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Abstract: Mycosporines and mycosporine-like amino acids are ultra-violet-absorbing compounds
produced by several organisms such as lichens, fungi, algae and cyanobacteria, especially upon
exposure to solar ultraviolet radiation. These compounds have photoprotective and antioxidant
functions. Mycosporine-like amino acids have been used as a natural bioactive ingredient in cosmetic
products. Several reviews have already been developed on these photoprotective compounds, but
they focus on specific features. Herein, an extremely complete database on mycosporines and
mycosporine-like amino acids, covering the whole class of these natural sunscreen compounds
known to date, is presented. Currently, this database has 74 compounds and provides information
about the chemistry, absorption maxima, protonated mass, fragments and molecular structure of
these UV-absorbing compounds as well as their presence in organisms. This platform completes
the previous reviews and is available online for free and in the public domain. This database is a
useful tool for natural product data mining, dereplication studies, research working in the field of
UV-absorbing compounds mycosporines and being integrated in mass spectrometry library software.

Keywords: mycosporines; mycosporine-like amino acids (MAAs); mass spectrometry; database;
photoprotective compounds; UV-absorbing compounds

1. Ultraviolet Radiation and Natural UV-Absorbing Compounds

The solar radiation reaching Earth is composed of infrared radiation (>800 nm),
visible (photosynthetically active radiation, PAR, 400-750 nm) and ultraviolet radiation
(UVR, 200—400 nm). UVR is divided into ultraviolet A (UVA, 320-400 nm), ultraviolet B
(UVB, 280-320 nm) and ultraviolet C (UVC, 200-280 nm). Very small proportions of UVR
contribute to the total irradiation on the Earth’s surface: 0% of UVC (which is completely
absorbed by the ozone layer), less than 1% of UVB and less than 7% of UVA. However, this
part of the solar spectrum is highly energetic [1]. Photosynthetic organisms harness PAR to
convert light into chemical energy. An obligate requirement for PAR results in prolonged
exposure to UVR, which is detrimental for most sun-exposed organisms. Furthermore, due
to the ozone depletion, the amount of UV reaching Earth tends to increase [2]. In order to
circumvent the photodamage, several organisms have evolved biochemical and mechanical
defenses [3]. Among these is the ability to synthesize UV-screening compounds such as
phenylpropanoids and flavonoids (in higher plants), melanin (in animals), mycosporines,
mycosporine-like amino acids (in cyanobacteria, fungi, algae and animals) and several
other photoprotective compounds [4]. As well as providing protection against ambient
UV radiation, these substances have other physiological roles. In previous studies, the
characteristics of a wide diversity of UV-absorbing compounds are explored [4].
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2. Mycosporine-Like Amino Acids

Mycosporines and mycosporine-like amino acids (MAAs) are a large family of natural
UV-absorbing sunscreens [5-9], having evolved for protection against chronic UVR expo-
sure in a wide variety of organisms such as cyanobacteria, microalgae, fungi, seaweeds,
corals, lichens, as well as in freshwater and marine animals [5,8]. Their presence is evidence
not only of their importance as natural UV-screening compounds but also of their early
phylogenetic innovation [4]. MAAs were first reported in the 1960s [10-12]. Since then,
many studies have been carried out and several MAAs have been identified as well as
information on their structure, distribution, properties and functions.

2.1. Physico-Chemical Characteristics of MAAs

MAAs are low-molecular-weight (generally < 400 Da), colorless and water-soluble
compounds. They are highly stable molecules under environmental conditions. They
are composed of either an aminocyclohexenone or an aminocyclohexenimine ring, car-
rying nitrogen substituents. Aminocyclohexenone derivatives contain a cyclohexenone
conjugated with an amino acid, such as mycosporine-glycine and mycosporine-taurine.
Aminocyclohexenimine possesses a cyclohexenimine conjugated with a glycine or a methy-
lamine attached to the third carbon atom and an amino acid or amino alcohol or enaminone
chromophore to the first carbon atom (Figure 1) [13]. Glycosidic bonds or sulfate esters may
occur within the imine group [14]. This group includes palythine, shinorine, porphyra-334,
catenelline, hexose-bound porphyra-334, etc. MAA absorption maxima are between 268
and 362 nm, depending on their molecular structure, namely in the type of ring and sub-
stituents [15]. MAAs also have high molecular absorptivities (¢ = 12.400-58.800 M~!.cm™1),
and due to these characteristics, they are the strongest UVA-absorbing compounds in na-
ture, and they are also effective against UVB radiations, which explains their potential
role in photoprotection. MAAs are predominantly cytoplasmatic due to their high water
solubility that enables MAAs to be easily dispersed in the cytoplasm [9]. Previous studies
reviewed the physico-chemical properties of several MAAs [16].
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Figure 1. Examples of mycosporine-like amino-acids (MAAs) structures: (a) mycosporine-glycine
(oxo-mycosporine); (b) shinorine (imino-mycosporine).

2.2. Occurrence and Distribution in the Environment

Wittenberg et al. (1960) isolated, for the first time, compounds with high UV absorp-
tion from a siphonophore, Physalia physalis [10]. In 1965, mycosporines were discovered
in fungal sporulating mycelia [12]. A few years later, MAAs have also been detected in
corals and cyanobacteria from the Great Barrier Reef [11]. Since then, MAAs have been
identified in a wide variety of organisms, such as heterotrophic bacteria [17], fungi [18],
cyanobacteria [5,19], microalgae [20-22], macroalgae [23], lichens [6], invertebrates (e.g.,



Pharmaceuticals 2021, 14, 63

30f17

dinoflagellates, sponges, corals, sea urchins and crustaceans) [2,24,25] and vertebrates
(e.g., fishes) [26,27]. Several studies reported that animals can acquire MAAs from their
food or through symbiosis and then subsequently accumulate them [28,29]. MAAs are
not found in higher plants, in which UVR protection is provided by flavonoids, nor in
higher vertebrates, in which the protective function is assumed by melanin [4]. MAAs
are present especially in organisms that live in environments with high levels of UVR.
Their composition varies according to the taxonomic group with the frequent coexistence
of several MA As with different absorption maxima allowing a more effective protective
filter [8]. Several environmental factors, such as light, temperature, salinity and nutrients,
influence the concentration of MAAs. Enhanced MAA contents, for example, were found
in environments with a basic pH, a high ultraviolet radiation and high concentrations of
phosphate and nitrate. Salinity, dissolved oxygen and variations of sea surface temper-
ature also influence, in a secondary way, MAA content [30]. UV radiation is one of the
most important factors that influences the accumulation of MAA and results in changes
in the MAA profile of organisms. MAA synthesis is also affected by spectral variability
and intensity [31,32]. Other factors, such as changes in salinity and nutrient availability,
stimulate the production of MAAs. The content and composition of UV-absorbing MAAs
are also affected by seasonal fluctuations [33,34]. These changes are mainly controlled by
the solar radiation regime and nitrate regime. Guihéneuf et al. (2018) studies the temporal
and spatial variability of mycosporine-like amino acids in seaweeds. An increase in total
MAA contents in all species was induced by increasing daily light doses and irradiance
levels, from winter to spring, but without clear significant correlations with light and/or
temperature. Nutrient concentrations, in particular nitrate, appear to be a limiting factor
for seaweed to accumulate MAAs when exposed to extreme light/irradiance stress [34].

2.3. MAA Biosynthesis

Cyanobacteria must have been the original MAA producer with the genes involved
in MAA biosynthesis being transferred to other organisms, and MAAs may have been
an early evolution to deal with cellular stress caused by UVR exposure [4]. Multiple
lines of evidence support that MAAs are derived from conversion of the shikimate path-
way [35], which is known for the synthesis of aromatic amino acids. The precursor of the
six-membered carbon ring common to all MAAs is 3-dehydroquinate (3-DHQ). Three-
DHQ transforms into gadusol and then 4-deoxygadusol (4-DG). However, contrasting
evidence suggests that 4-DG is derived from conversion of the pentose phosphate pathway
intermediate sedoheptulose-7-phosphate (SH-7P) [35-37]. Despite experimental data that
support the pentose phosphate pathway, the use of the shikimate route inhibitors, such
as glyphosate and tyrosine, has demonstrated the ability to abolish MAA biosynthesis
in cyanobacteria [13] and corals [38]. Furthermore, the deletion of the gene encoding the
enzyme cyclase-2-epi-5-epi-valiolone synthase (EVS) in cyanobacterium Anabaena variabillis
ATCC 29413 still produced shinorine [39]. These results suggested that the shikimate path-
way is the most predominant route for MAA synthesis in sufficient amounts to provide
photoprotection, and the quantities of MAAs produced by the pentose phosphate path-
way should have other biological functions [39]. However, there are clear links between
the pentose phosphate and shikimate pathways. In both routes, 4-DG is the parent core
structure of MAAs and the addition of glycine yielding mycosporine-glycine. This simple
mono-substituted cyclohexenone-type MAA is a common intermediate in the production of
di-substituted (aminocyclohexenimine-type) MAAs through the addition of a single amino
acid residue (serine, threonine, etc.) yielding some common MAAs such as porphyra-334
and shinorine. This step encodes a nonribosomal peptide synthase (NRPS)-like protein or a
D-alanyl-D-alanine ligase (D-ala-D-ala ligase) [13,36]. Figure 2 presents a proposed biosyn-
thetic pathway of MAAs. Other MAAs are synthesized by modification in the attached
side groups and nitrogen substituents (e.g., esterification, amidation, dehydration, decar-
boxylation, hydroxylation, sulfonation and glycosylation). The variations of amino acid
side-chains are responsible for the difference in the absorption spectra of MAAs [15,40].
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Figure 2. Proposed biosynthetic pathway of mycosporine-like amino acids. DAHP: 3-deoxy-D-arabino-heptulosonate
phosphate, DHQS: 3-dehydroquinate synthase, 3-DHQ: 3-dehydroquinate, SH-7P: sedoheptulose-7-phosphate, EVS: cyclase-
2-epi-5-epi-valiolone synthase, OMT: O-methyltransferase, 4DG: 4-deoxygadusol, ATP: adenosine triphosphate, NRPS:

nonribosomal peptide synthase, D-ala-D-ala-ligase: D-alanyl-D-alanine ligase.

2.4. Heterologous Expression

The poor understanding of the biosynthesis pathways involved in the production of
specific MAA is one of the reasons for the lack of widespread use of MAA in the industry
in an economically viable way. Further understanding of these biosynthetic pathways can
lead to easier large-scale production, for example, in a heterologous bacterial host [15,37].
Balskus et al. (2010) elucidated the biosynthesis of shinorine via heterologous expression
in Escherichia coli [36]. The heterologous expression of MAAs in Escherichia coli also re-
sulted in the production of 4-deoxygadusol, mycosporine-glycine, mycosporine-lysine and
mycosporine-ornithine [36,37]. Shinorine and mycosporine-glycine-alanine have artifi-
cially been produced by heterologous expression in Actinomycetales [41]. Nowadays, most
efforts are focused on the production of MAAs by genetically modified microorganisms as
an alternative production of natural MAAs [9,37]. The heterologous expression of MAAs
is significant from a biotechnological perspective, as MAAs are the active ingredient in
next-generation sunscreens [37].
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2.5. Chemical Synthesis and Analogs

The chemical synthesis of MAAs was motivated due to the low extraction yield from
MAA-producing organisms and the need for large scale production. Several synthesized
chemical structures were developed with interesting photoprotective and antioxidant
properties [42—45]. The synthetic analogue of mycosporine-glycine, tetrahydropyridine,
was considered hydrolytically and oxidatively stable for commercial application in sun-
screens [46]. An efficient and environmentally friendly procedure by ultrasound and
microwave for preparing MAA analogs was described by Andreguetti et al. (2013). These
analogs showed high antioxidant effect [47]. Analogs with a high absorbance intensity
in UVA and UVB regions, without in vitro cytotoxicity, were prepared by Nguyen et al.
(2013) [48]. Recently, Losantos et al. (2017) developed a series of potential UV sunscreens
with easy synthetic routes, providing a suitable source for their use in commercial prod-
ucts [42]. Bedoux et al. (2020) published a complete review of these chemical syntheses [49].

2.6. MAA Extraction, Identification and Quantification
2.6.1. Extraction

Since MAAs are potential compounds to be used as sunscreens in cosmetic products,
the extraction protocol must be optimized taking into account their physicochemical and ab-
sorption properties and must use environmentally friendly and inexpensive solvents [9,50].
Traditional extraction method is usually performed by a solid /liquid extraction from the
raw material and is carried out on fresh or lyophilized samples with different temperature
ranges [51,52]. Due to its high solubility in aqueous solution, extraction generally uses
polar solvents, as aqueous ethanol or methanol. Chaves-Pena et al. (2020) compared the
extraction in 20% aqueous methanol and in distilled water, and no significant differences
were observed. According to their results, the drying and subsequent re-dissolution of
the pellets declined total MAA concentrations [50]. Geraldes et al. (2020) developed a fast
and efficient extraction protocol, without the need for pre-concentration procedures. This
protocol uses only water and volatile additives as the extractor solvents, and the extracts
were directly injected to a high-performance liquid chromatograph (HPLC). This extraction
protocol is not only easy-to-handle but also uses solvents without certified toxic effects [32].

2.6.2. Identification

HPLC was the most common method to separate and identify MAAs by using reten-
tion times and UV spectra. Although UV detection is sensitive because of high attenuation
coefficients (¢) for MAAs, this method is poor in selectivity, since biosynthetic congeners
can easily influence MAA identification [32]. Moreover, no commercial sources for standard
compounds exist and few laboratories worldwide have the capacity to provide reference
material against which structural elucidation of MA As can be verified. In this sense, LC-MS
is a good alternative to provide high sensitivity and selectivity for analysis of MAAs. A
method for MAA identification was developed using an ultrahigh-performance liquid
chromatography with diode array detection coupled to quadrupole time-of-flight mass
spectrometry (UHPLC-DAD-QTOFMS) with an electrospray ionization source (ESI) and
showed to be fast, reliable and a powerful tool for identification and screening of MAAs in
several organisms, such as cyanobacteria, dinoflagellates, macroalgae and microalgae [42].
Regarding MAA purification, HPLC is the most used method. Geraldes et al. (2020) pub-
lished a protocol using a semi-preparative HPLC-DAD fitted to a Luna C18 (2) column and
0.2% (v/v) formic acid solution as buffer A [32].

2.6.3. Quantification

MAAs were often quantified based on molar attenuation coefficients using HPLC
techniques. However, nowadays, liquid chromatography coupled with mass spectrometry
(LC-MS) is the most common technique, because this method provides high sensitivity
and selectivity for analysis of MAAs [32,51]. Whitehead and Hedges (2002) published a
quantitative method that allowed the quantification of MAAs based on molecular weights,
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individual retention time and UV absorption maxima [53]. An LC-MS method using hy-
drophilic interaction chromatography (HILIC) was published by Hartmann et al. (2015) [54].
Although this method afforded good linear correlation coefficients, it did not account for
some important validation parameters such as recovery and matrix effects. Geraldes et al.
(2020) described a rapid quantitative method for LC-MS/MS analysis of MAAs that al-
lowed the quantification of MAAs based on individual retention times, molecular weights
and specific mass transitions using multiple reaction monitoring (MRM) experiments in-
stead of a full scan [32]. This method has been thoroughly validated taking into account
the ICH and EURACHEM guidelines for the following parameters: specificity, linearity,
precision (repeatability and reproducibility within the laboratory), accuracy, extraction
recovery, matrix effects and stability. In addition, the working range, as well as the limits of
detection and quantification, were evaluated [32]. This technique improved the selectivity
and sensitivity of the method, allowing mass distinction of isomeric compounds [16].

2.7. MAA Structural Elucidation

The structural elucidation of new derivatives of mycosporine-like amino acids is usu-
ally established by tandem mass spectrometry (MS/MS) and 1D and 2D nuclear magnetic
resonance (NMR) spectroscopy [9,55]. Previous studies focusing on the fragmentation
patterns of MAAs showed a loss of mass 15 when analyzed by positive mode ESI-MS/MS.
This highly characteristic loss is due to elimination of a methyl radical CHj [56,57]. The de-
tection of the production [M + H — 59]* related to the elimination of the methyl radical and
subsequently CO, is also common in MAAs [56]. Thus, the screening of these eliminations
could be a suitable tool to assign the presence of novel MAAs in different samples by neu-
tral loss or product ion scans in mass spectrometry analyzers. For aminocyclohexenimines,
the elimination of the remaining lateral chain can produce the product ion m/z 186. This
ion can undergo a fragmentation process to produce the ion m/z 155. Then, this product
ion loses either NH3 or H,O by neutral elimination to produce the ions m/z 138 and 137,
respectively [57]. These product ions could provide additional information concerning
the occurrence of new MAAs in a crude extract. However, the presence of some product
ions may be reduced or not occur in certain MAA fragmentation processes [58]. Thus,
the selection of the product ions should be carried out carefully in analytical methods for
the analysis of extracts containing potential novel MAAs. Regarding NMR spectroscopic
data, they show characteristic patterns allowing them to be comparable. For example,
oxo-mycosporines and imino-mycosporines can be distinguished through the chemical
shift of C-1 in '3C NMR experiments, which is more around 180 ppm for oxo-mycosporines
and 160 ppm for imino-mycosporines. The 'H NMR data usually revealed the presence
of the coupling of the pairs of duplets from the diasterotopic methylenes, with a geminal
coupling constant around 17 Hz, corresponding to the four protons on C-4 and C-6 that
show chemical shifts around 30-40 ppm between them. The hydroxymethyl group at
C-5 and the methoxyl group at C-2 usually appear very close around 3.60 ppm as two
singlets [9,13,59] (Figure 3).
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Figure 3. Structure of an oxomycosporine with NMR results for (a) 13C (125 MHz, D,0) and (b) 'H (500 MHz, D,0). For
iminomycosporine 1*C NMR (125 MHz, D,0) 5c = 160 (C-1).

2.8. MAA Photoprotective Role

The MAA photoprotective role against UVR is due to their absorption spectra and
molar attenuation coefficients. Their absorption gradient (268-362 nm) cover most of the
UVR spectrum (~295-400 nm) that reaches the Earth’s surface, while their high molar
attenuation coefficients demonstrate how strongly MAAs absorb light at this wavelength
range. The concentration of MAAs in organisms is directly related to their level of UVR ex-
posure, which depends on latitude and altitude, seasonality and water depth [15,33,60,61].
They preferentially accumulate in tissues that receive the highest UVR exposure [62].
Photoprotection of MAAs has been demonstrated in a wide variety of species and pre-
vents UVB-induced damage [63,64]. MAAs have been found in the cytoplasm of several
cyanobacteria; however, in Nostoc commune, MAAs accumulate extracellularly, resulting
in a more effective protection against ultraviolet radiation [65]. The presence of MAAs in
animals supports their photoprotective role not only to producers but also to herbivores
and even carnivores [8]. MAAs are also found in fossils that confirm their protective
function against the UVR harmful effects in the early geological eras [66].

2.9. MAA Additional Protective Roles

Generally, MAA production is induced when organisms are exposed to UVR [67,68].
The photoprotective function is the most important role that MAAs play in nature. This
is verified by the abundance of MA As in organisms exposed to high UVR intensities [69].
However, MAAs can be produced constitutively in some species [5,13], and functionality
could be linked to their individual structures [70]. Thus, MAAs may have additional
protective roles in many other biological processes beyond their well-known UV sunscreen
role. These compounds have convincingly demonstrated to possess physiologically rele-
vant antioxidant properties [8,40]. Furthermore, MAAs are involved in osmotic regulation,
desiccation and many other cellular functions [15,69]. An extensive review about these
additional roles of MAAs has been carried out by Oren et al. (2007). However, the signif-
icance of these additional functions and the effects of different forms of stress on MAA
synthesis are still poorly understood [69].

2.9.1. Antioxidant and ROS Scavenging Function

UVR exposure generates oxidative stress and can produce reactive oxygen species
(ROS) and DNA damage. This oxidative DNA damage can lead to mutations and inhibit
DNA repair [71]. Antioxidants can reduce the harmful effects of ROS and can, thus, help
to prevent oxidative stress [72]. Some MAAs may protect the cell not only by absorbing
UVR and dissipating the energy as heat before it could reach the critical cellular targets
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but also as scavengers of free radicals due to their antioxidant role [31,73]. This function
has been demonstrated in several MAAs from a wide variety of organisms [74-79]. MAAs
have also been shown to prevent lipid peroxidation and superoxide radicals, blocking
the aftereffect of oxidative damage [80]. Several assays demonstrated that MAAs have
antioxidant properties and efficiently prevent oxidative stress through filtering and direct
and indirect quenching mechanisms [81,82]. The antioxidant abilities of MAAs (ORAC
values, lipid peroxidation inhibition, DPPH and ABTS radical extinction, singlet oxygen
quenching, superoxide anion radical scavenging, hydrogen peroxide extinction activities
and physiological activities) have been provided in recent reviews [40,83]. However, the
exact mechanism is yet to be elucidated.

2.9.2. Osmotic Stress

The concentrations of intracellular solute are directly related to the concentration of
salt in which the cell lives [69]. Thus, osmotic stress is one of the stressors MAAs seem
to have an action against. In hypersaline environments, cyanobacteria usually contain
high concentrations of MAAs suggesting that these compounds may have an osmotic
function helping the cells to cope with the high salinity. In these environments, cell
dehydration and reactive oxygen species (ROS) production can occur, leading to oxidative
stress. Through the synthesis of MA As, osmotic balance can be restored [31]. Oren (1997)
reported that a halotolerant cyanobacterium, inhabiting a gypsum crust, has an extremely
high concentration of MAA (>98 mM), being responsible for about 3% of the cells” wet
weight. It was observed that a reduction in the salt concentrations of its surroundings
was accompanied with a rapid expulsion of MAAs [84]. Thus, MAAs may be involved in
the adaptation of sea ice algae to osmotic variations. MAA production could be induced
specifically either by exposure to UVB radiation or by osmotic stress, and a significant
synergistic enhancement of MAA production was observed when both stress factors were
combined. Although osmotic stress could induce MAA synthesis, MAAs play no significant
role in attaining osmotic homeostasis [85]. Singh et al. (2008) proposed that salt treatment
resulted in an increase in MAA content in the absence of UV radiation and had synergistic
effects with UV stress [86]. Waditee-Sirisattha et al. (2013) recently demonstrated that the
accumulation of MAAs, in a halotolerant cyanobacterium, was stimulated more under
high salinity rather than under UVB radiation [87].

2.9.3. Desiccation Stress

Desiccation is responsible for cell damage by affecting cytoplasmic components (such
as DNA and proteins) and cell membrane fluidity. The production of polysaccharides
and antioxidant compounds are some of the techniques to overcome the consequences of
drying [64,88]. Few studies have been carried out to assess the effects on MAA concen-
tration in microorganisms exposed to desiccation stress [63,64,89,90]. Desiccation stress
leads to an increase in total MAA content. This group of compounds may be acting by
modifying the structure of the extracellular matrix. Expulsion of the MAA is observed
after rehydration. The combination of desiccation and irradiation stimulate MAA produc-
tion. Colonies of fungi exposed to desiccation, UV radiation and nutrient scarcity contain
high concentrations of mycosporine-glutaminol-glucoside. The survival and longevity
potential of the vegetative hyphae of these fungi may be associated with the presence
of these compounds [90]. Olsson-Francis et al. (2003) stated that cyanobacteria stressed
experimentally by desiccation increased their MAA concentration. In this study, they
suggest that the formation of an extracellular sheath may be related to desiccation [63].
Joshi et al. (2018) also proposed that desiccation together with UVB radiation led to an
increase in the concentration of MA As preventing and protecting cells from the harmful
effects of these factors [64].
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2.9.4. Thermal Stress

There are a few reports of thermal stress protection by an increase in MAA induction
in a range of organisms. Michalek-Wagner (2001) stated that MAA content was upregulated
under heat stress, and their concentrations were further enhanced during simultaneous
exposure to UV [91]. In contrast, some authors suggested that thermal stress had no effect
on MAA production with or without UVR [85,86].

2.9.5. Photosynthesis Accessory Pigments

An early study reported that MAAs may act as a photosynthetic accessory pigment
due to its UVA absorption and subsequent production of small amounts of fluorescence at
wavelengths close to the absorbance of chlorophyll-a. This result suggested that MAAs
may increase photosynthetic efficiency. However, MAAs are only weakly fluorescent
and are generally produced in environments of high irradiance, in which photosynthetic
wavelengths are not the limiting factor for photosynthesis [92]. So far, this study has never
been substantiated [69].

2.9.6. Nitrogen Storage

MA As are nitrogenous compounds that contain at least one nitrogen atom per molecule
that can be released when required. Thus, MAAs may serve as an intracellular nitrogen
storage [93]. A synergistic effect between ammonium ions and UVR was observed and
resulted in an increase in MAA content [93]. If MAAs are accumulated as intracellular
nitrogen storage compounds, nitrogen mobilization should occur whenever other suitable
forms of nitrogen are absent. However, there is no evidence about the intracellular degra-
dation of MAAs and the release of nitrogen atoms that support the proposal that MAAs
may be nitrogen storage molecules [69].

2.9.7. Reproductive Regulation

There is evidence that mycosporines and MAAs are involved in reproduction in fungi
and marine invertebrates [69]. Mycosporines have been related to sporulating mycelia and
were considered as biochemical markers for reproductive states of fungi or as reproduction
markers [69,90]. Several studies reported that most MAAs reach their maximum concen-
tration in ovaries and eggs at the time of ovarian reproductive maturity and spawning,
which may be near the seasonal minima and maxima of solar irradiation [94,95]. Although
a protective role is clearly demonstrated in marine invertebrate embryos, the exact function
of MAAs in ovaries and eggs has not been determined [62].

2.9.8. Ecological Interactions

Some MAAs play a role in ecological connectivity between organisms, as intraspecific
alarm cues or cell-cell interaction tools, suggesting that MAAs can function as compounds
of fundamental importance in marine ecosystems. The alarm cues are released in the ink
secretion of sea hares and cause avoidance behaviors in neighboring conspecifics. The
highest concentration of MAAs was concentrated in the defensive secretions and in the skin
of these organisms [96]. In M. aeruginosa PCC 7806, shinorine was found to accumulate in
an extracellular matrix, and this compound could be synthesized for its role in extracellular
matrix formation and cell-cell interaction [97].

2.10. Cosmetical Application of MAAs as Sunscreen

As with other organisms, human exposure to ultraviolet radiation can cause damage,
such as erythema or “sunburn” over the short term and premature skin aging and skin
cancer over the long term [98]. Thus, protection against ultraviolet radiation is extremely
important through the use of appropriate clothing and sunscreen, which are part of an
overall prevention strategy [98,99]. Several photoprotective products are available on the
market. They contain synthetic organic filters (e.g., oxybenzone, avobenzone, aminobenzoic
acid), inorganic filters (e.g., titanium dioxide, zinc oxide) or a combination of both [100].
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The frequent use of synthetic sunscreens can affect human health, causing allergic reactions,
phototoxicity and endocrine disorders [101-103]. In addition, synthetic UVR filters are
not environmentally friendly causing a negative impact in the marine life, including
bioaccumulation in several species, hormonal changes and endocrine disruption in fish,
hydrogen peroxide production and bleaching of corals [102,104-106]. This fact led Hawaii
to ban some types of sunscreens, such as oxybenzone [107]. Subsequently, the Western
Pacific Nation of Palau, the city of Key West, Florida and the US Virgin Islands have
also passed similar bans [108]. Thus, there was a change in consumer trends with a
strong demand in the cosmetics market for more natural products, since they are seen as
safer and better and may be able to replace the existing ones. MAAs have been widely
studied as natural alternatives to potentially toxic synthetic sunscreens and anti-aging
products [8,15,83]. Several studies suggested that MAA have potential for the protection
of human skin from a diverse range of adverse effects of solar UVR. Kageyama et al.
(2019) provide an overview of MAAs, as potential anti-aging ingredients, which includes
the molecular and cellular mechanisms through which MAAs might protect the skin.
In addition to their UV-absorbing properties, these compounds have the potential to
protect against skin aging, including antioxidative activity, anti-inflammatory activity,
inhibition of protein-glycation and inhibition of collagenase activity [83]. MAAs are also
highly stable over a wide range of temperature and pH [32,102]. These characteristics
make them excellent cosmeceutical ingredients for skincare, cosmetics and pharmaceutical
products [109,110]. However, only a few MAA products are currently available, and
they still need to be exploited on a large scale. Mibelle AG Biochemistry developed a
natural active compound, called Helioguard 365®, which contains MAA porphyra-334
and shinorine from the red seaweed Porphyra umbilicalis. Another MAA extract, named
Helionori®, is also marketed by Gelyma [111]. Although these ingredients protect in UVA
region, they provide minimal protection in the more damaging UVB range. Moreover, the
MAA content in the formulation is usually very low when compared to the concentration of
UVR filters in most sunscreen products. Thus, this ingredient ends up having a negligible
influence on the SPF claims of the product [15]. Some MAA-based skin products have
been marketed, such as Aethic Sovée, a sunscreen with an environmentally friendly appeal.
However, it is important to invest efforts to speed up the technological advancement of
MAA application as an organic sunscreens [31].

2.11. Other Biotechnological Applications of MAAs

UV exposure alters the properties and durability of non-biological materials and affects
their lifetime. MAAs have also nonmedical applications, as additives to protect plastics,
paints and varnishes against UVR that exclusively consist of natural compounds [112].
These materials are biocompatible, photoresistant and thermoresistant and provide an
efficient protection against UVA and UVB [112]. Figure 4 summarizes the main applications
of MAAs including in cosmetics, biological functions and sources.
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2.12. Patents on MAAs

Currently, there are already a large number of patents in international databases
for several products and methods with MAAs. A list of patents on MAAs was ob-
tained from patent databases such as the World Intellectual Property Organization, WIPO

(http:/ /www.wipo.int/patentscope/search/en/search.jsf), European Patent Office (http:
/ /www.epo.org/searching/free/espacenet.html) and United States Patents and Trademark
Office (http:/ /www.uspto.gov /patents/process/search/index.jsp). The search yielded a
total of 48 patents on MAAs products and methods that are summarized in Supplementary
Materials (Table S1).

2.13. MAA Database—MYCAS

There are several software for searching for commercial natural products. However,
they do not cover most mycosporine-like amino acids, and they are not in the public
domain. Over time, some MAA databases have been developed [22,23,40]. Although, none
of them contains complete and detailed information on all mycosporines and mycosporine-
like amino acids identified in the bibliography. Sinha et al. (2007) constructed an excellent
database that provides information on various mycosporines and MAAs reported in several
organisms. However, this database is now out of date [22]. Wada et al. (2015) published
a study focused on MAAs with radical scavenging activities. This work resumed the
structures and the physical and chemical properties of these MAAs. Nevertheless, this
database did not include all MAAs known to date [40]. Sun et al. (2020) developed a
database that summarized the studies related to MAAs in marine macroalgae. However,
this work does not contain information on MAAs present in organisms other than macroal-
gae [23]. Thus, the purpose of this work is to cover this gap, so we present a database on
mycosporines and mycosporine-like amino acids, called MYCAS. Our study covers the
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whole class of these natural sunscreen compounds known to date. This platform will be
available online for free and will be in the public domain. It may also be incorporated into
databases and search software of mass spectrometry for metabolomic and genomic studies.
This platform provides information about their corresponding absorption maxima (Amax),
molar attenuation (¢), molecular formula, exact mass, molecular structure, fragments and
the organisms in which these compounds were found. Thus, MYCAS facilitate the search
for mycosporine-like amino acids in different species and in dereplication studies. Our
results are summarized in Supplementary Materials (Table S2).

2.14. Main Tasks for Future Research and Perspectives

The optimization of MAA production on an industrial scale is essential to enable
the use of these photoprotective compounds in cosmetical field. Thus, it is extremely
important that resources are invested to optimize the production of MAAs and to increase
the concentration in organisms, including GMO. At the same time, alternatives should be
researched, such as heterologous expression or organic synthesis of analogues. The isolation
and purification methods of MAAs are other processes that require further research. These
techniques should be as simple and sustainable as possible to allow their application on a
large scale. The commercial applicability of these compounds, as well as their impact on
the environment and human health, should also be investigated to confirm the feasibility
of using these photoprotective compounds on an industrial scale and warranty their safety.

3. Conclusions

Mycosporines and mycosporine-like amino acids are a large family of natural UV-
absorbing compounds. To date, more than 70 molecules have been identified in sev-
eral organisms from different phyla (Arthropoda, Cnidaria, Chordata, Cyanobacteria,
Echinodermata, Fungi, Lichen, Macroalgae—Chlorophyta, Phaeophyta and Rhodophyta,
Microalgae—Bacillariophyta, Charophyta, Chlorophyta, Dinoflagellata, Miozoa, Ochro-
phyta and Mollusca). Although there are several reviews on these photoprotective com-
pounds, none include all of the MAAs known to date. In addition, the information is dis-
persed, and there is no review that summarizes all the information, namely the structural
information, spectrometric data and presence in organisms. Here, we present an extremely
complete database on mycosporines and mycosporine-like amino acids, called MYCAS,
that covers the whole class of these natural sunscreen compounds. Currently, MYCAS has
74 compounds, with structural information and spectrometric data and will be updated
annually. This platform is available online (http:/ /www.cena.usp.br/ernani-pinto-myecas),
for free and in the public domain. MYCAS allows users to access to all MAAs already
described in nature. Our database may also be incorporated into in-house libraries, as well
as mass spectrometry software for metabolomic and genomic studies. Thus, MYCAS is a
useful tool for scientists working with MAAs and researchers in the field of developing
UV-protecting cosmetics from natural sources.

Supplementary Materials: The following are available online at https://www.mdpi.com/1424-8
247/14/1/63/s1, Table S1: Patents on mycosporines and mycosporine-like amino acids, Table S2:
Mycosporines and mycosporine-like amino acids (MA As) with their corresponding absorption max-
ima (Amax), molar absorptivities (¢), molecular formula, exact mass, molecular structure, fragments
(underline font represents [M + H]*) and phylum.

Author Contributions: V.G. and E.P. have worked in the conception and design of this review. V.G.
searched the data on mycosporine-like amino acids and summarized the database. V.G. analyzed the
data and drafted the article. E.P. have made substantial contributions to conception of this manuscript
and approve the final version for submission. Both authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Fundacao de Amparo a Pesquisa do Estado de Sao
Paulo-FAPESP (FAPESP 2019/27707-3 and 2013/07914-8), University of Sao Paulo Foundation
(FUSP) (Project#1979), the Coordination for the Improvement of Higher Education Personnel—


http://www.cena.usp.br/ernani-pinto-mycas
https://www.mdpi.com/1424-8247/14/1/63/s1
https://www.mdpi.com/1424-8247/14/1/63/s1

Pharmaceuticals 2021, 14, 63 13 of 17

CAPES (Project # 23038.001401/2018-92) and the National Council for Scientific and Technological
Development—CNPq (311048/2016-1 and 439065/2018-6).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Neale, PJ.; Whitehead, R.F; Diaz, S.B.; Morrow, ].H.; Booth, C.R.; Mopper, K; Kieber, D.J.; Vincent, WE; Roy, S.; Jeffrey, WH.;
et al. Spectral Weighting Functions for Quantifying Effects of UV Radiation in Marine Ecosystems; Cambridge University Press (CUP):
Cambridge, UK, 2000; pp. 72-100.

Carreto, J.I; Carignan, M.O.; Montoya, N.G.; Cozzolino, E.; Akselman, R. Mycosporine-like amino acids and xanthophyll-cycle
pigments favour a massive spring bloom development of the dinoflagellate Prorocentrum minimum in Grande Bay (Argentina),
an ozone hole affected area. J. Mar. Syst. 2018, 178, 15-28. [CrossRef]

Rastogi, R.P.; Madamwar, D.; Nakamoto, H.; Incharoensakdi, A. Resilience and self-regulation processes of microalgae under UV
radiation stress. J. Photochem. Photobiol. C Photochem. Rev. 2019, 43, 100322. [CrossRef]

Cockell, C.S.; Knowland, J. Ultraviolet radiation screening compounds. Biol. Rev. Camb. Philos. Soc. 1999, 74, 311-345. [CrossRef]
Geraldes, V.; Jacinavicius, ER.; Genuario, D.B.; Pinto, E. Identification and distribution of mycosporine-like amino acids in
Brazilian cyanobacteria using ultrahigh-performance liquid chromatography with diode array detection coupled to quadrupole
time-of-flight mass spectrometry. Rapid Commun. Mass Spectrom. 2020, e8634. [CrossRef] [PubMed]

Shukla, V.; Kumari, R.; Patel, D.K.; Upreti, D.K. Characterization of the diversity of mycosporine-like amino acids in lichens from
high altitude region of Himalaya. Amino Acids 2015, 48, 129-136. [CrossRef] [PubMed]

D’Agostino, PM.; Javalkote, V.S.; Mazmouz, R.; Pickford, R.; Puranik, P.R.; Neilan, B.A. Comparative Profiling and Discovery of
Novel Glycosylated Mycosporine-Like Amino Acids in Two Strains of the Cyanobacterium Scytonema cf. crispum. Appl. Environ.
Microbiol. 2016, 82, 5951-5959. [CrossRef] [PubMed]

Chrapusta, E.; Kaminski, A.; Duchnik, K.; Bober, B.; Adamski, M.; Bialczyk, J]. Mycosporine-Like Amino Acids: Potential Health
and Beauty Ingredients. Mar. Drugs 2017, 15, 326. [CrossRef] [PubMed]

La Barre, S.; Roullier, C.; Boustie, ]. Mycosporine-Like Amino Acids (MAAs) in Biological Photosystems. In Outstanding Marine
Molecules; Wiley: Hoboken, NJ, USA, 2014; pp. 333-360.

Wittenberg, J.B. The source of carbon monoxide in the float of the Portuguese man-of-war. Physalia physalis L. ]. Exp. Biol. 1960, 37,
698-705.

Shibata, K. Pigments and a UV-absorbing substance in corals and a blue-green alga living in the Great Barrier Reefl. Plant Cell
Physiol. 1969, 10, 325-335. [CrossRef]

Leach, C.M. Ultraviolet-Absorbing Substances Associated with Light-Induced Sporulation in Fungi. Can. J. Bot. 2008, 43, 185-200.
[CrossRef]

Geraldes, V.; De Medeiros, L.S.; Lima, S.T.; Alvarenga, D.O.; Gacesa, R.; Long, PF; Fiore, M.F,; Pinto, E. Genetic and biochemical
evidence for redundant pathways leading to mycosporine-like amino acid biosynthesis in the cyanobacterium Sphaerospermopsis
torques-reginae ITEP-024. ALGAE 2020, 35, 177-187. [CrossRef]

Ishihara, K.; Watanabe, R.; Uchida, H.; Suzuki, T.; Yamashita, M.; Takenaka, H.; Nazifi, E.; Matsugo, S.; Yamaba, M.; Sakamoto, T.
Novel glycosylated mycosporine-like amino acid, 13-O-(3-galactosyl)-porphyra-334, from the edible cyanobacterium Nostoc
sphaericum -protective activity on human keratinocytes from UV light. ]J. Photochem. Photobiol. B Biol. 2017, 172, 102-108.
[CrossRef] [PubMed]

Lawrence, K.P.; Long, PF,; Young, A.R. Mycosporine-Like Amino Acids for Skin Photoprotection. Curr. Med. Chem. 2019, 25,
5512-5527. [CrossRef]

Carreto, J.I; Carignan, M.O. Mycosporine-Like Amino Acids: Relevant Secondary Metabolites. Chemical and Ecological Aspects.
Mar. Drugs 2011, 9, 387-446. [CrossRef]

Arai, T.; Nishijima, M.; Adachi, K.; Sano, H. Isolation and structure of a UV absorbing substance from the marine bacterium
Micrococcus sp. AK-334. Mar. Biotechnol. Institute 1992, 2-35-10, 88-94.

Libkind, D.; Sommaruga, R.; Zagarese, H.; Van Broock, M. Mycosporines in carotenogenic yeasts. Syst. Appl. Microbiol. 2005, 28,
749-754. [CrossRef] [PubMed]

Jain, S.; Prajapat, G.; Abrar, M.; Ledwani, L.; Singh, A.; Agrawal, A. Cyanobacteria as efficient producers of mycosporine-like
amino acids. J. Basic Microbiol. 2017, 57, 715-727. [CrossRef]

Llewellyn, C.A.; Airs, R. Distribution and Abundance of MAAs in 33 Species of Microalgae across 13 Classes. Mar. Drugs 2010, 8,
1273-1291. [CrossRef]

Groniger, A.; Sinha, R.; Klisch, M.; Hader, D.-P. Photoprotective compounds in cyanobacteria, phytoplankton and macroalgae—A
database. J. Photochem. Photobiol. B Biol. 2000, 58, 115-122. [CrossRef]

Sinha, R.P; Singh, S.P.,; Hader, D.-P. Database on mycosporines and mycosporine-like amino acids (MAAs) in fungi, cyanobacteria,
macroalgae, phytoplankton and animals. . Photochem. Photobiol. B: Biol. 2007, 89, 29-35. [CrossRef]

Sun, Y,; Zhang, N.; Zhou, J.; Dong, S.; Zhang, X.; Guo, L.; Guo, G. Distribution, Contents, and Types of Mycosporine-Like
Amino Acids (MAAs) in Marine Macroalgae and a Database for MAAs Based on These Characteristics. Mar. Drugs 2020, 18, 43.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.jmarsys.2017.10.004
http://doi.org/10.1016/j.jphotochemrev.2019.100322
http://doi.org/10.1017/S0006323199005356
http://doi.org/10.1002/rcm.8634
http://www.ncbi.nlm.nih.gov/pubmed/31677357
http://doi.org/10.1007/s00726-015-2069-z
http://www.ncbi.nlm.nih.gov/pubmed/26286672
http://doi.org/10.1128/AEM.01633-16
http://www.ncbi.nlm.nih.gov/pubmed/27474710
http://doi.org/10.3390/md15100326
http://www.ncbi.nlm.nih.gov/pubmed/29065484
http://doi.org/10.1093/oxfordjournals.pcp.a074411
http://doi.org/10.1139/b65-024
http://doi.org/10.4490/algae.2020.35.5.19
http://doi.org/10.1016/j.jphotobiol.2017.05.019
http://www.ncbi.nlm.nih.gov/pubmed/28544967
http://doi.org/10.2174/0929867324666170529124237
http://doi.org/10.3390/md9030387
http://doi.org/10.1016/j.syapm.2005.05.005
http://www.ncbi.nlm.nih.gov/pubmed/16261865
http://doi.org/10.1002/jobm.201700044
http://doi.org/10.3390/md8041273
http://doi.org/10.1016/S1011-1344(00)00112-3
http://doi.org/10.1016/j.jphotobiol.2007.07.006
http://doi.org/10.3390/md18010043
http://www.ncbi.nlm.nih.gov/pubmed/31936139

Pharmaceuticals 2021, 14, 63 14 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Rosic, N.; Dove, S. Mycosporine-Like Amino Acids from Coral Dinoflagellates. Appl. Environ. Microbiol. 2011, 77, 8478-8486.
[CrossRef] [PubMed]

Oda, Y.; Zhang, Q.; Matsunaga, S.; Fujita, M.].; Sakai, R. Two New Mycosporine-like Amino Acids LC-343 and Mycosporine-
ethanolamine from the Micronesian Marine Sponge Lendenfeldia chondrodes. Chem. Lett. 2017, 46, 1272-1274. [CrossRef]
Chioccara, F.; Gala, A.D.; De Rosa, M.; Novellino, E.; Prota, G. Mycosporine aminoacids and related compounds from the eggs of
fishes. Bulletin des Sociétés Chimiques Belges 2010, 89, 1101-1106. [CrossRef]

Osborn, A.R.; Almabruk, K.H.; Holzwarth, G.; Asamizu, S.; Ladu, J.; Kean, KM.; Karplus, P.A ; Tanguay, R.L.; Bakalinsky, A.T.;
Mahmud, T. De novo synthesis of a sunscreen compound in vertebrates. eLife 2015, 4, €05919. [CrossRef]

Newman, S.; Dunlap, W.C.; Nicol, S.; Ritz, D. Antarctic krill (Euphausia superba) acquire a UV-absorbing mycosporine-like
amino acid from dietary algae. J. Exp. Mar. Biol. Ecol. 2000, 255, 93-110. [CrossRef]

Helbling, E.W.; Menchi, C.E; Villafafie, V.E. Bioaccumulation and role of UV-absorbing compounds in two marine crustacean
species from Patagonia, Argentina. Photochem. Photobiol. Sci. 2002, 1, 820-825. [CrossRef]

Briani, B.; Sissini, M.N.; Lucena, L.A.; Batista, M.B.; Costa, 1.O.; Nunes, ].M.C.; Schmitz, C.; Ramlov, E; Maraschin, M.;
Korbee, N.; et al. The influence of environmental features in the content of mycosporine-like amino acids in red marine algae
along the Brazilian coast. J. Phycol. 2018, 54, 380-390. [CrossRef]

Rosic, N. Mycosporine-Like Amino Acids: Making the Foundation for Organic Personalised Sunscreens. Mar. Drugs 2019, 17, 638.
[CrossRef]

Geraldes, V.; De Medeiros, L.S.; Jacinavicius, ER.; Long, P.E; Pinto, E. Development and validation of a rapid LC-MS/MS method
for the quantification of mycosporines and mycosporine-like amino acids (MAAs) from cyanobacteria. Algal Res. 2020, 46, 101796.
[CrossRef]

Jofre, J.; Celis-Pla, P.5.M.; Figueroa, F.L.; Navarro, N.P. Seasonal Variation of Mycosporine-Like Amino Acids in Three Subantarctic
Red Seaweeds. Mar. Drugs 2020, 18, 75. [CrossRef] [PubMed]

Guihéneuf, F; Gietl, A.; Stengel, D.B. Temporal and spatial variability of mycosporine-like amino acids and pigments in three
edible red seaweeds from western Ireland. Environ. Boil. Fishes 2018, 30, 2573-2586. [CrossRef]

Pope, M.A.; Spence, E.; Seralvo, V.; Gacesa, R.; Heidelberger, S.; Weston, A.J.; Dunlap, W.C.; Shick, ].M.; Long, PF.
O-Methyltransferase Is Shared between the Pentose Phosphate and Shikimate Pathways and Is Essential for Mycosporine-Like
Amino Acid Biosynthesis inAnabaena variabilisATCC 29413. ChemBioChem 2014, 16, 320-327. [CrossRef] [PubMed]

Balskus, E.P.; Walsh, C.T. The Genetic and Molecular Basis for Sunscreen Biosynthesis in Cyanobacteria. Sciences 2010, 329,
1653-1656. [CrossRef] [PubMed]

Katoch, M.; Mazmouz, R.; Chau, R,; Pearson, L.A.; Pickford, R.; Neilan, B.A. Heterologous Production of Cyanobacterial
Mycosporine-Like Amino Acids Mycosporine-Ornithine and Mycosporine-Lysine in Escherichia coli. Appl. Environ. Microbiol.
2016, 82, 6167-6173. [CrossRef]

Shick, ].M.; Romaine-Lioud, S.; Ferrier-Pages, C.; Gattuso, ]J.-P. Ultraviolet-B radiation stimulates shikimate pathway-dependent
accumulation of mycosporine-like amino acids in the coral Stylophora pistillata despite decreases in its population of symbiotic
dinoflagellates. Limnol. Oceanogr. 1999, 44, 1667-1682. [CrossRef]

Spence, E.; Dunlap, W.C.; Shick, ].M.; Long, PF. Redundant Pathways of Sunscreen Biosynthesis in a Cyanobacterium.
ChemBioChem 2012, 13, 531-533. [CrossRef]

Wada, N.; Sakamoto, T.; Matsugo, S. Mycosporine-Like Amino Acids and Their Derivatives as Natural Antioxidants. Antioxidants
2015, 4, 603-646. [CrossRef]

Miyamoto, K.T.; Komatsu, M.; Ikeda, H. Discovery of Gene Cluster for Mycosporine-Like Amino Acid Biosynthesis from
Actinomycetales Microorganisms and Production of a Novel Mycosporine-Like Amino Acid by Heterologous Expression. Appl.
Environ. Microbiol. 2014, 80, 5028-5036. [CrossRef]

Losantos, R.; Funes-Ardoiz, I.; Aguilera, J.; Herrera-Ceballos, E.; Garcia-Iriepa, C.; Campos, PJ.; Sampedro, D. Rational Design
and Synthesis of Efficient Sunscreens to Boost the Solar Protection Factor. Angew. Chem. 2017, 129, 2676-2679. [CrossRef]
Gouault, N.; Nguyen, K.H.; Tomasi, S.; Costuas, K. Photoprotective Compounds, Compositions Including Same and Uses Thereof.
U.S. Patent Application No. 14/782925, 3 October 2016.

Abou-Khalil, E.; Raeppel, S.; Raeppel, F. Imino Compounds as Protecting Agents against Ultraviolet Radiations. U.S. Patent No.
9487474B2, 8 November 2016.

York, M.; Ryan, ].H.; Savage, G.P.; Meyer, A.G.; Jarvis, K. UV Absorbing Compounds, Compositions Comprising Same and Uses
Thereof. U.S. Patent No. 10519111, 31 December 2019.

Chalmers, PJ.; Fitzmaurice, N.; Rigg, D.J.; Thang, S.H.; Bird, G. UV-Absorbing Compounds and Compositions. International
Patent Application PCT/AU90/00078; Publication No. WO90/09995. Australian Patent 653495, 23 February 1990.
Andreguetti, D.; Stein, E.M.; Pereira, C.M.P,; Pinto, E.; Colepicolo, P. Antioxidant properties and UV absorbance pattern of
mycosporine-like amino acids analogs synthesized in an environmentally friendly manner. J. Biochem. Mol. Toxicol. 2013, 27,
305-312. [CrossRef] [PubMed]

Nguyen, K.H.; Tomasi, S.; Le Roch, M.; Toupet, L.; Renault, J.; Uriac, P.; Gouault, N. Gold-Mediated Synthesis and Functionaliza-
tion of Chiral Halopyridones. J. Org. Chem. 2013, 78, 7809-7815. [CrossRef] [PubMed]

Bedoux, G.; Pliego-Cortés, H.; Dufau, C.; Hardouin, K.; Boulho, R.; Freile-Pelegrin, Y.; Robledo, D.; Bourgougnon, N. Production
and properties of mycosporine-like amino acids isolated from seaweeds. Adv. Bot. Res. 2020, 213-245. [CrossRef]


http://doi.org/10.1128/AEM.05870-11
http://www.ncbi.nlm.nih.gov/pubmed/22003012
http://doi.org/10.1246/cl.170490
http://doi.org/10.1002/bscb.19800891212
http://doi.org/10.7554/eLife.05919
http://doi.org/10.1016/S0022-0981(00)00293-8
http://doi.org/10.1039/B206584C
http://doi.org/10.1111/jpy.12640
http://doi.org/10.3390/md17110638
http://doi.org/10.1016/j.algal.2020.101796
http://doi.org/10.3390/md18020075
http://www.ncbi.nlm.nih.gov/pubmed/31991623
http://doi.org/10.1007/s10811-018-1436-z
http://doi.org/10.1002/cbic.201402516
http://www.ncbi.nlm.nih.gov/pubmed/25487723
http://doi.org/10.1126/science.1193637
http://www.ncbi.nlm.nih.gov/pubmed/20813918
http://doi.org/10.1128/AEM.01632-16
http://doi.org/10.4319/lo.1999.44.7.1667
http://doi.org/10.1002/cbic.201100737
http://doi.org/10.3390/antiox4030603
http://doi.org/10.1128/AEM.00727-14
http://doi.org/10.1002/ange.201611627
http://doi.org/10.1002/jbt.21489
http://www.ncbi.nlm.nih.gov/pubmed/23649591
http://doi.org/10.1021/jo400827b
http://www.ncbi.nlm.nih.gov/pubmed/23834720
http://doi.org/10.1016/bs.abr.2019.11.004

Pharmaceuticals 2021, 14, 63 15 0f 17

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Chaves-Pefia, P.; De La Coba, F.; Figueroa, FL.; Korbee, N. Quantitative and Qualitative HPLC Analysis of Mycosporine-Like
Amino Acids Extracted in Distilled Water for Cosmetical Uses in Four Rhodophyta. Mar. Drugs 2019, 18, 27. [CrossRef] [PubMed]
Hartmann, A.; Murauer, A.; Ganzera, M. Quantitative analysis of mycosporine-like amino acids in marine algae by capillary
electrophoresis with diode-array detection. J. Pharm. Biomed. Anal. 2017, 138, 153-157. [CrossRef]

Rosic, N.N.; Braun, C.; Kvaskoff, D. Extraction and Analysis of Mycosporine-Like Amino Acids in Marine Algae. Nat. Prod. From
Mar. Algae 2015, 119-129. [CrossRef]

Whitehead, K.; Hedges, ].I. Analysis of mycosporine-like amino acids in plankton by liquid chromatography electrospray
ionization mass spectrometry. Mar. Chem. 2002, 80, 27-39. [CrossRef]

Hartmann, A.; Becker, K.; Karsten, U.; Remias, D.; 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]

Orfanoudaki, M.; Hartmann, A.; Miladinovic, H.; Nguyen-Ngoc, H.; Karsten, U.; Ganzera, M. Bostrychines A-F, Six Novel
Mycosporine-Like Amino-Acids and a Novel Betaine from the Red Alga Bostrychia scorpioides. Mar. Drugs 2019, 17, 356.
[CrossRef]

Cardozo, KH.M.; Carvalho, VM.; Pinto, E.; Colepicolo, P. Fragmentation of mycosporine-like amino acids by hydro-
gen/deuterium exchange and electrospray ionisation tandem mass spectrometry. Rapid Commun. Mass Spectrom. 2005, 20,
253-258. [CrossRef]

Cardozo, K.H.; Vessecchi, R.; Carvalho, V.M,; Pinto, E.; Gates, P.J.; Colepicolo, P.; Galembeck, S.E.; Lopes, N.P. A theoretical and
mass spectrometry study of the fragmentation of mycosporine-like amino acids. Int. ]. Mass Spectrom. 2008, 273, 11-19. [CrossRef]
Cardozo, K H.M.; Vessecchi, R.; Galembeck, S.E.; Guaratini, T.; Gates, PJ.; Pinto, E.; Lopes, N.P,; Colepicolo, P. A Fragmentation
study of di-acidic mycosporine-like amino acids in electrospray and nanospray mass spectrometry. J. Braz. Chem. Soc. 2009, 20,
1625-1631. [CrossRef]

Orfanoudaki, M.; Hartmann, A.; Karsten, U.; Ganzera, M. Chemical profiling of mycosporine-like amino acids in twenty-three
red algal species. J. Phycol. 2019, 55, 393—403. [CrossRef] [PubMed]

Lalegerie, F,; Stiger-Pouvreau, V.; Connan, S. Temporal variation in pigment and mycosporine-like amino acid composition of the
red macroalga Palmaria palmata from Brittany (France): Hypothesis on the MAA biosynthesis pathway under high irradiance.
Environ. Boil. Fishes 2020, 32, 2641-2656. [CrossRef]

Lalegerie, F,; Lajili, S.; Bedoux, G.; Taupin, L.; Stiger-Pouvreau, V.; Connan, S. Photo-protective compounds in red macroalgae
from Brittany: Considerable diversity in mycosporine-like amino acids (MAAs). Mar. Environ. Res. 2019, 147, 37-48. [CrossRef]
[PubMed]

Shick, J.M.; Dunlap, W.C. Mycosporine-Like Amino Acids and Related Gadusols: Biosynthesis, Accumulation, and UV-Protective
Functions in Aquatic Organisms. Annu. Rev. Physiol. 2002, 64, 223-262. [CrossRef] [PubMed]

Olsson-Francis, K.; Watson, J.S.; Cockell, C.S. Cyanobacteria isolated from the high-intertidal zone: A model for studying the
physiological prerequisites for survival in low Earth orbit. Int. J. Astrobiol. 2013, 12, 292-303. [CrossRef]

Joshi, D.; Mohandass, C.; Mohandass, C. Effect of UV-B Radiation and Desiccation Stress on Photoprotective Compounds
Accumulation in Marine Leptolyngbya sp. Appl. Biochem. Biotechnol. 2017, 184, 35-47. [CrossRef]

Ehling-Schulz, M.; Bilger, W.; Scherer, S. UV-B-induced synthesis of photoprotective pigments and extracellular polysaccharides
in the terrestrial cyanobacterium Nostoc commune. . Bacteriol. 1997, 179, 1940-1945. [CrossRef]

Suganya, T.; Varman, M.; Masjuki, H.; Renganathan, S. Macroalgae and microalgae as a potential source for commercial
applications along with biofuels production: A biorefinery approach. Renew. Sustain. Energy Rev. 2016, 55, 909-941. [CrossRef]
Rastogi, R.P,; Incharoensakdi, A. UV radiation-induced biosynthesis, stability and antioxidant activity of mycosporine-like
amino acids (MAAs) in a unicellular cyanobacterium Gloeocapsa sp. CU2556. . Photochem. Photobiol. B Biol. 2014, 130, 287-292.
[CrossRef] [PubMed]

Shang, J.-L.; Zhang, Z.-C.; Yin, X.-Y,; Chen, M.; Yan-Chao, Y.; Wang, K.; Feng, ].-L.; Xu, H.-F,; Yin, Y.-C.; Tang, H.; et al. UV-B
induced biosynthesis of a novel sunscreen compound in solar radiation and desiccation tolerant cyanobacteria. Environ. Microbiol.
2017, 20, 200-213. [CrossRef] [PubMed]

Oren, A.; Gunde-Cimerman, N. Mycosporines and mycosporine-like amino acids: UV protectants or multipurpose secondary
metabolites? FEMS Microbiol. Lett. 2007, 269, 1-10. [CrossRef] [PubMed]

Woolley, ]. M.; Staniforth, M.; Horbury, M.D.; Richings, G.W.; Wills, M.; Stavros, V.G. Unravelling the Photoprotection Properties
of Mycosporine Amino Acid Motifs. . Phys. Chem. Lett. 2018, 9, 3043-3048. [CrossRef]

McAdam, E.; Brem, R.; Karran, P. Oxidative Stress-Induced Protein Damage Inhibits DNA Repair and Determines Mutation Risk
and Therapeutic Efficacy. Mol. Cancer Res. 2016, 14, 612-622. [CrossRef]

Hossain, F.; Ratnayake, R.; Meerajini, K.; Kumara, K.L.W. Antioxidant properties in some selected cyanobacteria isolated from
fresh water bodies of Sri Lanka. Food Sci. Nutr. 2016, 4, 753-758. [CrossRef]

Fuentes-Tristan, S.; Parra-Saldivar, R.; Iqbal, H.M.; Carrillo-Nieves, D. Bioinspired biomolecules: Mycosporine-like amino acids
and scytonemin from Lyngbya sp. with UV-protection potentialities. ]. Photochem. Photobiol. B Biol. 2019, 201, 111684. [CrossRef]
Korteerakul, C.; Honda, M.; Ngoennet, S.; Hibino, T.; Waditee-Sirisattha, R.; Kageyama, H. Antioxidative and Antiglycative
Properties of Mycosporine-Like Amino Acids-Containing Aqueous Extracts Derived from Edible Terrestrial Cyanobacteria. J.
Nutr. Sci. Vitaminol. 2020, 66, 339-346. [CrossRef]


http://doi.org/10.3390/md18010027
http://www.ncbi.nlm.nih.gov/pubmed/31905630
http://doi.org/10.1016/j.jpba.2017.01.053
http://doi.org/10.1007/978-1-4939-2684-8_6
http://doi.org/10.1016/S0304-4203(02)00096-8
http://doi.org/10.3390/md13106291
http://doi.org/10.3390/md17060356
http://doi.org/10.1002/rcm.2305
http://doi.org/10.1016/j.ijms.2008.02.014
http://doi.org/10.1590/S0103-50532009000900009
http://doi.org/10.1111/jpy.12827
http://www.ncbi.nlm.nih.gov/pubmed/30565696
http://doi.org/10.1007/s10811-020-02075-7
http://doi.org/10.1016/j.marenvres.2019.04.001
http://www.ncbi.nlm.nih.gov/pubmed/31014905
http://doi.org/10.1146/annurev.physiol.64.081501.155802
http://www.ncbi.nlm.nih.gov/pubmed/11826269
http://doi.org/10.1017/S1473550413000104
http://doi.org/10.1007/s12010-017-2523-3
http://doi.org/10.1128/JB.179.6.1940-1945.1997
http://doi.org/10.1016/j.rser.2015.11.026
http://doi.org/10.1016/j.jphotobiol.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24374576
http://doi.org/10.1111/1462-2920.13972
http://www.ncbi.nlm.nih.gov/pubmed/29076601
http://doi.org/10.1111/j.1574-6968.2007.00650.x
http://www.ncbi.nlm.nih.gov/pubmed/17286572
http://doi.org/10.1021/acs.jpclett.8b00921
http://doi.org/10.1158/1541-7786.MCR-16-0053
http://doi.org/10.1002/fsn3.340
http://doi.org/10.1016/j.jphotobiol.2019.111684
http://doi.org/10.3177/jnsv.66.339

Pharmaceuticals 2021, 14, 63 16 of 17

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Gacesa, R.; Lawrence, K.P.; Georgakopoulos, N.D.; Yabe, K.; Dunlap, W.C.; Barlow, D.J.; Wells, G.; Young, A.R.; Long, PF.
The mycosporine-like amino acids porphyra-334 and shinorine are antioxidants and direct antagonists of Keap1-Nrf2 binding.
Biochimie 2018, 154, 35-44. [CrossRef]

Torres, P.; Santos, ].P.; Chow, E,; Ferreira, M.].P.; Dos Santos, D.Y. Comparative analysis of in vitro antioxidant capacities of
mycosporine-like amino acids (MAAs). Algal Res. 2018, 34, 57-67. [CrossRef]

Cheewinthamrongrod, V.; Kageyama, H.; Palaga, T.; Takabe, T.; Waditee-Sirisattha, R. DNA damage protecting and free radical
scavenging properties of mycosporine-2-glycine from the Dead Sea cyanobacterium in A375 human melanoma cell lines.
J. Photochem. Photobiol. B Biol. 2016, 164, 289-295. [CrossRef] [PubMed]

Panich, U.; Sittithumcharee, G.; Rathviboon, N.; Jirawatnotai, S. Ultraviolet Radiation-Induced Skin Aging: The Role of DNA
Damage and Oxidative Stress in Epidermal Stem Cell Damage Mediated Skin Aging. Stem Cells Int. 2016, 2016, 1-14. [CrossRef]
[PubMed]

Tarasuntisuk, S.; Palaga, T.; Kageyama, H.; Waditee-Sirisattha, R. Mycosporine-2-glycine exerts anti-inflammatory and antioxidant
effects in lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophages. Arch. Biochem. Biophys. 2019, 662, 33-39. [CrossRef]
[PubMed]

De La Coba, F,; Aguilera, J.; Figueroa, F.L.; De Galvez, M.V,; Herrera, E. Antioxidant activity of mycosporine-like amino acids
isolated from three red macroalgae and one marine lichen. Environ. Boil. Fishes 2009, 21, 161-169. [CrossRef]

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

Rastogi, R.P,; Sonani, R.R.; Madamwar, D.; Incharoensakdi, A. Characterization and antioxidant functions of mycosporine-like
amino acids in the cyanobacterium Nostoc sp. R76DM. Algal Res. 2016, 16, 110-118. [CrossRef]

Kageyama, H.; Waditee-Sirisattha, R. Antioxidative, Anti-Inflammatory, and Anti-Aging Properties of Mycosporine-Like Amino
Acids: Molecular and Cellular Mechanisms in the Protection of Skin-Aging. Mar. Drugs 2019, 17, 222. [CrossRef]

Oren, A. Mycosporine-like amino acids as osmotic solutes in a community of halophilic cyanobacteria. Geomicrobiol. ]. 1997, 14,
231-240. [CrossRef]

Portwich, A.; Garcia-Pichel, F. Ultraviolet and osmotic stresses induce and regulate the synthesis of mycosporines in the
cyanobacterium Chlorogloeopsis PCC 6912. Arch. Microbiol. 1999, 172, 187-192. [CrossRef]

Singh, S.P.; Klisch, M.; Sinha, R.P.; Héder, D.-P. Effects of Abiotic Stressors on Synthesis of the Mycosporine-like Amino Acid
Shinorine in the CyanobacteriumAnabaena variabilisPCC 7937. Photochem. Photobiol. 2008, 84, 1500-1505. [CrossRef]
Waditee-Sirisattha, R.; Kageyama, H.; Sopun, W.; Tanaka, Y.; Takabe, T. Identification and Upregulation of Biosynthetic Genes
Required for Accumulation of Mycosporine-2-Glycine under Salt Stress Conditions in the Halotolerant Cyanobacterium Aphan-
othece halophytica. Appl. Environ. Microbiol. 2014, 80, 1763-1769. [CrossRef] [PubMed]

Abed, RM.M,; Polerecky, L.; Al-Habsi, A.; Oetjen, J.; Strous, M.; De Beer, D. Rapid Recovery of Cyanobacterial Pigments in
Desiccated Biological Soil Crusts following Addition of Water. PLoS ONE 2014, 9, e112372. [CrossRef] [PubMed]

Gorbushina, A.; Kotlova, E.R.; Sherstneva, O.A. Cellular responses of microcolonial rock fungi to long-term desiccation and
subsequent rehydration. Stud. Mycol. 2008, 61, 91-97. [CrossRef] [PubMed]

Gorbushina, A.; Whitehead, K.; Dornieden, T.; Niesse, A.; Schulte, A.; Hedges, J.I. Black fungal colonies as units of survival:
Hyphal mycosporines synthesized by rock-dwelling microcolonial fungi. Can. . Bot. 2003, 81, 131-138. [CrossRef]
Michalek-Wagner, K. Seasonal and sex-specific variations in levels of photo-protecting mycosporine-like amino acids (MAAs) in
soft corals. Mar. Biol. 2001, 139, 651-660. [CrossRef]

Sivalingam, PM.; Ikawa, T.; Nisizawa, K. Physiological Roles of a Substance 334 in Algae. Bot. Mar. 1976, 19, 9-22. [CrossRef]
Peinado, N.K; Diaz, R.T.A.; Figueroa, EL.; Helbling, EW. Ammonium and UV Radiation Stimulate the Accumulation of
Mycosporine-Like Amino Acids in Porphyra columbina (Rhodophyta) from Patagonia, Argentina. J. Phycol. 2004, 40, 248-259.
[CrossRef]

Carroll, A.K,; Shick, ].M. Dietary accumulation of UV-absorbing mycosporine-like amino acids (MAAs) by the green sea urchin
(Strongylocentrotus droebachiensis). Mar. Biol. 1996, 124, 561-569. [CrossRef]

Bandaranayake, W.M.; Bourne, D.J.; Sim, R.G. Chemical Composition during Maturing and Spawning of the Sponge Dysidea
herbacea (Porifera: Demospongiae). Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 1997, 118, 851-859. [CrossRef]
Kicklighter, C.E.; Kamio, M.; Nguyen, L.; Germann, M.W.; Derby, C.D. Mycosporine-like amino acids are multifunctional
molecules in sea hares and their marine community. Proc. Natl. Acad. Sci. 2011, 108, 11494-11499. [CrossRef]

Hu, C,; Voller, G.; Stifmuth, R.; Dittmann, E.; Kehr, J.-C. Functional assessment of mycosporine-like amino acids inMicrocystis
aeruginosastrain PCC 7806. Environ. Microbiol. 2015, 17, 1548-1559. [CrossRef] [PubMed]

Couteau, C.; Coiffard, L. Phycocosmetics and Other Marine Cosmetics, Specific Cosmetics Formulated Using Marine Resources.
Mar. Drugs 2020, 18, 322. [CrossRef] [PubMed]

Mancuso, J.B.; Maruthi, R.; Wang, S.Q.; Lim, H-W. Sunscreens: An Update. Am. J. Clin. Dermatol. 2017, 18, 643—-650. [CrossRef]
[PubMed]

Stoddard, M.; Lyons, A.; Moy, R. Skin Cancer Prevention: A Review of Current Oral Options Complementary to Sunscreens.
J. Drugs Dermatol. [DD 2018, 17, 1266-1271. [PubMed]

Ruszkiewicz, J.A.; Pinkas, A.; Ferrer, B.; Peres, T.V.; Tsatsakis, A.; Aschner, M. Neurotoxic effect of active ingredients in sunscreen
products, a contemporary review. Toxicol. Rep. 2017, 4, 245-259. [CrossRef]


http://doi.org/10.1016/j.biochi.2018.07.020
http://doi.org/10.1016/j.algal.2018.07.007
http://doi.org/10.1016/j.jphotobiol.2016.09.037
http://www.ncbi.nlm.nih.gov/pubmed/27718421
http://doi.org/10.1155/2016/7370642
http://www.ncbi.nlm.nih.gov/pubmed/27148370
http://doi.org/10.1016/j.abb.2018.11.026
http://www.ncbi.nlm.nih.gov/pubmed/30502329
http://doi.org/10.1007/s10811-008-9345-1
http://doi.org/10.1111/bjd.16125
http://www.ncbi.nlm.nih.gov/pubmed/29131317
http://doi.org/10.1016/j.algal.2016.03.009
http://doi.org/10.3390/md17040222
http://doi.org/10.1080/01490459709378046
http://doi.org/10.1007/s002030050759
http://doi.org/10.1111/j.1751-1097.2008.00376.x
http://doi.org/10.1128/AEM.03729-13
http://www.ncbi.nlm.nih.gov/pubmed/24375141
http://doi.org/10.1371/journal.pone.0112372
http://www.ncbi.nlm.nih.gov/pubmed/25375172
http://doi.org/10.3114/sim.2008.61.09
http://www.ncbi.nlm.nih.gov/pubmed/19287531
http://doi.org/10.1139/b03-011
http://doi.org/10.1007/s002270100625
http://doi.org/10.1515/botm.1976.19.1.9
http://doi.org/10.1046/j.1529-8817.2004.03013.x
http://doi.org/10.1007/BF00351037
http://doi.org/10.1016/S0305-0491(97)00180-6
http://doi.org/10.1073/pnas.1103906108
http://doi.org/10.1111/1462-2920.12577
http://www.ncbi.nlm.nih.gov/pubmed/25059440
http://doi.org/10.3390/md18060322
http://www.ncbi.nlm.nih.gov/pubmed/32570957
http://doi.org/10.1007/s40257-017-0290-0
http://www.ncbi.nlm.nih.gov/pubmed/28510141
http://www.ncbi.nlm.nih.gov/pubmed/30586257
http://doi.org/10.1016/j.toxrep.2017.05.006

Pharmaceuticals 2021, 14, 63 17 of 17

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

De La Coba, E; Aguilera, J.; Korbee, N.; Galvez, M.N.-D.; Herrera-Ceballos, E.; Alvarez-Gémez, E; Figueroa, FL. UVA and UVB
Photoprotective Capabilities of Topical Formulations Containing Mycosporine-like Amino Acids (MAAs) through Different
Biological Effective Protection Factors (BEPFs). Mar. Drugs 2019, 17, 55. [CrossRef]

Wang, J.; Pan, L.; Wu, S;; Lu, L.; Xu, Y.; Zhu, Y.; Guo, M.; Zhuang, S. Recent Advances on Endocrine Disrupting Effects of UV
Filters. Int. |. Environ. Res. Public Health 2016, 13, 782. [CrossRef]

Galamgam, J.; Linou, N.; Linos, E. Sunscreens, cancer, and protecting our planet. Lancet Planet. Health 2018, 2, e465—e466.
[CrossRef]

Schneider, S.L.; Lim, H.W. Review of environmental effects of oxybenzone and other sunscreen active ingredients. J. Am. Acad.
Dermatol. 2019, 80, 266-271. [CrossRef]

Dinardo, J.C.; A Downs, C. Dermatological and environmental toxicological impact of the sunscreen ingredient
oxybenzone/benzophenone-3. |. Cosmet. Dermatol. 2017, 17, 15-19. [CrossRef]

Ouchene, L.; Litvinov, LV,; Netchiporouk, E. Hawaii and Other Jurisdictions Ban Oxybenzone or Octinoxate Sunscreens Based on
the Confirmed Adverse Environmental Effects of Sunscreen Ingredients on Aquatic Environments. J. Cutan. Med. Surg. 2019, 23,
648-649. [CrossRef] [PubMed]

Narla, S.; Lim, H.W. Sunscreen: FDA regulation, and environmental and health impact. Photochem. Photobiol. Sci. 2020, 19, 66-70.
[CrossRef] [PubMed]

Pangestuti, R.; Siahaan, E.A.; Kim, S.-K. Photoprotective Substances Derived from Marine Algae. Mar. Drugs 2018, 16, 399.
[CrossRef]

Pathak, J.; Pandey, A.; Maurya, PK.; Rajneesh, R.; Sinha, R.P; Singh, S.P. Cyanobacterial Secondary Metabolite Scytonemin:
A Potential Photoprotective and Pharmaceutical Compound. Proc. Natl. Acad. Sci. India Sect. B Boil. Sci. 2020, 90, 467-481.
[CrossRef]

Thiyagarasaiyar, K.; Goh, B.H.; Jeon, Y.-].; Yow, Y.-Y. Algae Metabolites in Cosmeceutical: An Overview of Current Applications
and Challenges. Mar. Drugs 2020, 18, 323. [CrossRef] [PubMed]

Fernandes, S.C.M.; Alonso-Varona, A.; Palomares, T.; Zubillaga, V.; Labidi, ]J.; Bulone, V. Exploiting Mycosporines as Natural
Molecular Sunscreens for the Fabrication of UV-Absorbing Green Materials. ACS Appl. Mater. Interfaces 2015, 7, 16558-16564.
[CrossRef]


http://doi.org/10.3390/md17010055
http://doi.org/10.3390/ijerph13080782
http://doi.org/10.1016/S2542-5196(18)30224-9
http://doi.org/10.1016/j.jaad.2018.06.033
http://doi.org/10.1111/jocd.12449
http://doi.org/10.1177/1203475419871592
http://www.ncbi.nlm.nih.gov/pubmed/31729915
http://doi.org/10.1039/C9PP00366E
http://www.ncbi.nlm.nih.gov/pubmed/31845952
http://doi.org/10.3390/md16110399
http://doi.org/10.1007/s40011-019-01134-5
http://doi.org/10.3390/md18060323
http://www.ncbi.nlm.nih.gov/pubmed/32575468
http://doi.org/10.1021/acsami.5b04064

	Ultraviolet Radiation and Natural UV-Absorbing Compounds 
	Mycosporine-Like Amino Acids 
	Physico-Chemical Characteristics of MAAs 
	Occurrence and Distribution in the Environment 
	MAA Biosynthesis 
	Heterologous Expression 
	Chemical Synthesis and Analogs 
	MAA Extraction, Identification and Quantification 
	Extraction 
	Identification 
	Quantification 

	MAA Structural Elucidation 
	MAA Photoprotective Role 
	MAA Additional Protective Roles 
	Antioxidant and ROS Scavenging Function 
	Osmotic Stress 
	Desiccation Stress 
	Thermal Stress 
	Photosynthesis Accessory Pigments 
	Nitrogen Storage 
	Reproductive Regulation 
	Ecological Interactions 

	Cosmetical Application of MAAs as Sunscreen 
	Other Biotechnological Applications of MAAs 
	Patents on MAAs 
	MAA Database—MYCAS 
	Main Tasks for Future Research and Perspectives 

	Conclusions 
	References

