UVB are mainly constrained to the epidermis. UVA and visible light show
deeper penetrance, and they can affect cellular and extracellular structures in the dermis (Figure 1B).
Certainly, UVA, as well as the most energetic region of visible light, blue light, are also important
threats for skin aging, dryness, and carcinogenic transformation in the dermal layer.

It is obvious that solar radiation causes a number of beneficial effects on life. In addition to its
essential role in photosynthesis in plants and microbial algae, Vis radiation is essential for the sense of
sight in animals and regulation of circadian rhythms. UV light also has some important beneficial effects
on human skin, including antibacterial capacity, stimulation of wound healing, jaundice prevention,
and formation of active vitamin D from sterol precursors by the UV-induced opening of ring B [2,3].
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However, long-term exposure to UV rays is a potential risk for skin damage, namely accelerated skin
aging, such as wrinkling and sagging, sunburns, and even mutations leading to the promotion of
different types of skin cancer.

To simplify the complexity of the mechanisms involved in these effects, UV light damages DNA by
two different ways. The first one is produced through direct DNA absorption of mutagenic radiations,
thereby increasing lesions called the UV “signature” (pyrimidine dimers or 6-4 photoproducts). The
second mechanism is indirect, through interaction with other biochromes generating reactive oxygen
species (ROS) which produce harmful cellular effects and can reach the nucleus causing oxidative
DNA modifications and strand breaks [4-6]. In both cases, accumulative damage of DNA can finally
induce apoptosis or lead to cancer appearance [5,7].

2. Natural Skin Pigments for Photoprotection: Melanin and Melanogenesis

Skin tone is related to the presence of several biochromes that contribute to the defense against
solar radiation. Although some colored biomolecules such as hemoproteins or carotenoids contribute
to skin tone, the most important pigment determining skin color is melanin [8].

Melanin is produced in specialized cells called melanocytes that are mostly distributed in the
epidermal-dermal junction, and then distributed to surrounding keratinocytes, which are the most
abundant cells in the epidermis. Melanocytes look like dendritic cells and contain specialized
lysosome-lineage organelles called melanosome to synthesize and store the melanin. Melanosomes
are transferred from melanocytes to the neighboring keratinocytes through elongated dendrites [9].
The approximate ratio among the population of melanocytes and keratinocytes in the basal layer of
the human skin to supply melanin is around 1:30, although this number shows slight variations for
different races. One melanin-forming melanocyte surrounded by keratinocytes and some other cell
types is called the melano-epidermal unit [10]. In the cytosol of keratinocytes, melanosomes form
a critical barrier/shield of DNA by forming perinuclear caps to exhibit photoprotection [11]. The
physiological response of skin against solar radiation depends on the production, distribution, type,
and quantity of melanin synthesized in melanocytes and transferred to keratinocytes (Figure 2).
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Figure 2. Graphic representation of a detail of the epidermis. It contains layers with abundant
keratinocytes and some other cell types. Melanocytes are mostly found in the epidermal-dermal
junction. Melanocytes are the only cells able to synthesize melanin. These cells have dendrites along the
keratinocytes of their melano-epidermal units to facilitate the transport and transference of melanosomes

filled with melanin. The image on the right shows one melanocyte transferring melanosomes (melanin
granules, black dots) to surrounding keratinocytes of the melano-epidermal unit.

Melanogenesis is the biochemical pathway leading to the synthesis of melanin [12]. This pathway
(Figure 3) is initiated from the amino acid L-tyrosine, and the key enzyme is tyrosinase. Tyrosinase
catalyzes two consecutive reactions, the hydroxylation of L-tyrosine to L-dopa and the concatenated
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oxidation of this o-diphenol to dopaquinone. Dopaquinone spontaneously cyclizes to form cyclodopa
(also called leukodopachrome). These two intermediates (dopaquinone and cyclodopa) rapidly
undergo a redox disproportionation to dopa (uncycled reduced product from dopaquinone) and
dopachrome (cycled oxidized product from cyclodopa). Dopa is recruited to the pathway by the
action of tyrosinase [13] and dopachrome continues the route for the formation of dark/brown
eumelanin. Dopachrome suffers a slow spontaneous decarboxylation to 5,6-dihydroxyindole (DHI)
or alternatively the enzyme dopachrome tautomerase (Tyrp2/DCT) catalyzes the formation of
5,6-dihydroxyindole-2-carboxylic acid (DHICA). DHI and DHICA are indolic o-diphenols easily
oxidized either by tyrosinase or tyrosinase related protein 1 (Tyrp1) to the corresponding o-quinones.
These species finally polymerize to form eumelanin. In addition to the enzymatic activity, TRP1is also a
stabilizing protein for tyrosinase, as its role is still unclear depending on the metal cofactor found at the
active site [14,15]. DHI as well DHICA can be oxidized in the absence of any enzyme to their respective
o-quinones by oxygen and ROS generated during previous reactions [16]. In any case, eumelanin is
basically a polymer with mixture of decarboxylated (DHI) and carboxylated (DHICA) 5,6-oxygenated
indole units at different oxidation degrees (5,6-dihydroxy, semiquinone and 5,6-quinone units).

Tyrosme
0,

HO e ©
COO- —> COO-
37 NH;*

Dopaqumone

HO

H H .
Dopachrome Cyclodopa +Cysteine ( or GSH)
CO27/ \iw,pz

HO HO Ccoor
N HO H Cys ( or GSH)

Eumelanln 0,
ROS Trpl g ROS Benzothiazines

4

O \ ROS
- coor y
9 H ¥ ) H Pheomelanin
1Q

co,
IQCA

Figure 3. Schematic pathway of eumelanogenesis and pheomelanogenesis. Tyr is tyrosinase, the key
enzyme catalyzing the rate-limiting step of the pathway, the oxidation of L-tyrosine to L-dopaquinone.
Tyrpl and Tyrp2 are involved in catalytic actions at the final phase of eumelanogenesis (left). Reactive
oxygenated species accelerate the polymerization of indole units to eumelanin. Tyrps can also act
as stabilizers of tyrosinase. On the other hand, dopaquinone is a pivotal branch point and can react
with thiol-containing products, such as L—cysteine or glutathione (GSH), to lead the pathway to
phaeomelanin through the intermediates cysteinyl-dopa and benzothiazine compounds (right). DHI,
5,6-dihydroxyindole; DHICA, 5,6-dihydroxyindole-2-carboxylic acid; IQ, 5,6-indolequinone; IQCA,
indolequinone-2-carboxylic acid.

On the other hand, dopaquinone can be conjugated with thiol-containing compounds, such as
free L-cysteine or glutathione, to branch the pathway to derive sulfur-containing products leading



Molecules 2020, 25, 1537 50f 18

to pheomelanin (Figure 3). Accordingly, human skin contains two types of melanin: eumelanin and
pheomelanin. Their ratio determines the race and the Fitzpatrick skin phototype [17]. Eumelanin is
dark, from black to brown depending of the DHI/DHICA ratio [18], whereas pheomelanin is a red or
yellow pigment. Pheomelanin is predominant in light phenotypes, blond or red hair. Eumelanin is
much more photoprotective than pheomelanin. In fact, after UV exposure, pheomelanin can easily
become a photosensitized agent by stimulating lipid peroxidation and other reactions leading to a high
amount of ROS and subsequent undesirable reactions [19,20].

3. Sunscreens: Parameters for Evaluating Photoprotection

It is clear that the photoprotection against solar radiation is due to dark skin pigmentation
associated to eumelanin. In spite of the presence of a certain amount of melanin in human skin (aside
from albinism), that amount is not enough in the case of light phototypes that preferentially contain
pheomelanin. Thus, complementary sunscreens are essential for photoprotection. Sun exposure
without skin protection can be harmful anytime and anywhere, particularly during the summertime.
Sunscreens are used worldwide as an integral part of the photoprotection strategy [7,21-24]. It is
assumed that chemical shielding over the skin provides protection against damage by all types of UV;
although as already suspected, protection against sunburning may not directly correlate with skin
cancer protection [25]. While this important point is remains unsolved, its discussion is beyond the
scope of this review.

The photoprotective efficiency of sunscreens is determined through two main parameters: the sun
protection factor (SPF) and the protection grade of UVA (PA). The standard parameter in the industry
of sunscreens is the SPF, which directly measures protection against UV-induced skin erythema
(sunburning) under standardized conditions. This effect is mostly due to UVB. According to U.S. Food
and Drug Administration (FDA) regulations [26], commercial products must be labeled with SPF
values that indicate how long they will protect against UVB radiation. SPF is generally in the range of
10-25, 25-50, and 50-100 (in fact 50+ according to the FDA), corresponding respectively to low, high,
and very high protection [27]. People with phototype I need very high protection, a minimal SPF of 50.
This is also the case for people suffering from diseases such as albinism and vitiligo, who are highly
susceptible to the effects of UV due to failed melanin production. In constrast, dark phototypes, V and
VI, would require lower protection, around 20.

The meaning of SPF should be well understood. Importantly, the SPF values mean protection
capacity mostly against UVB light, but this is not sufficient in assessing the total amount of UV radiation
entering the skin. On one hand, a SPF 20 sunscreen (protection 20) means that it absorbs 95% of the
UVB radiations, while an SPF 50 product can block 98% of that radiation. Some arguments suggest
that there is not much difference and both products supply a relatively high protection, 95% and 98%;
but in terms of price market, a sunscreen with SPF 50 is significantly more expensive than one with
SPF 20. However, when applying a SPF 50 product compared to a SPF 20 product, less than half of the
erythematous UVB radiation (exactly only 40%) will penetrate into the skin, and this could become
a big difference. On the other hand, standard SPF measurements have focused primarily on UVB
wavelengths. Sunscreens should protect not only against UVB effects, but also against other risky
regions (e.g., UVA, blue light, and even infrared). It should be taken into account that UVA shows
deeper penetrance into human skin, and this radiation reaches the dermis and the epidermis—dermis
junction where most melanocytes are sited. Hence, the effect of UVA on induction of pigmentation and
possible alteration of melanocyte phenotype without erythema evidence due to UVB filtering could
be significant yet. Unfortunately, this fact has been frequently ignored. Innovative sunscreens with
improvements in addition to SPF value are needed as broad photoprotective agents.

Therefore, around 20 years ago, the Japan cosmetics industry introduced an alternative method to
evaluate UVA efficacy of sunscreen [28] based on the results of in vivo persistent pigment darkening
(PPD) on skin treated with a putative photoprotective product. Thus, in addition to SPF, the sunscreens
could be labeled from PA+ to PA++++, corresponding to the level of protection grade of UVA (PA)
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obtained from the PPD test [29]. Sunscreens labeled as PA+ mean low protection, whereas PA++++
represents products that provide a high sunscreen efficiency [23,30]. In agreement with the protection
efficiency against UV radiation, PA+ sunscreens contain poorer composition and lower amounts of
products than PA++++ sunscreens. These are composed of at least eight UVA filters and other agents
added to minimize the damage based on ability to absorb, reflect, and scatter solar radiation.

In addition to UV-Vis absorbing agents, recent sunscreens display other properties, such as water
resistance, photostability, hydrating agents, sticking lotion to avoid reiterative application, etc. These
points are involved in the measurement of the so-called Biological Effective Protection Factors (BEPFs),
that are calculated for a determined UV-mediated skin response through transmission measurements
according to the Diffey method [31] using the relative action spectrum [32]. BEPFs can be considered
as indicators focused on the number of times that a person protected with the agent can be exposed in
comparison to an unprotected person (control). So far, its determination and use in the information
provided in commercial sunscreens are rare.

4. Photoprotective and Antiaging Components in Sunscreens: Nature, Sources and Action

The classification of sunscreens according to composition in organic, inorganic, and systemic
products has been extensively examined in a number of reviews. Readers interested in this classical
classification are referred to recent reviews [23,24] in addition to the large number of original papers
related to particular products or molecules, including this Special Issue.

This review is restricted to natural photoprotectors under two points of view. On one hand are
photoprotectors based on melanin and melanin-like products, as this pigment is the main physiological
pigment in human skin. On the other hand are photoprotectors based on some naturally pure products
or alcoholic extracts obtained from natural sources, such as plants and marine organisms. In fact, this
second approach has been used throughout the centuries in different ways, and many of these products
come from ancient recipes for different purposes, but some are potentially good candidates to add to
sunscreens. They can exert an anti-aging effect in addition to possible photoprotection by filtering or
absorbing UV light, forming part of cosmeceutics. Modern sunscreens constitute a broad-spectrum
group that is currently being incorporated into cosmeceutical products. Cosmeceutics can be widely
defined as “topical formulations which were neither pure cosmetics, like lipstick, nor pure drugs, like
corticosteroids” [33].

The mechanisms involved in appropriate photoprotection can be classified according to three
non-exclusive processes:

(i) Stimulation of natural protection through action on melanocytes and surrounding keratinocytes
to stimulate the synthesis of endogenous melanin and its subsequent distribution through the
melano-epidermal unit. Basically, they act by stimulating the tyrosinase activity and melanogenic
proteins (Figure 3) and/or the subsequent transference of melanosomes to keratinocytes (Figure 2).

(ii) Use of biopolymers related to natural melanin or unpolymerized molecules to cover the skin as
an external shield against solar damage. Nevertheless, some of these biopolymers can partially
penetrate inside epidermal keratinocytes.

(iii) Stimulation of other mechanisms of the skin not directly related to pigmentation, but involved
in retarding the aging, oxidizing, and inflammatory effects of sun exposure. Maintenance of
hydration or collagen is somehow a way of photoprotection, minimizing accelerated wrinkling,
sagging, and solar elastosis.

4.1. Natural Compounds Related to Animal Melanin

Concerning the use of natural melanin as a component in sunscreens, it is clear that all eumelanins
show photoprotective properties due to their strong UV and visible light absorption and antioxidant
properties [18,19,34,35]. Their absorption coefficient decreases at longer wavelengths, so they are
especially appropriate for UV photoprotection.
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Eumelanin is insoluble in water, although in combination with other molecules can become
slightly water-soluble, and it forms emulsions with lipids easily. Thus, there are a number of
proposals, publications, and direct patents, related to the diverse use of eumelanins as tanning
agents or as possible components of sunscreens. They are found in a number of organisms. The
source proposed for extraction is diverse, including sepia melanin [36], squid ink [37], green tea [38],
Pseudomonas maltophylia [39], and chemical oxidation from dopa and other melanin precursors [40-42].
However, perhaps due to aesthetic reasons, taking into account the unpleasant dark color of any
eumelanin-containing sunscreen, the use of all these patents has not been exploited in the commercial
market. Nanocomposites of melanin nanoparticles from sepia ink reinforced with cellulose nanofibers
have been recently prepared and characterized. This material improves stability and color appearance,
but the melanin moiety keeps the UV blocking capacity and its antioxidant activity [43].

Alternatively, in the last years, other melanin-related compounds have been proposed to increase
the absorption and general properties of natural melanin in order to be used in cosmeceutics. In this
regard, in exploring the maintenance role of the carboxyl group in polymers, studies revealed that
the use of DHICA methyl ester improves the antioxidant and protective effects of the final polymer,
particularly by the higher absorption of UVA light [16,44].

A complementary approach has been the use of dopamine, the decarboxylated analogue of dopa.
Dopamine can be polymerized easily to a polymer called polydopamine. The tailoring strategy of
the polymerization of DHI in comparison to DHICA and DHI mixtures has been deeply studied [45].
This polymer shows several applications in nanobiotechnology [46]. The homopolymer of DHI is
very similar to natural eumelanin (Figure 4), which is a polymer of DHI and DHICA as mentioned
above [18], but simpler and probably larger in size as the only monomer unit is DHI [45,47].

Eumelanin is mainly formed by bonds between positions 4 and 7 of the indole ring, as the carboxyl
group of DHICA blocks position 2 and deactivates conjugation to position 3. However, DHI is able to
polymerize through positions 2, 3, 4, and 7 (Figure 4), giving place to a larger polymer able to absorb a
large amount of UV light due to the large aromatic m-electron clouds [35]. In turn, polydopamine is
free of protein and other compounds occurring in natural eumelanins extracted from living organisms.

Under suitable conditions, polydopamine produces melanin-like nanoparticles resembling the
melanin granules found in sepia ink. When a suspension of these nanoparticles is incubated with
human keratinocytes, they are absorbed by the cells and distributed around their nuclei like natural
melanin [11]. In that way, the material resembles natural melanosomes or melanin granules, and it
functions as a pigment to immediately darken skin, but moreover, it also protects the DNA from UV
light and can become more permanent than other components of sunscreens that are not absorbed
through the epidermal cells.

Related to that, the skin cancer incidence ratio between Caucasian and black skin is around 60,
giving an approximate idea of the gap between different phenotypes that should be covered by the
sunscreen requirements of both races. The cutaneous distribution of melanin for DNA protection is
more abundant but also more concentrated in the basal layer of black skin than in its counterpart,
Caucasian skin [48].

In addition to polydopamine, other polymer models mimicking natural melanin are being
investigated as catechol/quinone heterodimers [49], but they clearly belong to the photoprotectors
obtained by chemical synthesis rather than by natural means.
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Figure 4. Structure of the precursor units (dopa, dopamine), the oxidized cyclized indole derivatives,
DHI and DHICA, and a simplified model of eumelanin and polydopamine. Natural eumelanin might
be considered a DHICA and DHI polymer. Polymerization occurs mainly through positions 4 and 7
since the presence of carboxyl groups blocks position 2 and greatly deactivates position 3. The size and
light absorption of eumelanin depends on the DHI/DHICA ratio. The polydopamine model might
be considered as a polymer of only DHI, more branched through positions 2, 3, 4, and 7. These are
oversimplified models, since other uncycled units can be incorporated to the polymer during the
uncontrolled formation of the pigments.

4.2. Natural Products from Plants, Herbs, and Marine Organisms

There is ample evidence proving that photoprotectors play a critical role in inducing natural
pigmentation as well as reducing the incidence of UV-induced human skin disorders such as
melasma and hyperpigmented spots [22,50]. However, pigmentation is just an important aspect
of photoprotection, but not the only one. UV radiation generates large amounts of ROS radicals
in the skin. They stimulate melanogenesis by accelerating the reactions among dihydroxyindoles
and indole quinones at the last phase of melanogenesis, increasing skin tanning. However, ROS
also lead to the activation of other biological processes that are involved in UV-induced skin aging,
wrinkling, and sagging [51]. In fact, ROS induce a number of cellular signaling pathways leading to
inflammation and the acceleration of cellular senescence by damaging the structure of the dermal
matrix, particularly collagen and proteoglycan degradation. Exposure to UV radiation activates the
expression of aging-related genes through regulation of a variety of signal pathways such as Akt,
GSK3p, and mitogen-activated protein kinases (MAPKs)-activator protein 1 (AP1) through inhibition
of p38 phosphorylation [52,53].

According to the appearance of ROS, the use of antioxidants as adding agents of sunscreens is not
surprising [54]. The application of antioxidants would result in prevention of these biological effects,
as they scavenge ROS and restrict the extension of harmful chain reactions. The optimal antioxidants
should have high UV-absorption but with good stability to avoid becoming photosensitizers after
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light absorption, be non-toxic, and show penetrance in the skin. The UV-absorption is related to
m-electron systems, which are mainly sited as conjugated bonds in linear chain molecules or as aromatic
compounds. These 7-electron systems also confer ROS scavenging and antioxidant capacities.

In agreement with that, there are a large number of agents with putative beneficial effects that
can be putatively added to sunscreens. They include ascorbate [55], tocopherols [56], carotenoids [57],
polyphenols [58], and flavonoids [59]. However, all antioxidants are not equivalent. Carotenoid
action is based on absorption of UV light and quenching of singlet oxygen [60], polyphenols join light
absorption with quenching ROS, and tocopherols are a family of antioxidant molecules especially
effective in preventing cell membrane oxidation [61]. Antioxidants such as ascorbate do not have
mi-electrons and can be easily and rapidly oxidized by atmospheric oxygen, thus losing its efficacy as
a photoprotector.

Plant extracts with phenolic and flavonoid compounds are more effective [62,63]. The
antioxidant capacity of natural extracts is not always proportional to the total content of
tocopherols, carotenoids, polyphenols, or flavonoids [63]. This can be due to the diverse tests
used (gallate or Trolox equivalent antioxidant capacity, ferric reducing antioxidant potential, and
the 2,2’—azobis(2-methylpropionamidine)-induced oxidation of linoleic acid) or the different and
complementary mechanisms of those families of compounds to exert their antioxidant activity.
Biological tests using epidermal cell culture or cosmeceutical trials are necessary to provide a reliable
estimation of the efficacy of natural extracts concerning antioxidant activity and efficacy as sunscreen
components. Furthermore, a large number of plants, herbs, microalgae, and marine organisms are
continuously tested for their putative potential in cosmeceutics. Some of them are discussed as follows.

4.2.1. Plants and Herbs

Some of the natural sources containing these antioxidants are: (1) aloe vera (Aloe barbadensis
Miller), known as a healing plant, it contains aloesin, anthraquinones, and saccharides [64], and is very
effective in the amelioration of UV radiation-induced skin effects [65]; (2) tomato extracts (Solanum
lycopersicum L.) contain lycopene, a carotenoid UV-absorbing molecule; (3) cactus extracts (Opuntia
humifusa), that induce dermal hyaluronic acid production; [66]; (4) green tea (Camellia sinensis), which
possesses anti-inflammatory activity due to the constituent epigallocatechin-3-gallate (EGCG) [67]; (5)
pomegranate (Punica granatum) extracts, containing punicic acids and polyphenols that prevent dermal
damage by inhibition of the UV-induced matrix metalloproteinases (MMPs) [68]; (6) alcoholic extract of
Ranunculus bulumei (an Indonesian herb), recently demonstrated to be very effective, which attenuates
the expression in UVB-irradiated HaCaT transformed keratinocytes of MMP9 and Cyclooxygenase-2
(COX-2) genes and enhances the expression of Type 1 collagen as well as Hyaluronan Synthase-2
(HAS-2) and HAS-3 [69], involved in skin hydration. COX-2 is an inducible enzyme involved in the
formation of prostaglandin E2 from arachidonic acid and other eicosanoids.

However, it should be noted that the photoprotective effects of these agents are not clearly proven
in all cases. The effect of adding lycopene to sunscreens is poor, as it has a modest or low increase in
the SPF [70]. In other cases, such as the addition of cucumber extracts (Cucumis sativus), scientific data
indicate that there is no correlation with any increase in the SPF value [71]. Other extracts, such as that
obtained from the Indian beech tree (Pongamia pinnata, L.), just help in broadening the UV protection
ability and avoiding the undesired effects of synthetic sunscreen compounds such as p-Amino Benzoic
Acid (PABA) [72]. Moreover, the use of methoxypsoralens from bergamot oil (Citrus bergamia) after
sun exposure increases photosensitivity, resulting in greater damage rather than photoprotection in
spite of its stimulatory effect on tyrosinase activity [73].

Unfortunately, antioxidants are usually tyrosinase inhibitors. Inhibition of melanogenesis is a very
common approach for hypopigmenting treatments [74]. The literature concerning skin pigmentation is
full of reviews about the structure and mechanisms of tyrosinase inhibitors [50,75]. These compounds,
usually found in natural plants and herbs, inhibit melanogenesis by reducing the expression of
Microphthalmia-associated Transcription Factor (MITF), the master regulator of gene expression for
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the melanogenic system, through its effects on cAMP-Regulated Transcriptional Co-activator (CRTC)
and cAMP response element-binding (CREB) activity, and subsequently the expression of tyrosinase
and the tyrosinase-related protein genes. Thus, they are normally used as skin-lightening products
in cosmeceutics. Among these compounds, one of the most studied and characterized is resveratrol
obtained from grape vine (Vitis vinifera) [76,77] or some of its derivatives, such as o«-viniferin, a
trimer found in the same fruit and also in the Siberian pea tree (Caragana sinica) [78]. Those potent
hypopigmenting agents protect skin keratinocytes from inflammation and oxidative damage rather
than enhancing melanization.

However, ideal antioxidants for photoprotection should possess antiaging effects with the
induction of melanogenesis. This is difficult from a chemical point of view, since melanogenesis is an
oxidative process enhanced by the appearance of ROS in the final steps of the pathway (Figure 3), and
antioxidants usually scavenge ROS. However, the compatibility between antioxidants and stimulation
of melanogenesis is sometimes possible. In fact, there are some reports in the scientific literature
in this field pointing out this fact, particularly regarding flavonoids [79]. The main groups of the
thousands of flavonoids found in nature are depicted in Figure 5. The comparative analysis of
flavonoids and their effects on melanogenesis to establish a correlation among chemical structure
and melanogenic activity is complex. It was found that flavonols including quercetin, kaempferol or
fisetin, flavones including luteolin, apigenin, and chrysin, and isoflavones including genistein showed
stimulation of melanogenesis. However, rutin, robinetin, myricetin, epigallocatechin gallate, and
naringin did not show any effect or they behave as inhibitors of melanin formation [79,80]. It seems
that a hydroxyl group bound to ring B is a requirement for stimulation of melanogenesis (Table 1).
It should be taken into account that some of these compounds are phenols and therefore alternative
substrates of tyrosinase, giving place to the possibility of forming melanin-like dark oligomers. Thus,
flavonoids with an o-diphenolic side seem to be the favorite structures to activate melanogenesis
through tyrosinase activation.
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Figure 5. (a) General structure of the flavonoid framework with the four main types of flavonoids;
(b) other flavonoid-related frameworks; (c) particular plant compounds and (d) marine compounds used
in cosmeceutics (see Table 1). (a) The second line includes the four main types of flavonoids: flavonols,
flavones, flavanones, and flavanols. (b) Flavonoid-related structure of the isoflavonoid framework (ring
B is bound to position 3) and chalcone; (¢) two important plant compounds, epigallocatechin-3-gallate
(EGCGQG) found in green tea and resveratrol found in grape vine; (d) marine topsentin from a sponge
and palythine from coral.
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Table 1. Main flavonoids and related biomolecules used in cosmeceutics. Structure and melanogenic
(+) or skin-lightening () activity [79-81].

Agent Melanin action Chemical name
Flavonols
Galangin - 3,5,7-trihydroxyflavone
Kaempferol + 3,4',5,7-tetrahydroxyflavone
Quercetin + 3,3’ 4’ 5,7-pentahydroxyflavone
Rutin - 3,3’ (O-glycoside) 4’ ,5,7-pentahydroxyflavone
Myricetin - 3,3’ 4’ /5 ,5,7- hexahydroxyflavone
Fisetin + 3,3’ 4’ ,7-tetrahydroxyflavone
Robinetin - 3,34’ 5 ,7-pentahydroxyflavone
Flavones
Chrysin + 5,7-dihydroxyflavone
Apigenin + 4’ ,5,7-trihydroxyflavone
Apige(r;lli n—7—l?;tylene + 4’ ,5,7-(O-butyl-glycoside)-trihydroxyflavone
ycoside
Luteoin + 3’ 4',5,7-tetrahydroxyflavone
Flavanones
Narigin - 4’ ,5,7(O-glycoside)-dihydroxyflavanone
Naringenin - 4’ 5,7-trihydroxyflavanone
Sterubin + 3,4’ 5,7(methoxy)- tetrahydroxyflavanone
Flavonoid-related molecules
EGCG - EpiGalloCatechin Gallate (actually a Flavanol)
(isggralsitsgil d) + 4’ 5,7- trihydroxyisoflavone
Chalcone + Benzyliden-acetophenone
Resveratrol - 3,5,4’-trihydroxy-trans-stilbene
Topsentin + 6—hydroxy—1H—ind0l—3—})}11])_—5;}&1;?;101—3—}71)—1H—imidazol-Z-
Palythine + 2-[[3-amino-5-hydroxy-5-(hydroxymethyl)-2-methoxycyclohex-2-

en-1-ylidene]-amino]-acetic acid

However, the correlation among different flavonoid structures and melanin stimulation is not
definitive yet. Flavonols activate melanogenesis, but rutin (a glycon form of quercetin), myricetin, and
robinetin (both with three hydroxyl groups at ring B) do not, suggesting that the presence of a saccharide
or three hydroxy groups on ring B prevent the effect (Table 1). Flavanols as the EGCG, with hydroxyl
esterified with gallic acid, act as skin-whitening products rather than melanin activators. Surprisingly,
flavones are activators of melanogenesis in spite of the absence of the hydroxyl group at position 3 of
ring C, regardless of the number of hydroxyl groups on ring B (luteolin has two, apigenin one and
chrysin none). Flavanones such as naringin are not activators either, probably due to the glycon moiety,
since recently an aglycon flavanone such as sterubin was proposed to improve hair pigmentation as an
activator of melanogenesis and melanocyte proliferation [81]. Finally and illustrating the difficulty
in predicting the effect of flavonoids on melanogenesis, the apigenin-7-butylene glucoside, a glycon
form of flavonoids, also enhances melanogenesis of B16-F10 cells by stimulation of the melanogenic
proteins, tyrosinase and the associated, Tyrpl and Tyrp2; as a result, this agent has been proposed for
vitiligo treatment [82].

Data at Table 1 should be considered with caution. According to the o-diphenol nature of
ring B, quercetin (3,3’,4’,5,7-pentahydroxylflavone) could be one of the most active flavonoids for
promoting melanogenesis [80]. However, it must be also be mentioned that this is not completely
accepted in cosmeceutics, and other reports indicate that quercetin possesses antioxidant and
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subsequently anti-melanogenic activities; it can be useful for skin whitening but is not effective
as a photoprotector [83,84]. This discrepancy is not only found for quercetin, and further research
should be carried out to clarify the actual effect of flavonoids on melanogenesis.

Recently, it has been reported that other flavonoid-like compounds and plant-derived products
employed in traditional Asian medicine recipes also promote melanogenesis and are useful for
vitiligo treatment. Chalcones, one class of flavonoid compounds, has become an interesting
target for the development of anti-vitiligo agents. A series of novel chalcone derivatives
have been synthesized and evaluated for biological activities [52]. Among them, derivative
1-(4-((3-phenylisoxazol-5-yl)methoxy)phenyl)-3-phenylprop-2-en-1-one (PMPP) was identified as
a potent tyrosinase activator with higher action and lower toxicity than methoxypsoralen.

4.2.2. Marine Organisms and Microalgae

Marine organisms produce thousands of poorly known, but biologically-efficient molecules, and
they have become one of the most promising sources of new molecules with antibacterial, antitumor,
and anti-inflammatory activities with application in skin care. In the current context, these organisms
also contain antioxidants and potentially photoprotective agents [85]. Many of these antioxidants
have yet to be identified, but they are probably similar to those mentioned in the previous section.
Others are new compounds with possible applications to this field. For instance, topsentin which is an
alkaloid isolated from the marine sponge Spongosorites genitrix exhibits anti-inflammatory activity in
UVB-irradiated human epidermal HaCaT keratinocytes. The photoprotective effect of topsentin was
confirmed in a reconstructed human skin model [86]. Topsentin suppresses the expressions of two key
targets for the prevention and treatment of skin damage and inflammation after sun exposure, COX-2
and miR-4485. COX-2 is an inflammatory mediator, as mentioned above, and miR-4485 is a nuclear
microRNA that can be translocated to mitochondria affecting mitochondrial function in response to
different stress conditions. This microRNA modulates the mitochondrial complex, production of ATP,
caspase-3/7 activation, tumor necrosis factor (TNF)-a production, ROS levels, and apoptosis [87].

Microalgae also offer opportunities in the development of novel cosmeceutics focused on skin
pigmentation [88]. Microalgae are found in a wide range of habitats including fresh and saltwater and
marine environments, frequently associated with many marine invertebrates, including corals and
sponges. Thus, Safafar et al. [89] reported that antioxidant compounds are abundant in a number of
common microalgae, such as Phaeodactylum sp., Nannochloropsis sp., Chlorella sp., Dunaliella sp., and
Desmodesmus sp. Characterization of the molecular nature of the active components is sometimes
achieved, such as with polyphenols p-coumaric acid and apigenin [90]. However, the concentrations
are low in comparison with the contents found in plants, but the beneficial effects of microalgae extracts
are generally superior to the effect of just one of the components.

Amongst the microalgal compounds that show inhibition of melanogenesis, carotenoids are
prominent. Fucoxanthin has been reported to decrease tyrosinase activity in UVB-irradiated guinea
pigs and the mRNA levels of melanogenic enzymes in UVB irradiated mice and skin cells [91].
Thus, most microalgae extracts are used as skin-lightening agents, such as a hydroalcoholic extract
of Chlamydomonas reinhardtii, which inhibited melanogenesis in 3D human skin [92] or extracts of
Nannochloropsis gaditana that showed a direct in vitro inhibition of tyrosinase [93].

However, it cannot be assumed that all microalgae extracts show skin-whitening activity because
they are complex mixtures and the resulting final effect depends on the overall balance of many
combined effects. Although the effects are never very pronounced, they contribute to protect the skin
against sun exposure by a certain stabilization of tyrosinase activity against proteolytic degradation.
These extracts would contain compounds such as some polyphenols, flavonoids, and saturated fatty
acids, in addition to carotenoids [94,95].

Finally, there is growing interest for a family of structurally different products resulting in the
secondary metabolism of marine organisms for use as photoprotectors and skin tanners. They are
mycosporine-like amino acids, characterized by a cyclohexenone or cyclohexenimine chromophore
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conjugated with one or two amino acids. They are being proposed as ecologic photoprotectors. One of
the most studied is palythine (Figure 5), extracted from corals and sea hares. These molecules show
high photostability and strong UV-absorption, centered in the UVA-blue light range, from around
310-360 nm [96] that have evolved for protection against chronic sunlight exposure. Recent data
indicate that very low concentrations of palythine show a significant protection to human keratinocytes
submitted to UVA irradiation [97]. In addition, palythine behaves as a potent antioxidant, reducing
oxidative stress by scavenging ROS species. These results suggest that they will have interesting
potential as natural and biocompatible photoprotectors for adding to sunscreens independently of
melanin pigmentation.

5. Conclusions

Sun radiation arriving at the Earth’s surface comprises an ample range of electromagnetic radiation,
including UV light. This light is potentially harmful for human skin both by direct action on DNA
or indirectly by generating ROS and oxidative stress. The effects range from just accelerating solar
elastosis (wrinkling appearance and other skin aging effects), inflammation, and sunburns up to skin
cancer promotion. There is no doubt that photoprotection to minimize these effects is essential. Human
skin contains melanin, a quite efficient photoprotective pigment; but this is not enough, especially for
light phenotypes. There is a necessity for sunscreens containing a variety of molecules to contribute to
photoprotection. Any agent leading to stimulate melanogenesis would be helpful. Photoprotectors
are very different in their structure, source, and mechanism of action, so sunscreens are very complex
mixtures. This review has been dedicated to some of those molecules obtained from natural sources.
Firstly, eumelanin, typically obtained from sepia ink. Other melanin-related molecules, especially
polydopamine, were proposed. They are highly UV-absorbing polymers, and their SPF and PA are
very high. However, so far, the commercial use of these substances is scarce, probably due to aesthetic
problems derived from the color of the sunscreen containing those compounds. Secondly, other natural
compounds obtained from plants, herbs, and marine organisms are employed. Basically, they should
be UV-absorbing substances with ROS scavenging capacity and subsequent antioxidant activity. In
terms of SPF and PA, none is as efficient as natural eumelanin. However, some of them gathered
relative protection due to UV-absorption with the stimulation of natural melanogenesis. In this sort,
flavonoids and some new marine molecules are being studied as they seem better than other natural
antioxidants, such as vitamins C and D, carotenoids, or polyphenols. This review tries to collect and
discuss data about some of these. It was concluded that further research is needed, as the balance
between antioxidant activity with skin-lightening action and stimulation of melanogenesis is subtle and
still partially unknown. In fact, the proposed photoprotective effect of commonly studied flavonoids,
such as quercetin, is controversial as contrary data can be found in the scientific literature reporting the
enhancement of melanin formation but also skin-lightening effects.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflicts of interest.

References

1.  Madronich, S.; McKenzie, R.L.; Bjorn, L.O.; Caldwell, M.M. Changes in biologically active ultraviolet
radiation reaching the Earth’s surface. J. Photochem. Photobiol. B 1998, 46, 5-19. [CrossRef]

2. Juzeniene, A.; Moan, ]J. Beneficial effects of UV radiation other than via vitamin D production.
Dermatoendocrinol 2012, 4, 109-117. [CrossRef] [PubMed]

3. Wacker, M,; Holick, M.F. Sunlight and Vitamin D: A global perspective for health. Dermatoendocrinol 2013, 5,
51-108. [CrossRef] [PubMed]

4.  D’Orazio, J.; Jarrett, S.; Amaro-Ortiz, A.; Scott, T. UV radiation and the skin. Int. J. Mol. Sci. 2013, 14,
12222-12248. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S1011-1344(98)00182-1
http://dx.doi.org/10.4161/derm.20013
http://www.ncbi.nlm.nih.gov/pubmed/22928066
http://dx.doi.org/10.4161/derm.24494
http://www.ncbi.nlm.nih.gov/pubmed/24494042
http://dx.doi.org/10.3390/ijms140612222
http://www.ncbi.nlm.nih.gov/pubmed/23749111

Molecules 2020, 25, 1537 14 of 18

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Premi, S.; Wallisch, S.; Mano, C.M.; Weiner, A.B.; Bacchiocchi, A.; Wakamatsu, K.; Bechara, E.J.H.; Halaban, R.;
Douki, T.; Brash, D.E. Photochemistry. Chemiexcitation of melanin derivatives induces DNA photoproducts
long after UV exposure. Science 2015, 347, 842-847. [CrossRef]

Solano, F. Photoprotection versus photodamage: Updating an old but still unsolved controversy about
melanin. Polymer Intern. 2016, 65, 1276-1287. [CrossRef]

Fisher, ].M.; Fisher, D.E. From suntan to skin cancers: Molecular pathways and prevention strategies. Targ.
Oncol. 2008, 3, 41-44. [CrossRef]

Brenner, M.; Hearing, V.J. The Protective Role of Melanin Against UV Damage in Human Skin. Photochem.
Photobiol. 2008, 84, 539-549. [CrossRef]

Ando, H,; Niki, Y,; Ito, M.; Akiyama, K.; Matsui, M.S.; Yarosh, D.B.; Ichihashi, M. Melanosomes are transferred
from melanocytes to keratinocytes through the processes of packaging, release, uptake, and dispersion. J.
Invest. Dermatol. 2012, 132, 1222-1229. [CrossRef]

Nordlund, J.J. The melanocyte and the epidermal melanin unit: An expanded concept. Dermatol. Clin. 2007,
25,271-281. [CrossRef]

Huang, Y,; Li, Y,; Hu, Z;; Yue, X.; Proetto, M.T.; Jones, Y.; Gianneschi, N.C. Mimicking melanosomes:
Polydopamine nanoparticles as artificial microparasols. ACS Cent. Sci. 2017, 3, 564-569. [CrossRef]
[PubMed]

Solano, F. Melanins: Skin pigments and much more-types, structural models, biological functions, and
formation routes. New J. Sci. 2014, 498276. [CrossRef]

Solano, F.; Garcia-Borrén, ].C. Enzymology of melanin formation. In The Pigmentary System: Physiology and
Pathophysiology; Blackwell Pub. Ltd.: Oxford, UK, 2006; pp. 261-281.

Solano, F. On the metal cofactor in the tyrosinase family. Int. J. Mol. Sci. 2018, 19, 633. [CrossRef] [PubMed]
Lai, X.; Wichers, H.].; Soler-Lopez, M.; Dijkstra, B.W. Phenylthiourea Binding to Human Tyrosinase-Related
Protein 1. Int. J. Mol. Sci. 2020, 21, 915. [CrossRef] [PubMed]

Panzella, L.; Ebato, A.; Napolitano, A.; Koike, K. The Late Stages of Melanogenesis: Exploring the chemical
facets and the application opportunities. Int. . Mol. Sci. 2018, 19, 1753. [CrossRef] [PubMed]

Lu, H.; Edwards, C.; Gaskell, S.; Pearse, A.; Marks, R. Melanin content and distribution in the surface
corneocyte with skin phototypes. Br. . Derm. 1996, 135, 263-267. [CrossRef]

Wei, M.X.; Weiyao, C.; Zhao, L.J.; Hong, Y.-L.; Nishiyama, Y.; Miyoshi, T.; Shawkey, M.D.; Dhinojwala, A.
Elucidation of the hierarchical structure of natural eumelanins. J. R. Soc. Interface 2018, 15. [CrossRef]
Simon, J.D.; Peles, D.N. The red and the black. Acc. Chem. Res. 2010, 43, 1452-1460. [CrossRef]
Napolitano, A.; Panzella, L.; Monfrecola, G.; d'Ischia, M. Pheomelanin-induced oxidative stress: Bright and
dark chemistry bridging red hair phenotype and melanoma. Pigment. Cell Melanoma Res. 2014, 27, 721-733.
[CrossRef]

Pathak, M.A. Sunscreens: Progress and perspectives on photoprotection of human skin against UVB and
UVA radiation. J. Dermatol. 1996, 23, 783-800. [CrossRef]

Sambandan, D.R.; Ratner, D. Sunscreens: An overview and update. J. Am. Acad. Dermatol. 2011, 64, 748-758.
[CrossRef]

Ngoc, L.T.N.; Tran, V.V,; Moon, ].-Y.; Chae, M.; Park, D.; Lee, Y.-C. Recent Trends of Sunscreen Cosmetic: An
Update Review. Cosmetics 2019, 6, 64. [CrossRef]

Geoffrey, K.; Mwangi, A.N.; Maru, S.M. Sunscreen products: Rationale for use, formulation development
and regulatory considerations. Saudi Pharm. J. 2019, 27, 1009-1018. [CrossRef] [PubMed]

Dennis, L.K.; Beane Freeman, L.E.; Van Beek, M.]. Sunscreen use and the risk for melanoma: A quantitative
review. Ann. Intern. Med. 2003, 139, 966-978. [CrossRef]

Food and Drug Administration (FDA). FDA Rules Regulations for Sunscreen. 2012. Available online:
https://smartshield.com/news/reviews/54-resources/127-new-fda-rules-regulations-for-sunscreen (accessed
on 1 March 2020).

Osterwalder, U.; Herzog, B. Sun protection factors: Worldwide confusion. Br. |. Dermatol. 2009, 161, 13-24.
[CrossRef]

Moyal, D. UVA protection labeling and in vitro testing methods. Photochem. Photobiol. Sci. 2010, 9, 516-523.
[CrossRef]

Wang, S5.Q.; Stanfield, ].W.; Osterwalder, U. In vitro assessments of UVA protection by popular sunscreens
available in the United States. ]. Am. Acad. Dermatol. 2008, 59, 934-942. [CrossRef] [PubMed]


http://dx.doi.org/10.1126/science.1256022
http://dx.doi.org/10.1002/pi.5117
http://dx.doi.org/10.1007/s11523-007-0066-1
http://dx.doi.org/10.1111/j.1751-1097.2007.00226.x
http://dx.doi.org/10.1038/jid.2011.413
http://dx.doi.org/10.1016/j.det.2007.04.001
http://dx.doi.org/10.1021/acscentsci.6b00230
http://www.ncbi.nlm.nih.gov/pubmed/28691067
http://dx.doi.org/10.1155/2014/498276
http://dx.doi.org/10.3390/ijms19020633
http://www.ncbi.nlm.nih.gov/pubmed/29473882
http://dx.doi.org/10.3390/ijms21030915
http://www.ncbi.nlm.nih.gov/pubmed/32019241
http://dx.doi.org/10.3390/ijms19061753
http://www.ncbi.nlm.nih.gov/pubmed/29899264
http://dx.doi.org/10.1111/j.1365-2133.1996.tb01157.x
http://dx.doi.org/10.1098/rsif.2018.0045
http://dx.doi.org/10.1021/ar100079y
http://dx.doi.org/10.1111/pcmr.12262
http://dx.doi.org/10.1111/j.1346-8138.1996.tb02702.x
http://dx.doi.org/10.1016/j.jaad.2010.01.005
http://dx.doi.org/10.3390/cosmetics6040064
http://dx.doi.org/10.1016/j.jsps.2019.08.003
http://www.ncbi.nlm.nih.gov/pubmed/31997908
http://dx.doi.org/10.7326/0003-4819-139-12-200312160-00006
https://smartshield.com/news/reviews/54-resources/127-new-fda-rules-regulations-for-sunscreen
http://dx.doi.org/10.1111/j.1365-2133.2009.09506.x
http://dx.doi.org/10.1039/b9pp00139e
http://dx.doi.org/10.1016/j.jaad.2008.07.043
http://www.ncbi.nlm.nih.gov/pubmed/18835064

Molecules 2020, 25, 1537 15 of 18

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Donglikar, M.; Deore, L.S. Sunscreens: A review. Pharmacogn. J. 2016, 8, 171-179. [CrossRef]

Dela Coba, F.; Aguilera, J.; Korbee, N.; de Galvez, M.V.; Herrera-Ceballos, E.; Alvarez-Gémez, F.; Figueroa, F.L.
UVA and UVB Photoprotective Capabilities of Topical Formulations Containing Mycosporine-like Amino
Acids (MAAs) through Different Biological Effective Protection Factors (BEPFs). Marine Drugs. 2019, 14, 17.
[CrossRef]

Diffey, B.L.; Tanner, P.R.; Matts, PJ.; Nash, J.E. In vitro assessment of the broad-spectrum ultraviolet protection
of sunscreen products. J. Am. Acad. Dermatol. 2000, 43, 1024-1035. [CrossRef]

Kligman, A.M. Cosmeceuticals: A broad-spectrum category between cosmetics and drugs. In Cosmeceuticals
and Active Cosmetics Drug Versus Cosmetics, 2nd ed.; Elsner, P., Maibach, H.I., Eds.; Taylor & Francis: Boca
Raton, FL, USA, 2005; pp. 1-9.

Micillo, R.; Panzella, L.; lacomino, M.; Prampolini, G.; Cacelli, I.; Ferretti, A.; Crescenzi, O.; Koike, K;
Napolitano, A.; d’Ischia, M. Eumelanin broadband absorption develops from aggregation-modulated
chromophore interactions under structural and redox control. Sci. Rep. 2017, 7, 41532. [CrossRef] [PubMed]
Panzella, L.; Gentile, G.; D’Errico, G.; Della Vecchia, N.F.; Errico, M.E.; Napolitano, A.; Carfagna, C.; d'Ischia, M.
Atypical structural and 7-electron features of a melanin polymer that lead to superior free-radical-scavenging
properties. Angew. Chem. 2013, 52, 12684-12687. [CrossRef] [PubMed]

Honda, S.; Takekoshi, Y.; Arai, Y. Cosmetics Based on Naturally Derived Melanin-Coated Pigments. US
Patent 5,380,359, 1 October 1995.

Nacht, S. Melanin, Nature’s Own Sunscreen Polymer. In Cosmetic and Pharmaceutical Applications of Polymers;
Gebelein, C.G., Cheng, T.C., Yang, V.C., Eds.; Springer: Boston, MA, USA, 1991; pp. 83-94. [CrossRef]
Zahner, P. All natural sunscreen lotion. US Patent App. 10/643,270, 24 February 2005.

Geng, J.; Tang, W.; Wan, X.; Zhou, Q.; Wang, X.-J.; Shen, P; Lei, T.-C.; Chen, X.-D. Photoprotection of
bacterial-derived melanin against ultraviolet A-induced cell death and its potential application as an active
sunscreen. J. Eur. Acad. Dermatol. Venereol. [JEADV 2008, 22, 852-858. [CrossRef] [PubMed]

Leong, H.; Katz, M.O.; Delk, A.; Nacht, S.; Berliner, D. Synthetic Melanin Aggregates. US Patent 4,855,144, 8
August 1989.

Pawelek, J.; Osber, M.P,; Orlow, S.J. Synthetic Melanin As A Sunscreen And Tanning Agent. US Patent
5,384,116, 24 January 1995.

Menon, I.A.; Haberman, H.F. Lipomelanin Sunscreen Composition. US Patent 5,750,093, 12 May 1998.
Hyun, SR; Jung, C.K,; Kim, W.; Zhai, L.; Zhu, Q.Y.; Kim, J. Incorporation of melanin nanoparticles improves
UV-shielding, mechanical and antioxidant properties of cellulose nanofiber based nanocomposite films.
Mater. Commun. 2020, 24, 100984. [CrossRef]

Micillo, R.; Tacomino, M.; Perfetti, M.; Panzella, L.; Koike, K.; D’Errico, G.; d'Ischia, M.; Napolitano, A.
Unexpected impact of esterification on the antioxidant activity and (photo)stability of a eumelanin from
5,6-dihydroxyindole-2-carboxylic acid. Pigment Cell Melanoma Res. 2018, 31, 475-483. [CrossRef]

d’Ischia, M.; Napolitano, A.; Ball, V.; Chen, C.-T.; Buehler, M.]. Polydopamine and Eumelanin: From
Structure-Property Relationships to a Unified Tailoring Strategy. Acc. Chem. Res. 2014, 47, 3541-3550.
[CrossRef]

Dreyer, D.R.; Miller, D.J.; Freeman, B.D.; Paul, D.R.; Bielawski, C.W. Elucidating the structure of poly
(dopamine). Langmuir 2012, 28, 6428-6435. [CrossRef]

Solano, F. Melanin and Melanin-Related Polymers as Materials with Biomedical and Biotechnological
Applications—Cuttlefish Ink and Mussel Foot Proteins as Inspired Biomolecules. Int. J. Mol. Sci. 2017, 18,
1561. [CrossRef]

Fajuyigbe, D.; Lwin, S.M.; Diffey, B.L.; Baker, R.; Tobin, D.J.; Sarkany, R.P.E.; Young, A.R. Melanin distribution
in human epidermis affords localized protection against DNA photodamage and concurs with skin cancer
incidence difference in extreme phototypes. FASEB |. 2018, 32, 3700-3706. [CrossRef]

Grieco, C.; Empey, ] M.; Kohl, ER.; Kohler, B. Probing eumelanin photoprotection using a catechol: Quinone
heterodimer model system. Faraday Discuss. 2019, 216, 520-537. [CrossRef]

Hollinger, J.C.; Angra, K.; Halder, RM. Are Natural Ingredients Effective in the Management of
Hyperpigmentation? A Systematic Review. J. Clin. Aesthetic Dermatol. 2018, 11, 28-37.

Masaki, H. Role of antioxidants in the skin: Anti-aging effects. J. Dermatol. Sci. 2010, 58, 85-90. [CrossRef]
[PubMed]


http://dx.doi.org/10.5530/pj.2016.3.1
http://dx.doi.org/10.3390/md17010055
http://dx.doi.org/10.1067/mjd.2000.109291
http://dx.doi.org/10.1038/srep41532
http://www.ncbi.nlm.nih.gov/pubmed/28150707
http://dx.doi.org/10.1002/anie.201305747
http://www.ncbi.nlm.nih.gov/pubmed/24123614
http://dx.doi.org/10.1007/978-1-4615-3858-5_9
http://dx.doi.org/10.1111/j.1468-3083.2007.02574.x
http://www.ncbi.nlm.nih.gov/pubmed/18312329
http://dx.doi.org/10.1016/j.mtcomm.2020.100984
http://dx.doi.org/10.1111/pcmr.12689
http://dx.doi.org/10.1021/ar500273y
http://dx.doi.org/10.1021/la204831b
http://dx.doi.org/10.3390/ijms18071561
http://dx.doi.org/10.1096/fj.201701472R
http://dx.doi.org/10.1039/C8FD00231B
http://dx.doi.org/10.1016/j.jdermsci.2010.03.003
http://www.ncbi.nlm.nih.gov/pubmed/20399614

Molecules 2020, 25, 1537 16 of 18

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Yin, L.; Niu, C.; Liao, L.-X.; Dou, ]J.; Habasi, M.; Aisa, H.A. An Isoxazole Chalcone Derivative Enhances
Melanogenesis in B16 Melanoma Cells via the Akt/GSK3 Catenin Signaling Pathways. Molecules 2017, 22,
2077. [CrossRef] [PubMed]

Chung, Y.C,; Kim, M.-Y,; Kang, E.Y,; Kim, Y.B.; Kim, B.S.; Park, S.-M.; Hyun, C.-G. Anti-Melanogenic Effects
of Hydroxyectoine via MITF Inhibition by JNK, p38, and AKT Pathways in B16F10 Melanoma Cells. Nat.
Prod. Commun. 2019, 14. [CrossRef]

Chen, L.; Hu, J.Y.; Wang, S.Q. The role of antioxidants in photoprotection: A critical review. |. Am. Acad.
Dermatol. 2012, 67, 1013-1024. [CrossRef]

Jenkins, G.J.; Stephens, L.A.; Masnavi, N.; Parry, ]. M. Molecular analysis of the chemoprotective effects
of topical sunscreen and vitamin C in preventing UV-induced and reactive oxygen species-induced DNA
damage, respectively, using the PCR inhibition methodology. Anticancer Res. 2002, 22, 3873-3877. [PubMed]
McVean, M.; Liebler, D.C. Prevention of DNA photodamage by vitamin E compounds and sunscreens: Roles
of ultraviolet absorbance and cellular uptake. Mol. Carcinog. 1999, 24, 169-176. [CrossRef]

Stahl, W.; Sies, H. Beta-carotene and other carotenoids in protection from sunlight. Am. J. Clin. Nutr. 2012,
96, 11795-1184S. [CrossRef]

Dzialo, M.; Mierziak, J.; Korzun, U.; Preisner, M.; Szopa, J.; Kulma, A. The potential of plant phenolics in
prevention and therapy of skin disorders. Int. J. Mol. Sci. 2016, 17, 160. [CrossRef]

de Alencar Filho, ].M.T.; Sampaio, P.A.; Valenga, E.C.; da Silva Almeida, G.; Rolim, L.A.; Nunes, X.P,; da Cruz
Aratjo, E.C. Flavonoids as photoprotective agents: A systematic review. |. Med. Plants Res. 2016, 10, 848-864.
Sandmann, G. Antioxidant Protection from UV- and Light-Stress Related to Carotenoid Structures.
Antioxidants 2019, 8, 219. [CrossRef] [PubMed]

Marquardt, D.; Williams, J.A.; Kucerka, N.; Atkinson, J.; Wassall, S.R.; Katsaras, J.; Harroun, T.A. Tocopherol
activity correlates with its location in a membrane: A new perspective on the antioxidant vitamin E. ]. Amer.
Chem. Soc. 2013, 135, 7523-7533. [CrossRef] [PubMed]

Anitha, D.; Reddy, K.Y.; Venkatesh, P.; Raani, M.J. A review-herbal sunscreen agents on skin protection. Eur.
J. Pharm. Med. Res. 2016, 3, 308-313.

Goiris, K.; Muylaert, K.; Fraeye, I.; Foubert, I.; De Brabanter, J.; De Cooman, L. Antioxidant potential
of microalgae in relation to their phenolic and carotenoid content. |. Appl. Phycol. 2012, 24, 1477-1486.
[CrossRef]

Choi, S.W.; Chung, M.-H. A review on the relationship between aloe vera components and their biologic
effects. Semin. Integr. Med. 2003, 1, 53—62. [CrossRef]

Richardson, J.; Smith, J.E.; McIntyre, M.; Thomas, R.; Pilkington, K. Aloe Vera for Preventing
Radiation-induced Skin Reactions: A Systematic Literature Review. Clin. Oncol. 2005, 17, 478-484.
[CrossRef]

Park, K.; Choi, H.S.; Hong, Y.H.; Jung, E.Y.; Suh, H.J. Cactus cladodes (Opuntia humifusa) extract minimizes
the effects of UV irradiation on keratinocytes and hairless mice. Pharm. Biol. 2017, 55, 1032-1040. [CrossRef]
Katiyar, S.K.; Elmets, C.A. Green tea polyphenolic antioxidants and skin photoprotection. Int. J. Oncol. 2001,
18, 1307-1313. [CrossRef]

Afaq, F; Zaid, M.A.; Khan, N.; Dreher, M.; Mukhtar, H. Protective effect of pomegranate-derived products
on UVB-mediated damage in human reconstituted skin. Exp. Dermatol. 2009, 18, 553-561. [CrossRef]
Hong, Y.-H.; Kim, J.-H.; Youn Cho, J.-Y. Photo-aging protective effects of Ranunculus bulumei methanol extract.
Evid.-Based Complementary Altern. Med. 2020, in press.

Sopyan, I.; Gozali, D.; Tiassetiana, S. Formulation of tomato extracts (Solanum lycopersicum L.) as a sunscreen
lotion. Natl. J. Physiol. Pharm. Pharmacol. 2017, 8, 453-458. [CrossRef]

Maheshwar, G.H.; Patil, B.S.; Prashant, D. Comparative sun protection factor determination fo fresh fruits
extract of cucumber vs marketed cosmetic formulation. Res. . Pharm. Biol. Chem. Sci. 2010, 1, 55-59.
Shenoy, P; Khot, S.; Chavan, M.; Takawale, J.; Singh, S. Study of sunscreen activity of aqueous, methanol
and acetone extracts of leaves of Pongamia pinnata (L.) pierre, fabaceae. Int. . Green Pharm. 2010, 4, 270.
[CrossRef]

Ortel, B.; Gange, RW. An Action Spectrum for the Elicitation of Erythema in Skin persistently Sensitized by
Photobound 8-Methoxypsoralen. |. Invest. Dermatol. 1990, 94, 781-785. [CrossRef] [PubMed]

Solano, E; Briganti, S.; Picardo, M.; Ghanem, G. Hypopigmenting agents: An updated review on biological,
chemical and clinical aspects. Pigment Cell Res. 2003, 19, 550-571. [CrossRef]


http://dx.doi.org/10.3390/molecules22122077
http://www.ncbi.nlm.nih.gov/pubmed/29182558
http://dx.doi.org/10.1177/1934578X19858523
http://dx.doi.org/10.1016/j.jaad.2012.02.009
http://www.ncbi.nlm.nih.gov/pubmed/12553007
http://dx.doi.org/10.1002/(SICI)1098-2744(199903)24:3&lt;169::AID-MC3&gt;3.0.CO;2-A
http://dx.doi.org/10.3945/ajcn.112.034819
http://dx.doi.org/10.3390/ijms17020160
http://dx.doi.org/10.3390/antiox8070219
http://www.ncbi.nlm.nih.gov/pubmed/31336715
http://dx.doi.org/10.1021/ja312665r
http://www.ncbi.nlm.nih.gov/pubmed/23581571
http://dx.doi.org/10.1007/s10811-012-9804-6
http://dx.doi.org/10.1016/S1543-1150(03)00005-X
http://dx.doi.org/10.1016/j.clon.2005.04.013
http://dx.doi.org/10.1080/13880209.2017.1286357
http://dx.doi.org/10.3892/ijo.18.6.1307
http://dx.doi.org/10.1111/j.1600-0625.2008.00829.x
http://dx.doi.org/10.5455/njppp.2017.7.1039921112017
http://dx.doi.org/10.4103/0973-8258.74137
http://dx.doi.org/10.1111/1523-1747.ep12874639
http://www.ncbi.nlm.nih.gov/pubmed/2355181
http://dx.doi.org/10.1111/j.1600-0749.2006.00334.x

Molecules 2020, 25, 1537 17 of 18

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Pillaiyar, T.; Namasivayam, V.; Manickam, M.; Jung, S.-H. Inhibitors of Melanogenesis: An Updated Review.
J. Med. Chem. 2018, 61, 7395-7418. [CrossRef] [PubMed]

Na, J.-I; Shin, J.-W.; Choi, H.-R.; Kwon, S.-H.; Park, K.C. Resveratrol as a Multifunctional Topical
Hypopigmenting Agent. Int. ]. Mol. Sci. 2019, 20, 956. [CrossRef]

Boo, Y.C. Human Skin Lightening Efficacy of Resveratrol and Its Analogs: From in Vitro Studies to Cosmetic
Applications. Antioxidants 2019, 8, 332. [CrossRef]

Yun, C.-Y.; Ko, S.M.; Choi, Y.P; Kim, Y.I. «-Viniferin Improves Facial Hyperpigmentation via Accelerating
Feedback Termination of cAMP/PKA-Signaled Phosphorylation Circuit in Facultative Melanogenesis.
Theranostics 2018, 8, 2031-2043. [CrossRef]

Takekoshi, S.; Nagata, H.; Kitatani, K. Flavonoids enhance melanogenesis in human melanoma cells. Tokai J.
Exp. Clin. Med. 2014, 39, 116-121.

Takekoshi, S.; Matsuzaki, K.; Kitatani, K. Quercetin stimulates melanogenesis in hair follicle melanocyte of
the mouse. Tokai J. Exp. Clin. Med. 2013, 38, 129-134.

Taguchi, N.; Hata, T.; Kamiya, E.; Kobayashi, A.; Aoki, H.; Kunisada, T. Reduction in human hair graying
by sterubin, an active flavonoid of Eriodictyon angustifolium. ]. Dermatol. Sci. 2018, 92, 286-289. [CrossRef]
[PubMed]

Xin, X.J.; Zou, J.; Zou, T; Shang, H.; Sun, L.Y. A Newly Authenticated Compound from Traditional Chinese
Medicine Decoction Induces Melanogenesis in B16-F10 Cells by Increasing Tyrosinase Activity. Evid.-Based
Complementary Altern. Med. 2018, 6, 1-8. [CrossRef] [PubMed]

Park, J.; Lee, J.Y.; Cho, Y.; Ahn, E.; Jeong, W.; Shin, H.S.; Kim, M.; Oh, J.S. Anti-melanogenic and Anti-oxidant
Activities of an Ethanolic Extract of Kummerowia striata and its active compounds, p-coumaric acid and
quercetin. Preprints 2018, 2018060341. [CrossRef]

Choi, M.-C.; Shin, H.-J. Anti-Melanogenesis Effect of Quercetin. Cosmetics 2016, 3, 18. [CrossRef]

Pallela, R. Antioxidants from Marine Organisms and Skin Care. In Systems Biology of Free Radicals and
Antioxidants; Springer-Verlag: Berlin, Germany, 2012; pp. 3771-3783. [CrossRef]

Hwang, J.; Kim, D.; Park, ].S.; Park, H.J.; Shin, J.; Lee, S.K. Photoprotective Activity of Topsentin, A Bis(Indole)
Alkaloid from the Marine Sponge Spongosorites genitrix, by Regulation of COX-2 and Mir-4485 Expression in
UVB-Irradiated Human Keratinocyte Cells. Marine Drugs 2020, 18, 87. [CrossRef]

Sripada, L.; Singh, K.; Lipatova, A.V.; Singh, A.; Prajapati, P.; Tomar, D.; Bhatelia, K.; Roy, M.; Singh, R.;
Godbole, M.M,; et al. Hsa-miR-4485 regulates mitochondrial functions and inhibits the tumorigenicity of
breast cancer cells. J. Mol. Med 2017, 95, 641-651. [CrossRef]

Zanella, L.; Alam, M.A. Extracts and Bioactives from Microalgae (Sensu Stricto): Opportunities and
Challenges for a New Generation of Cosmetics. In Microalgae Biotechnology for Food, Health and High Value
Products; Alam, M., Xu, ].L., Wang, Z., Eds.; Springer: Singapore, 2020; pp. 295-349.

Safafar, H.; Van Wagenen, ].; Moller, P.; Jacobsen, C. Carotenoids, phenolic compounds and tocopherols
contribute to the antioxidative properties of some microalgae species grown on industrial wastewater. Marine
Drugs 2015, 13, 7339-7356. [CrossRef]

Goiris, K.; Muylaert, K.; Voorspoels, S.; Noten, B.; De Paepe, D.; Baart, G.J.E.; De Cooman, L. Detection of
flavonoids in microalgae from different evolutionary lineages. J. Phycol. 2014, 50, 483-492. [CrossRef]
Sathasivam, R.; Kij, J.-S. A review of the biological activities of microalgal carotenoids and their potential use
in healthcare and cosmetic industries. Marine Drugs 2018, 16, 26. [CrossRef]

Lee, A.; Kim, ].Y,; Heo, ].; Cho, D.-H.; Kim, H.-S.; An, L.-S.; An, S.; Bae, S. The inhibition of melanogenesis via
the PKA and ERK signaling pathways by Chlamydomonas reinhardtii extract in BL6F10 melanoma cells and
artificial human skin equivalents. J. Microbiol. Biotechnol. 2018, 28, 2121-2132. [CrossRef] [PubMed]
Letsiou, S.; Kalliampakou, K.; Gardikis, K.; Mantecon, L.; Infante, C.; Chatzikonstantinou, M.; Labrou, N.E.;
Flemetakis, E. Skin protective effects of Nannochloropsis gaditana extract on HyO,-stressed human dermal
fibroblasts. Front. Mar. Sci. 2017, 4, 221. [CrossRef]

Ando, H.; Funasaka, Y.; Oka, M.; Ohashi, A.; Furumura, M.; Matsunaga, J.; Matsunaga, N.; Hearing, V.J.;
Ichihashi, M. Possible involvement of proteolytic degradation of tyrosinase in the regulatory effect of fatty
acids on melanogenesis. J. Lipid Res. 1999, 40, 1312-1316. [PubMed]

Chiang, H.-M.; Pan, Y.-Y,; Chen, C.-W.; Wen, K.-C. Fatty acids and their related products modulate
melanogenesis. Focus on skin care: Ethnic, whitening & tanning—Supplement to household and personal
care today. Skin Care 2011, 6, 15-19.


http://dx.doi.org/10.1021/acs.jmedchem.7b00967
http://www.ncbi.nlm.nih.gov/pubmed/29763564
http://dx.doi.org/10.3390/ijms20040956
http://dx.doi.org/10.3390/antiox8090332
http://dx.doi.org/10.7150/thno.24385
http://dx.doi.org/10.1016/j.jdermsci.2018.11.002
http://www.ncbi.nlm.nih.gov/pubmed/30514662
http://dx.doi.org/10.1155/2018/8485670
http://www.ncbi.nlm.nih.gov/pubmed/30581488
http://dx.doi.org/10.20944/preprints201806.0341.v1
http://dx.doi.org/10.3390/cosmetics3020018
http://dx.doi.org/10.1007/978-3-642-30018-9_102
http://dx.doi.org/10.3390/md18020087
http://dx.doi.org/10.1007/s00109-017-1517-5
http://dx.doi.org/10.3390/md13127069
http://dx.doi.org/10.1111/jpy.12180
http://dx.doi.org/10.3390/md16010026
http://dx.doi.org/10.4014/jmb.1810.10008
http://www.ncbi.nlm.nih.gov/pubmed/30415530
http://dx.doi.org/10.3389/fmars.2017.00221
http://www.ncbi.nlm.nih.gov/pubmed/10393216

Molecules 2020, 25, 1537 18 of 18

96. Hartmann, K.B.; Karsten, U.; Remias, B.; Ganzera, M. Analysis of mycosporine-like amino acids in selected
algae and cyanobacteria by hydrophilic interaction liquid chromatography and a novel MAA from the red
alga Catenella repens. Mar. Drugs 2015, 13, 6291-6305. [CrossRef]

97. Lawrence, K.P; Gacesa, R.; Long, P.F; Young, A.R. Molecular photoprotection of human keratinocytes
in vitro by the naturally occurring mycosporine-like amino acid palythine. Br. |. Derm. 2018, 178, 1353-1363.
[CrossRef]

@ © 2020 by the author. Licensee MDP], Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.3390/md13106291
http://dx.doi.org/10.1111/bjd.16125
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Solar Radiation and Skin Photodamage: General Concepts 
	Natural Skin Pigments for Photoprotection: Melanin and Melanogenesis 
	Sunscreens: Parameters for Evaluating Photoprotection 
	Photoprotective and Antiaging Components in Sunscreens: Nature, Sources and Action 
	Natural Compounds Related to Animal Melanin 
	Natural Products from Plants, Herbs, and Marine Organisms 
	Plants and Herbs 
	Marine Organisms and Microalgae 


	Conclusions 
	References

