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Abstract: Human skin needs additional protection from damaging ultraviolet radiation (UVR:
280–400 nm). Harmful UVR exposure leads to DNA damage and the development of skin can-
cer. Available sunscreens offer chemical protection from detrimental sun radiation to a certain extent.
However, many synthetic sunscreens do not provide sufficient UVR protection due to the lack of
photostability of their UV-absorbing active ingredients and/or the lack of ability to prevent the
formation of free radicals, inevitably leading to skin damage. In addition, synthetic sunscreens may
negatively affect human skin, causing irritation, accelerating skin aging and even resulting in allergic
reactions. Beyond the potential negative effect on human health, some synthetic sunscreens have
been shown to have a harmful impact on the environment. Consequently, identifying photostable,
biodegradable, non-toxic, and renewable natural UV filters is imperative to address human health
needs and provide a sustainable environmental solution. In nature, marine, freshwater, and terrestrial
organisms are protected from harmful UVR through several important photoprotective mechanisms,
including the synthesis of UV-absorbing compounds such as mycosporine-like amino acids (MAAs).
Beyond MAAs, several other promising, natural UV-absorbing products could be considered for the
future development of natural sunscreens. This review investigates the damaging impact of UVR on
human health and the necessity of using sunscreens for UV protection, specifically UV-absorbing
natural products that are more environmentally friendly than synthetic UV filters. Critical challenges
and limitations related to using MAAs in sunscreen formulations are also evaluated. Furthermore, we
explain how the genetic diversity of MAA biosynthetic pathways may be linked to their bioactivities
and assess MAAs’ potential for applications in human health.

Keywords: mycosporine-like amino acids; antioxidants; ultraviolet-absorbing compounds; sunscreen;
bioactivity; bioproduct screening; omics; green technology

1. Introduction

The levels of ultraviolet (UV) radiation have continued to increase over the past
century [1]. Excessive exposure to UV radiation has been associated with the development
of the majority of skin cancers [2,3]. Based on epidemiologic data, the development of
melanoma and basal cell carcinoma (BCC) was associated with excessive sun exposure
resulting in sunburns [4]. On the other hand, the development of squamous cell carcinoma
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(SCC) has been associated with a lifetime of prolonged sun exposure, as seen in the example
of occupational sun exposure [5]. The negative UVR effect on the skin occurs via mutagen
impact on DNA, resulting in the formation of dimeric photoproducts between pyrimidine
bases (so-called cyclobutane pyrimidine dimers (CPDs)), leading to DNA base damage [6].
However, different components of UV radiation have varying impacts on the skin, with
longer wavelength ultraviolet A (UVA) having a higher penetrance, reaching the dermis
skin layer. Alternatively, shorter wavelength ultraviolet B (UVB) mainly impacts the
epidermal layer [7]. Importantly, both UV components, UVA and UVB, that reach the
Earth’s surface can damage DNA directly and indirectly via reactive oxygen species (ROS),
although UVB has a higher mutagenic and carcinogenic impact [3,8].

In nature, organisms have developed different mitigation strategies to protect from
damaging UV radiation. Natural products such as mycosporine-like amino acids (MAAs)
are major UV-protective agents found in various species living in marine and freshwater
environments, including symbiotic and nonsymbiotic species [8–14]. Marine organisms
exposed to severe changes in light irradiance can adapt via photoacclimation [15,16],
although they become more susceptible to additional external stressors such as tempera-
ture and acidification [15,16]. The mitigation strategies of organisms like corals and sea
urchins included the accumulation of more MAAs in tissues exposed to higher UVR [17].
MAAs are UV-absorbing secondary metabolites, which are found to be most commonly
represented among aquatic species. These small molecules are involved in photoprotec-
tion and reducing UV-induced damage and osmoregulation, and they show promising
therapeutic potential [18]. The photoprotective capacities of MAAs are based upon their
ability to absorb light in the UV range, including UVA in the range of 315–400 nm and
UVB in the range of 280–315 nm, with absorption maxima occurring in the range of
310–362 nm [19–21]. There are substantial variations in the composition of MAAs, result-
ing in variability in species’ UV-absorbing profile [22–24], indicating diversity in their
UV-absorbing capacity, which is also influenced by seasonal UV fluctuations [25–27], envi-
ronmental stress [20,28–30], and nutrient, specifically nitrogen, availability [31–34].

MAAs are characterized by a high molar extinction coefficient of ε = 28,100–50,000 M−1

cm−1 and the ability to disperse absorbed radiation as heat without the production of free
radicals [12,35,36]. Beyond the photoprotective role, MAAs demonstrate antioxidative
capacity and can scavenge ROS produced in cells to prevent further DNA damage [37–42].
Antioxidants (synthetic or coming from natural resources) are commonly used in modern
medicine as bioactive compounds due to their ability to decrease the number of free radicals
in cells and tissues [43]. Furthermore, MAAs demonstrate additional biotechnological po-
tentials, including anti-inflammatory, anti-proliferative, and anti-aging properties [44–46].
The promising pharmacological properties of MAAs could be further utilized in various
biotechnological applications, such as more efficient skin UV protection, which is important
for improved skin cancer prevention.

2. Fitzpatrick Phototype and UV Protection Strategies

The skin is the largest organ in the human body, representing approximately 16%
of body mass [3]. Higher levels of UV exposure have been associated with increased
skin cancer prevalence in humans [47]. Therefore, besides internal UV protection, human
skin requires additional external mechanisms to reduce sun-induced DNA damage and
potential skin cancer formation. A number of UV-absorbing compounds (i.e., UV-absorbing
pigments and other molecules) were found to provide internal UV protection, including
additional mechanisms such as increased epidermal thickness, DNA repair mechanisms,
and the accumulation of antioxidants [32,48]. For example, the human pigment melanin has
a major photoprotective role in reducing sun-induced cancer and function as an antioxidant
by scavenging free radicals produced during UVR exposure [48–50]. This pigment has two
main forms: eumelanin, which is highly UV-protective, and pheomelanin, which has a
lower UV-protective capacity [48]. Though the pigment melanin has a strong UV-protective
capacity, it does not provide complete protection, but protecting against approximately
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50–70% of UVR [48]. People with less eumelanin are more UV-sensitive [3]. Differences in
skin pigmentation that impact UV risks are scaled based on the Fitzpatrick scale (Table 1).
The Fitzpatrick skin type scale evaluates UV risk and UV exposure tolerance levels, in-
dicating differences in required skin protection. Skin complexion is recognized as one
of the most important determinants of UV sensitivity and the risk of developing skin
cancer [3]. He and colleagues [51] described the Fitzpatrick skin phototype (skin, eyes, and
hair pigmentation) classification system as the most common method to assess sunburns
and the subsequent risk of developing skin cancer, primarily basal cell carcinoma (BCC)
and malignant melanoma [52]. Consequently, different external sun protection strategies
have been recommended depending on the skin phototype (Table 1) [3].

Table 1. Skin cancer risk based upon Fitzpatrick skin type.

Fitzpatrick
Skin Type Typical Features Tanning Ability and Sensitivity Skin Cancer

Risk *

I

Unexposed skin: white
Eyes: blue or green
Frequent freckling
Northern European or British

Always burns with minimal
UV exposure
Peels
Never tans

4

II

Unexposed skin: white
Eyes: blue, hazel or brown
Hair: red, blonds or brown
European or Scandinavian

Burns easily
Peels
Tans minimally

3–4

III
Unexposed skin: fair
Eyes: brown; Hair: dark
Southern or Central European

Burns moderately
Average tanning ability 3

IV
Unexposed skin: light brown
Eyes: dark; Hair: dark
Mediterranean, Asian, or Latino

Burns minimally
Tans easily 2

V

Unexposed skin: brown
Eyes: dark; Hair: dark
East Indian, Native American,
Latino, or African

Rarely burns
Tans easily and substantially 1

VI
Unexposed skin: black
Eyes: dark; Hair: dark
African or Aboriginal

Almost never burns
Tans readily and profusely 0.5

Note: * 1 is the lowest risk, 4 is the highest risk.

As internal mechanisms for UV protection are often insufficient to prevent UV skin
damage, a number of external strategies are used. Different types of strategies are often
applied to increase the amount of protection from damaging UVR, including chemical
barriers (i.e., sunscreens) and physical barriers (i.e., UV protection clothing, hats, and shade).
A large-scale randomized control study with 1600 participants completed in Australia found
that the incidence of squamous cell carcinoma and melanoma was significantly reduced
in individuals who used sunscreen daily as compared to individuals who used sunscreen
on a discretionary basis [53]. Daily use of sunscreen reported a significant decrease (rate
ratio 0.62) in actinic keratosis, which is a precursor to the development of squamous cell
carcinoma, as compared to controls [54]. Sunscreens were found to be more efficient in
reducing skin cancer prevalence compared to UV-protective clothing [55,56], although in
some cases, UV-protective clothing was the preferred option [57].

3. Natural UV-Absorbing Compounds

Current chemical protection from UVR is inadequate because synthetic sunscreen
products contain active ingredients that may lack photostability [58–60]. The photostability
of many commonly used chemical UV filters (e.g., oxybenzone, benzophenone-3, which is
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permitted up to 6% in sunscreen formulations [30]) was tested individually and in combi-
nation with other active ingredients [61]. The majority of these compounds showed poor
photostability due to photochemical reactions, such as trans-cis isomerization or keto-enol
tautomerism, or due to reactions with other UV filters, which produce byproducts [61,62].
Synthetic sunscreens can also negatively impact human health, causing photosensitiza-
tion and photo irritation, resulting in allergic reactions, free radical formation leading
to skin damage, skin irritation, and skin aging acceleration [58–60]. Several approaches
have been applied during the last decade to improve the photostability of synthetic UV
filters, including the use of antioxidants, encapsulation, and the addition of quenching
molecules to the sunscreen formulation [63]. For example, avobenzone, a commonly used
UVA filter with a very high number of photodegradation products, showed improved
photostability in the presence of Vitamins A and C and ubiquinone within the formulation,
resulting in an improved SPF value [64]. However, negative environmental impact coming
from the application of different synthetic sunscreens remains a problem, as reported
in animal and human studies, including the neurotoxic effect of some sunscreen active
ingredients [59], endocrine disruption, malformations, coral bleaching, and other detrimen-
tal impacts on ecosystems [63,65]. The major issue for these UV filters is their long retention
in the environment, slow degradation, and possibly toxicity [58,59]. Consequently, there
has been a shift in industry interest toward the use of natural, environmentally friendly
UV-absorbing products as UV filters that are biocompatible, biodegradable, and have no
toxic properties [63,66].

Natural products (NPs) have become increasingly popular in the development of
sunscreens due to their ability to provide a broad spectrum of UV protection and their
advantages over synthetic compounds. These small molecules are derived from natural
sources such as medicinal plants, herbs, fungi, and marine organisms, and they possess
unique photoprotective properties [67–71]. Some commonly used natural products in
sunscreens (Table 2) include flavonoids, polyphenols, terpenoids, melanins, and MAAs,
which have been found to have photoprotective and other biological properties [19,67,68,72].
MAAs are highly profuse secondary metabolites found in many marine, freshwater, and
terrestrial species [8,9]. Rich sources containing different NPs involved in UV protection
are provided, including a number of examples specifically for MAAs (Table 2). More
comprehensive details about additional MAAs, their chemical structures, and specific
features and resources have been provided in MAA databases and reviews [9,44].

Natural products that are considered UV sunscreens should possess several essential
features. One of these key elements is the ability to absorb UV radiation effectively and
provide broad-spectrum protection; this means that the compounds should be able to
absorb both UVA and UVB radiation. Additionally, the stability of the natural products in
the presence of UV light is crucial, as any degradation or decomposition of the compound
can lead to a loss of protection [73,74]. The ability to demonstrate a high efficacy even at low
concentrations is also desirable as it allows for the practical incorporation of the compounds
into sunscreen formulations. Safety is another critical factor that should be considered,
as the candidates should not cause adverse effects on the skin, such as cytotoxicity or
irritations, and should demonstrate minimal permeation into the systemic circulation [75].
When exploring the photoprotective properties of NPs, various types of models were used,
including in vitro human skin keratinocytes (HaCaT cells) when assessing quercetin [76],
in vivo mouse models when testing myricetin [77], and cell-free assays when evaluating
tannic acid bioactivities [78]. Mycosporine-glycine antioxidant activity was assessed using
the DPPH radical scavenging assay to investigate in vivo ROS quenching processes [79],
while in vitro human keratinocytes were used for the evaluation of the antioxidant activity
of palythine [80].

The solubility of the NP candidate in the solvent system used for the sunscreen for-
mulation is essential to ensure that it can be easily incorporated and evenly distributed
throughout the product [81]. MAAs have a high water solubility that allows for their
distribution within the cell cytoplasm. There were concerns regarding whether MAA
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water solubility could present an additional challenge when using these molecules within
sunscreen formulations for UVR protection during aquatic activities [18]. However, the
main component of all sunscreens is water, and it is critical to have appropriate solubi-
lization of these UV filters [82]. For example, other sunscreen formulations successfully
used water-soluble synthetic UV filters such as benzophenone-4 [83], indicating that the
hydrophilic nature of MAAs should not prevent their use in sunscreen products.

In summary, natural products offer a promising avenue for the development of safe
and effective UV sunscreens. By possessing key features such as UV-absorbing properties,
broad-spectrum protection, photostability, high efficacy, safety, and solubility, natural prod-
uct compounds can be considered viable candidates for sunscreen formulations. Nonethe-
less, a single compound may not be sufficient for adequate skin protection. Instead, it is
recommended to consider a combination of various natural substances [70]. Although
numerous products with natural ingredients are readily available in the market, none so
far have fulfilled all consumer expectations. Hence, the primary focus of new product de-
velopment should be on addressing these gaps by aiming to identify and characterize more
natural product candidates that can help provide effective sun protection and minimize
potential health risks.

Table 2. Photoprotective natural products with the potential to be used as sunscreen agents due to their
UV-absorbing capacities and/or antioxidant properties capable of reducing UV-mediated damage.

UV-Protective Natural Products Chemical Structure Key Features/Bioactive
Properties Source of the Compounds

Flavonoids

Quercetin
(C15H10O7)
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Table 2. Cont.

UV-Protective Natural Products Chemical Structure Key Features/Bioactive
Properties Source of the Compounds
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Table 2. Cont.

UV-Protective Natural Products Chemical Structure Key Features/Bioactive
Properties Source of the Compounds
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4. Limitations and Challenges in Using UV-Absorbing MAAs in Sunscreens

Commercially used sunscreens contain synthetic organic and inorganic UVR filters
covering a broad range of UVR spectra [18]. Organic UV filters are capable of absorbing
UVR, accompanied by inorganic filters such as titanium dioxide (TiO2) and zinc oxide
(ZnO), which are also responsible for UVR reflection and scattering [18]. As many synthetic
UV filters have a low photostability and a negative effect on the environment, the search
for an improved, new generation of UV filters has been ongoing over the last decade [63].
Hundreds of compounds with photoprotective properties were explored, and natural
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products gained a special interest due to the shift towards environmental safety and raising
consumer consciousness [63,125]. MAAs are photoprotective NPs with a supreme potential
for use in the new generation of sunscreens due to their abundant presence in marine
species, broad UV absorption spectra, and additional roles in actions against osmotic,
thermal, and desiccation stress [19,20,30]. MAAs stand out from other photoprotective NPs
because of their additional therapeutic properties and ability to accomplish antioxidant,
anti-cancer, and anti-inflammatory activities [45]. In addition, the unique ability to perform
activation of the Keap1-Nrf2-ARE pathway stimulates cytoprotective gene expression,
which is essential for reducing UV-induced damage [38]. Furthermore, MAA mycosporine-
2-glycine downregulated gene expression of oxidative stress-induced Cu/Zn-superoxide
dismutase 1 and catalase acting on the molecular level and attenuating UVR cellular
damage [42].

Some of the most abundant MAAs found in nature, including shinorine, porphyra-
334, palythine, and mycosporine-glycine (Table 2), have been used in several cosmetic
applications as natural sun protection agents. There are 48 patents reported covering the
production and/or specific use of MAAs [44]. The sunscreen product Helioguard ®365 con-
tains two MAAs, shonorine and porphyra-334, which were isolated from the red seaweed
Porphyra umbilicalis [126]. In Helionori®, palythine, porphyra-334, and shinorine, also iso-
lated from P. umbilicalis, were used in the sunscreen formulation. However, the proportion
of MAAs in these formulations was low and also provided more protection in the UVA
region (Figure 1) [44]. This critical gap would need to be covered by other UV filters as
the skin damage coming from UVB is 1000x higher than that from UVA [127]. As the most
abundant MAAs have absorption maxima in UVA, including another abundant MAA with
a UVB absorption maximum (such as mycosporine-glycine) into the sunscreen formulations
would be highly beneficial. Furthermore, to obtain an improved photoprotective capacity,
an increase in the extracted MAA concentration dry weight (DW) content is needed [18,128].
An exponential rise in sun protection factor (SPF) values was observed with the increase in
the MAA content (containing palythine, asterina-330, shinorine, porphyra-334, and palythi-
nol) isolated from the red algae Hydropuntia cornea and Gracilariopsis longissima, reaching
SPF 7.5 at the highest MAA yield (13.9 mg DW of algae per cm−2) [128]. The total MAA
content in H. cornea was 0.8 ± 0.1 mg MAAs g−1 DW, with the main MAA being palythinol
(49.2% of the total MAAs), while in G. longissima, there was 1.6 ± 0.1 mg MAAs g−1 DW
with dominant MAA Asterina-330 (42.9% of all MAAs). Furthermore, in red macroalgae
Gracilaria gracilis, which was exposed to different light conditions, the highest total MAA
content was reached under UV lights (133.03± 41.54 mg MAAs g−1 DW), demonstrating
an increase of 162% compared to the control (cultures exposed to actinic yellow light at
590 nm) [129]. Interestingly, light quality influenced the composition of MAAs, with the
highest content of palythine accumulated in the presence of red light (620–670 nm), while
the addition of UV (280–400 nm) or blue (400–450 nm) resulted in the highest content of
shinorine. Others have also observed the impact of the modulation of UV and visible light
on MAA yield and profile [130–133]. Obviously, obtaining a higher MAA content and
specific MAA profiles will improve SPF levels, allowing them to be more competitive with
other synthetic UV filters. Manipulating the light conditions further can reveal improved
ways to direct the MAA production towards desired MAA compounds in more controlled
ways in the future.

To enable the widespread use of MAAs, it is also important to successfully apply
heterologous expression systems [9]. The limited success here was one of the reasons
preventing extensive industry use of MAAs, combined with low extraction yields from
natural resources. These existing limitations prompted attempts at chemical synthesis,
producing a number of synthetic MAA analogues, which are promising candidates for use
in commercial products but have resulted in restricted biological activities compared to the
variety of MAAs [10].



Mar. Drugs 2023, 21, 253 9 of 18

Mar. Drugs 2022, 20, x FOR PEER REVIEW 21 of 30 
 

 

with a UVB absorption maximum (such as mycosporine-glycine) into the sunscreen for-
mulations would be highly beneficial. Furthermore, to obtain an improved photoprotec-
tive capacity, an increase in the extracted MAA concentration dry weight (DW) content is 
needed [18,128]. An exponential rise in sun protection factor (SPF) values was observed 
with the increase in the MAA content (containing palythine, asterina-330, shinorine, 
porphyra-334, and palythinol) isolated from the red algae Hydropuntia cornea and Gracilar-
iopsis longissima, reaching SPF 7.5 at the highest MAA yield (13.9 mg DW of algae per cm−2) 
[128]. The total MAA content in H. cornea was 0.8 ± 0.1 mg MAAs g−1 DW, with the main 
MAA being palythinol (49.2% of the total MAAs), while in G. longissima, there was 1.6 ± 
0.1 mg MAAs g−1 DW with dominant MAA Asterina-330 (42.9% of all MAAs). Further-
more, in red macroalgae Gracilaria gracilis, which was exposed to different light condi-
tions, the highest total MAA content was reached under UV lights (133.03 ± 41.54 mg 
MAAs g−1 DW), demonstrating an increase of 162% compared to the control (cultures ex-
posed to actinic yellow light at 590 nm) [129]. Interestingly, light quality influenced the 
composition of MAAs, with the highest content of palythine accumulated in the presence 
of red light (620–670 nm), while the addition of UV (280–400 nm) or blue (400–450 nm) 
resulted in the highest content of shinorine. Others have also observed the impact of the 
modulation of UV and visible light on MAA yield and profile [130–133]. Obviously, ob-
taining a higher MAA content and specific MAA profiles will improve SPF levels, allow-
ing them to be more competitive with other synthetic UV filters. Manipulating the light 
conditions further can reveal improved ways to direct the MAA production towards de-
sired MAA compounds in more controlled ways in the future. 

 
Figure 1. Chemical structures of mycosporine-like amino acids and their maximum absorbance val-
ues placed on the UV wavelength scale. 

To enable the widespread use of MAAs, it is also important to successfully apply 
heterologous expression systems [9]. The limited success here was one of the reasons pre-
venting extensive industry use of MAAs, combined with low extraction yields from nat-
ural resources. These existing limitations prompted attempts at chemical synthesis, pro-
ducing a number of synthetic MAA analogues, which are promising candidates for use in 
commercial products but have resulted in restricted biological activities compared to the 
variety of MAAs [10]. 

5. Investigation of the Efficacy of Natural Products for Use as Sunscreens 
Natural products, or novel compounds inspired by natural products, hold enormous 

potential for developing new sunscreens due to their wide structural diversity. The testing 
methods for the assessment of the effectiveness of the photoprotection of sunscreens ap-
plied topically are indicated by a regulatory norm (ISO24444:2019), which determines the 
sun protection factor (SPF) [29]. However, the true effectiveness of sunscreens is more 
variable in practice due to differences in skin phenotype (Table 1), geographical location, 

Figure 1. Chemical structures of mycosporine-like amino acids and their maximum absorbance
values placed on the UV wavelength scale.

5. Investigation of the Efficacy of Natural Products for Use as Sunscreens

Natural products, or novel compounds inspired by natural products, hold enormous
potential for developing new sunscreens due to their wide structural diversity. The testing
methods for the assessment of the effectiveness of the photoprotection of sunscreens
applied topically are indicated by a regulatory norm (ISO24444:2019), which determines
the sun protection factor (SPF) [29]. However, the true effectiveness of sunscreens is
more variable in practice due to differences in skin phenotype (Table 1), geographical
location, meteorological considerations, and, most importantly, the amount and frequency
of sunscreen application. A key value for determining SPF is the minimal erythemal dose
(MED), defined as the dose of solar radiation that produces sunburn [29]. In fact, the ratio of
MED with and without sunscreen is the number reflected by the SPF value. An additional
important factor is the UVA protection factor (UVA-PF), obtained on UVA transmittance
from in vitro measurements (ISO24443:2020). While formal assessment of the efficacy of
new sunscreens is well defined, the development of agents with potential photoprotective
properties can occur through a series of pre-clinical models [30].

Several models are available to assess the potential for and efficacy of natural prod-
ucts, such as sunscreens, for human use (Table 3). Each of these different models has
advantages and disadvantages. The simplest and most cost-effective model is in vitro
testing of the compound for protection against UV-induced cell killing or other biologi-
cal output in cultured human keratinocytes or immortalized keratinocyte lines (such as
HaCaT) [134,135]. While these in vitro assays are easy to perform with equipment usually
found in a majority of laboratory settings, they do not reflect the true situation in which
keratinocytes are protected by the overlying stratum corneum, which is the outermost
layer of the epidermis [136]. Previous work has aimed to address these differences and use
a more realistic solar spectrum than that seen at the basal layer of the skin [137]. Other
in vitro models use reconstructed human skin or human skin explants. The reconstructed
human skin model relies on cultured primary keratinocytes and fibroblasts self-organizing
into a structure reminiscent of normal skin [138,139]. Melanocytes, the pigment-producing
cells within the skin, may also be included. While this reconstructed skin is closer to human
skin, the strata are generally thinner, and the model can be technically challenging. Human
skin explants are realistic models [140], but they must be used soon after being excised
and require human ethics approval. All in vitro models have the additional advantage of a
reduction in the number of animals used for research purposes.

A number of in vivo models have been used to test the photoprotection capacity of
sunscreens. Prevention of the ear swelling response of the hairless albino mouse using
sunscreen was the work-horse model for a period of time [141]. Other murine models,
including the Skh:Hr1 mouse [142], the HGF/SF mouse [143], and various transgenic
animals (i.e., BRAF V600E [144], XPA knockout [145]) have also been used. Depending on
the model, the readout showing the effect of the compound being tested for photoprotection
can be easy and rapid, as in the case of the ear swelling model, or experimentally laborious,
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as in the case of detecting Tp53 induction or DNA damage in the BRAF or HGF/SF mice,
respectively. However, in general, mouse skin lacks the layers of strata that are seen in
human skin. Therefore, mouse skin does not represent a perfect model for determining
sunscreen efficacy. An additional model that has been used is the porcine skin model.
Various different sites on the pig have been tested, including the ear and back [146,147].
Again, the layers of strata vary significantly across the pig, so care must be taken to
match the human skin as closely as possible. The porcine models are generally hard to
access and expensive in comparison to the murine models. Testing novel sunscreens is
most appropriate using the skin of healthy human volunteers [148]. However, accessing
volunteers for the testing of new sunscreens requires human ethics approval, clinical
support, and specialist equipment that is validated and safe for use in humans, leading to
expensive testing. Clearly, the use of pre-clinical models has a place in the development of
novel, natural product sunscreens.

Table 3. Advantages and disadvantages of various models to test novel sunscreen efficacy.

Model Advantages Disadvantages

In vitro

Cell culture—
primary/immortalized
keratinocytes [134,135]

• Inexpensive
• Equipment found in most

laboratories

• Unrealistic—no strata
• Difficult to translate data to

alternative models

Reconstructed skin [138,139] • Mixture of cells
• Unrealistic—thin strata
• Technically challenging

Skin explants [140] • Real human skin
• Requires ethics approval
• Immediate use

In vivo

Murine models [141–143] • Relatively straightforward
• Well characterized

• Unrealistic—thin strata
• Output can be time-consuming

Porcine models [146,147] • More realistic • Variable strata depending on the site
• Expensive, difficult to access

Human volunteers [148] • Realistic

• Requires ethics approval
• Clinical support
• Specialist equipmen
• Expensive

6. Genetics of Marine Organisms Producing MAAs

MAAs are heterologous groups of over 30 small (<400 Da), colorless, hydrophilic
molecules with a core structure made of a cyclohexanone or cyclohexenimine ring that is
conjugated with an additional radical group [12,149–151]. These additional groups added
to the MAA core, including further carboxylation and demethylation changes, may alter
MAA UV absorption properties [12]. The diversity in the MAAs’ composition and yield,
including the UV-absorbing capacity, was detected in various species [12,13,22,122]. MAAs
are produced via enzymes encoded by genetically diverse complex enzyme pathways.
MAA biosynthesis occurs via two pathways, i.e., the shikimate pathway [17] and/or
pentose phosphate pathway, leading to the same MAA precursor 4-deoxygadusol (4-DG),
known as a direct precursor of MAAs [152,153]. From 4-DG, MAA biosynthesis leads to
the creation of different primary and secondary MAAs (Figure 1) [153,154].

Using genome mining approaches [45,155–157], the discovery of MAA biosyn-
thetic pathways occurred through the identification of the gene counterparts in differ-
ent Gram-positive bacteria [154], cyanobacteria [150,152,156,158,159], and microalgae
Symbiodiniaceae [160,161]. All species capable of MAA synthesis were found to have highly
similar sequences corresponding to genes from the MAA shikimate or pentose phosphate
pathways [160]. The presence of genetic diversity within genes from MAA pathways among
marine species indicated the potential for the differential regulation of MAA biosynthetic
processes [19,150,156]. Species capable of generating MAAs contained genes from the mys
clyster, including dehydrogenase (encoded gene dehydroquinate synthase; DHQS) or a ho-
molog of 2-epi-5-epi-valiolone synthase (EVS; gene mysA) and the oxidoreductase-encoded
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gene O-methyltransferase (O-MT; gene mysB), needed for the production of 4-DG [152]. Simi-
larly, in the cyanobacterium, Anabaena variabilis ATCC 29413, the existence of certain mys
genes resulted in the capacity to generate specific MAAs [152]. For example, the presence of
nonribosomalpeptide synthetase (NRPS; encoded by gene mysE) enabled the production of
mycosporine-glycine, while the presence of a full 4-gene cluster that included the ATP-grasp
homolog gene (mysC) led to the production of shinorine. However, there are levels of vari-
ability detected in the order of the genes encoding the enzymes from the MAA biosynthetic
cluster [150,154]. In addition, some species were with or without mysE and D-Ala-D-
Ala ligase (encoded by gene mysD) from the Nostoc-type mys cluster [162] and were also
characterized by multiple copies of specific genes within MAA biosynthetic gene clusters
(BGCs) [45,154,156]. The link between the genetic variability of MAA BGC and the func-
tional profile of synthesized MAAs was recently discussed in Brazilian cyanobacteria [150].
However, from 10 analyzed cyanobacterial strains, the only MAAs successfully quantified
were shinorine and porphyra 334 and only in two strains, while the levels of these MAAs
were influenced by the media used and UV conditions [150]. Simultaneous exposure to
photosynthetically active radiation (PAR: 400–700 nm) and UV lights (16 h PAR + UVR: 8 h
dark photocycle over 12 days) resulted in the successful induction of MAA production in
Antarctic red macroalgae naturally living in shallow waters and the up to 10-fold increase in
the MAA yield [163]. Others also reported the variation in the MAA content was impacted
by seasonal variation and nutrient conditions [20,25,26,33,122,164–168]. However, a clear
link regarding the regulatory processes affecting the MAA biosynthesis, their BGCs up-
and down-regulation, and corresponding MAA composition is still missing.

7. Conclusions

Commercially available sunscreens containing synthetic UV filters lack photostability
and can result in allergic reactions and inadequate skin protection from damaging UVR.
Furthermore, these UV filters pollute our environment and negatively affect living organ-
isms’ delicate balance. Therefore, using natural UV filters should be further explored for
the future shift towards sustainable green technologies. MAAs are exceptional candidates
among these UV-absorbing compounds, offering skin UVR protection and cosmetic benefits
while being ecologically sustainable. A better understanding of regulatory processes and
conditions impacting MAA biosynthesis via abiotic factors is critical for the improved and
controlled production of MAAs in heterologous expression systems or even when har-
vesting from the natural environment. Utilizing the advanced pharmacological properties
of MAAs and their UV protective capacities may provide additional skin sun protection,
creating a new generation of environmentally friendly sunscreens. However, multiple
challenges remain unresolved. Substantial knowledge gaps still exist, including the best
ways to stimulate and regulate MAA biosynthesis to obtain higher yields and produce
targeted MAAs absorbing in both the UVA and UVB ranges. Consequently, further studies
are needed to enable controlled MAA production in vivo and in vitro and to improve the
amalgamation of MAAs in sunscreen formulations to enhance their future use in UVR
protection and skin cancer prevention.
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84. Rajnochová Svobodová, A.; Ryšavá, A.; Čížková, K.; Roubalová, L.; Ulrichová, J.; Vrba, J.; Zálešák, B.; Vostálová, J. Effect of the
flavonoids quercetin and taxifolin on UVA-induced damage to human primary skin keratinocytes and fibroblasts. Photochem.
Photobiol. Sci. 2022, 21, 59. [CrossRef]

85. Horwitz, R.J. Chapter 30—The Allergic Patient, in Integrative Medicine, 4th ed.; Rakel, D., Ed.; Elsevier: Amsterdam, The Netherlands,
2018; p. 300.

86. David, A.V.A.; Arulmoli, R.; Parasuraman, S. Overviews of biological importance of quercetin: A bioactive flavonoid. Pharmacogn.
Rev. 2016, 10, 84–89.

87. Zhao, B.; Wang, L.; Pang, S.; Jia, Z.; Wang, L.; Li, W.; Jin, B. UV-B promotes flavonoid synthesis in Ginkgo biloba leaves. Ind. Crop.
Prod. 2020, 151, 112483. [CrossRef]

88. Sánchez-Marzo, N.; Pérez-Sánchez, A.; Ruiz-Torres, V.; Martínez-Tébar, A.; Castillo, J.; Herranz-López, M.; Barrajón-Catalán, E.
Antioxidant and Photoprotective Activity of Apigenin and its Potassium Salt Derivative in Human Keratinocytes and Absorption
in Caco-2 Cell Monolayers. Int. J. Mol. Sci. 2019, 20, 2148. [CrossRef]

89. Singh, D.; Kumari, K.; Ahmed, S. CHAPTER 17—Natural herbal products for cancer therapy. In Understanding Cancer; Jain, B.,
Pandey, S., Eds.; Academic Press: Cambridge, MA, USA, 2022; p. 257.

90. Venigalla, M.; Gyengesi, E.; Münch, G. Curcumin and Apigenin—novel and promising therapeutics against chronic neuroinflam-
mation in Alzheimer’s disease. Neural Regen. Res. 2015, 10, 1181.

91. Sah, A.; Naseef, P.P.; Kuruniyan, M.S.; Jain, G.K.; Zakir, F.; Aggarwal, G. A Comprehensive Study of Therapeutic Applications of
Chamomile. Pharmaceuticals 2022, 15, 1284. [CrossRef]

92. Park, K.-S.; Chong, Y.; Kim, M.K. Myricetin: Biological activity related to human health. Appl. Biol. Chem. 2016, 59, 259–269.
[CrossRef]

93. Wang, Y.-S.; Zhou, S.-S.; Shen, C.-Y.; Jiang, J.-G. Isolation and identification of four antioxidants from Rhodiola crenulata and
evaluation of their UV photoprotection capacity in vitro. J. Funct. Foods 2020, 66, 103825. [CrossRef]

94. Marotta, P.; Grossini, E.; Farruggio, S.; Panella, M. Chapter 25—Antiaging effects of natural agents in the skin: Focus on
mitochondria. In Mitochondrial Physiology and Vegetal Molecules; de Oliveira, M.R., Ed.; Academic Press: Cambridge, MA, USA,
2021; p. 557.

95. Oi, N.; Chen, H.; Kim, M.O.; Lubet, R.A.; Bode, A.M.; Dong, Z. Taxifolin suppresses UV-induced skin carcinogenesis by targeting
EGFR and PI3K. Cancer Prev. Res. 2012, 5, 1103–1114. [CrossRef]

96. Topal, F.; Nar, M.; Gocer, H.; Kalin, P.; Kocyigit, U.M.; Gülçin, İ.; Alwasel, S.H. Antioxidant activity of taxifolin: An activity-
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