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ARTICLE INFO ABSTRACT

Keywords: The combination of environmental stress on the ozone layer, climate change and a greater sun exposure due to
Cytotoxicity outdoor habits has led to an increase in skin cancer cases and other health issues related with UV radiation.
Mycosporine-like amino acids Researchers are searching for new alternative UV filters that could protect our skin from the deleterious effects of
fj’gf;:fﬂ UV radiation while also presenting low toxicity and biodegradable character (unlike the UV filters currently

available in the market). In this work, two compounds inspired in the natural oxo-mycosporine-like amino acids
(MAAs) have been synthesized and their antioxidant and photoprotective properties, as well as their in vitro and
in vivo toxicity effects were evaluated. Both compounds featured a strong UV-B absorption together with a high
antioxidant capacity, close to 50 pmol TE g~ DW in the ABTS assay. Compound 1 presented an absorption peak
at 285-300 nm, whereas compound 2 showed a wider band with a peak around 295-305 nm and two shoulders
at 318 and 342 nm. The addition of 5 % of compound 2 to galenic formulas increased the photoprotection,
reaching SPF values of 4. Both compounds were stable under UV radiation exposure. Regarding toxicity, the
synthetic compounds did not show cytotoxic activity against healthy human cell lines or significant toxicity over
zebrafish embryos. Compound 1 showed a complete lack of toxicity over zebrafish, although compound 2
showed slight, not-significant effects on viability, hatching, pericardial stability or body axis formation over 5
mg mL~L. Moreover, compound 1 presented relatively antitumoral activities against HCT-116 cells (selective
index:1.49). The relevant antioxidant and photoprotective ability together with the great advantage provided by
the reduced toxicity to health cells or zebrafish embryos, make these compounds promising candidates to be
exploited as functional ingredients with specific applications in the biotechnological or pharma sector.

Zebrafish acute toxicity assay

1. Introduction atmospheric circulation, and this contributes to less cloudiness and

aerosols in terrestrial areas. These changes may also provoke an increase

During the last century, anthropogenic impacts have led to an in-
crease of the UV-B radiation that reaches the Earth's surface mainly due
to the emission of chlorofluorocarbons (CFCs) and other chemicals that
degrade the ozone layer. Nowadays, the ozone layer hole is recovering
thanks to the adoption of the Montreal protocol in 1989, that regulate
the production and emissions of CFCs and other ozone depleting
chemicals (ODCs) [1-3]. However, climate change is further altering
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in the UV-B radiation that reaches certain areas of the world. For
instance, it is expected that in southern-eastern Asia the UVI (Ultraviolet
index) could increase 20-40 %, whereas in central Europe and the
eastern part of North America a 5-10 % increase is expected [1]. These
effects, together with the current lifestyle, characterized by a high sun
exposure due to recreational or working activities outdoor, have
contributed to the increase of skin and eyes problems in the worldwide
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population caused by an excess of UV radiation exposure (e.g. sunburn,
cataracts, immunosuppression, premature photo-aging of the skin,
photocarcinogenesis) [4-8].

The use of sunscreens has been proved to prevent the damages
caused to our health by UV radiation [9]. These types of creams contain
UV filters that either absorb or dissipate the UV rays, preventing them
from penetrating into the skin. These filters are generally divided into
synthetic (also known as chemical or organic), with the capacity to
absorb the UV radiation, and mineral filters (also known as physical or
inorganic), that can also reflect, or scatter it [8]. Recently, the envi-
ronmental and human health safety of certain UV filters (mainly syn-
thetic ones) have been questioned. A variety of organic UV filters have
been observed in aquatic organisms (many of them with commercial
uses like mussels, clams, crabs, squids or fishes), causing several nega-
tive effects (e.g coral bleaching, phytoplankton growth reduction,
larvae malformations or hormone disorders) [10-17]. In addition,
certain synthetic UV filters can pose a risk for human health, especially
those related to endocrine disruptions, photoallergies or oxidative stress
[18,19].

In the last years, the European Commission (EC) [20] and the Food
and Drugs Administration (FDA) [21] have published restrictions and
prohibitions regarding the use of certain UV filters. In 2022, the EC
restricted the use of oxybenzone and octocrylene concerning their po-
tential capacity to cause endocrine disruptions [22]. On the other hand,
in 2021 the FDA established three different categories of UV filters,
namely “Generally Recognized as Safe and Effective” (GRASE), not
GRASE due to safety issues, or not GRASE due to lack of safety infor-
mation. The mineral UV filters, titanium dioxide and zinc oxide, are the
only ones categorized as GRASE, whereas two synthetic UV filters (PABA
and trolamine salicylate) are categorized as not GRASE due to safety
issues, and they are no longer used in US sunscreens. In addition, some
areas with valuable marine ecosystem such as Hawaii, Palau or some
Caribbean islands have banned the use of sunscreens with certain UV
filters, such as oxybenzone or octinoxate, to protect marine habitat [23].

In this scenario, there is a need to search for and develop new UV
filters that can cope with the increasing dose of UV radiation that rea-
ches our skin and show a low toxicity profile and a biodegradable
character. As a source of inspiration, nature can provide new designs to
obtain molecules with the ability to absorb the UV radiation. The
extraction and purification of molecules from natural resources can be
very expensive and time-consuming. On top of this, the purification of
large quantities of molecules that can be used commercially entails
having access to huge amounts of biomass, something that is often the
bottleneck for the industrial application of any new natural compound.
Therefore, scalable, cheap, and affordable synthesis of molecules with
suitable properties inspired by nature can be a feasible alternative.

Mycosporine-like amino acids (MAAS) are photoprotective mole-
cules that are mainly found in organisms exposed to high solar radiation
such as red intertidal algae, cyanobacteria, or marine lichens. They are a
diverse group of nitrogenous compounds, with low molecular weight (<
400 Da), water-soluble character and the ability to absorb UV radiation.
There are more than 30 compounds in the MAAs family. All of them
share the same central structure, a cyclohexanone or cyclohexenimine
ring, responsible for UV absorption. The different types of MAAs vary
according to their nitrogen substituent in the chromophore, which de-
termines their specific absorption spectra, ranging from 310 to 360 nm
[24-29]. These natural compounds are considered promising candidates
as natural UV filters in sunscreens. In addition to the photoprotective
properties of these molecules, other beneficial properties for the skin
have been described, such as antioxidant capacity, anti-aging potential
and immune-modulatory properties [30-36]. However, there are
currently few MAA-based products available on the market. Red algae
extracts enriched in MAAs and with antioxidant and anti-aging effects
can be found and marketed as active ingredients for cosmetic products
(e.g. Helioguard™365, Helionori® or Ronacare®). Regarding sun-
screens, only the French company Laboratoires Biarritz markets a
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sunscreen named ALGA MARIS® that contains Gelidium corneum extract
(Alga-Gorria®) enriched in trace elements and antioxidants. The com-
mercial use of these compounds has been hampered by their complex
process of isolation and purification from natural sources.

Recently, Losantos et al. [37] developed a new family of molecules
based on the core of natural MAAs. These MAA analogues can be syn-
thesized easily and with good yields in multigram scale. The wide range
of substitutions that can be incorporated into the basic core allows for
adjustable physical properties, making it possible to cover the entire UV
radiation spectrum by combining several compounds. Depending on the
specific substitution, these compounds can relax in the excited state by
dissipating the absorbed light energy through different processes. This
can occur by following the same deactivation mechanism as natural
MAAs (through the out-of-plane movement of the substituents in the
core) or through a different mechanism involving an isomerization
pathway as the primary deactivation channel [38,39]. Regardless the
mechanism of energy dissipation, the synthetic MAAs analogues feature
an impressive photostability. As in the case of the natural counterparts,
both cyclohexenimine and cyclohexenone cores provide photo-
protection. In order to explore the potential industrial use of these
compounds, we will focus this work on the cyclohexenone derivatives as
they can be easily prepared on a large scale. Thus, in this work we
assessed some properties relevant for the practical use of two analogues
of the cyclohexanone family of MAAs. The chosen compounds 1 and 2
were selected for their easy and scalable synthesis and promising fea-
tures revealed in previous reports.

To carry out safety assessments and understand the photoprotective
capabilities of these derivatives in sunscreens, we have prepared and
studied two compounds inspired by natural oxo-MAAs. Compounds 1
and 2 have been prepared and characterized by their antioxidant ca-
pacity, photoprotective properties, and cytotoxicity effects at two levels:
i) in vitro (on human healthy cells and human carcinoma cells) and ii) in
vivo (on zebrafish larvae).

2. Material and Methods
2.1. Synthesis of Compounds

Compounds 1 and 2 (Fig. 1) were prepared by condensation of
dimedone or 1,3-cyclohexanedione with ethanolamine or diethanol-
amine in refluxing toluene using a Dean-Stark condenser and a catalytic
amount of p-toluenesulphonic acid. Both compounds were purified by
precipitation using diethyl ether as solvent after rotatory evaporation of
toluene. They were finally obtained as pure orange solids with quanti-
tative yields. All reagents were obtained from Merck with synthesis
grade. The 1,3-cyclohexanedione was of 97 % purity. Ethanolamine,
diethanolamine and p-toluenesulphonic acid monohydrate were used
with a 98 % purity. All chemicals were used as received without further
purification.

2.1.1. Analysis Data

Compound 1 (3-((2-hydroxyethyl)amino)-5,5-dimethylcyclohex-
2-en-1-one):

HRMS ESI+ (m/2) calcd. For C;oH1sNO2 [M + H]™: 184.1332, found:
184.1339. Err.: 4.0 ppm.

'H NMR (300 MHz, MeOD) 5 (ppm): 1.08 (s, 6H), 2.18 (s, 2H), 2.33
(s, 2H), 3.27 (t, J = 5.7 Hz, 2H), 3.72 (t, J = 5.7 Hz, 2H), 5.14 (s, 1H).

13C NMR (75 MHz, MeOD) & (ppm): 28.3, 33.6, 43.7, 46.2, 50.5,
60.3, 94.3 (C2), 168.5, 198.9.

Compound 2 (3-(bis(2-hydroxyethyl)amino)cyclohex-2-en-1-
one):

HRMS ESI+ (m/z) caled. For C1oH1gNO3 [M + H]*: 200.1281, found:
200.1288. Err.: 3.6 ppm.

'H NMR (300 MHz, MeOD) § (ppm): 1.92-2.01 (m, 2H), 2.22-2.29
(m, 2H), 2.62-2.71 (m, 2H), 3.57-3.61 (m, 4H), 3.73-3.76 (m, 4H), 5.25
(s, 1H).
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Fig. 1. Chemical structures of natural MAAs: mycosporine alanine and palythine together with the synthetic compounds 1 and 2 studied in this paper.

13C NMR (75 MHz, MeOD) 5 (ppm): 23.1, 28.0, 35.8, 54.1, 54.3,
60.7, 60.8, 98.4, 170.3, 199.3.

2.1.2. Computational Details

The geometries were optimized under the Density Functional Theory
(DFT) framework using B3LYP/6-31 + G** [40,41]. Solvation effect
was computed using water as an implicit solvent within the IEFPCM
scheme [42]. Absorption spectra were calculated using Time-Dependent
(TD) DFT [43] under equilibrium conditions for the solvent considering
10 transitions to ensure consistency. The natural transition orbitals
(NTO) [44] were computed for transitions 1 and 2, i.e. S; and Sp. All
calculations were done using the Gaussian 16C.01 package [45].

2.2. Antioxidant Capacity

Antioxidant capacity was measured using two different methodolo-
gies based on free radical scavenging capacity, the ABTS and the DPHH
assays. To perform these assays, compounds 1 and 2 were dissolved in
distilled H,O at a concentration of 4 mg mL™!. For both methods, a
standard solution of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid) was used as reference and the results were expressed as
pmol TE (Trolox equivalent) g~! DW.

The ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid))
assay was performed as described Re et al. [46] with some modifica-
tions. The radical cation ABTS'® was generated by mixing 7 mM of ABTS
(2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) and 2.45 mM of
K2S20g in phosphate buffer (0.1 M, pH 7). This mixture was stored at
room temperature for 12-16 h to ensure the complete formation of the
radical. For the assay, ABTS'® solution was diluted with phosphate
buffer until absorbance at 727 nm was about 0.75 + 0.05. 50 pL of the
samples were mixed with 950 uL of the diluted ABTS'®, incubated
during 8 min at room temperature and darkness and measured spec-
trophotometrically (UV-2600, Shimadzu, Duisburg, Germany) at 727
nm.

The DPPH (2,2-difenil-1-picrilhidracilo) assay was performed ac-
cording to Brand-Williams et al. [47] with some modifications. For the
reaction, 800 pL of the DPPH (2,2-diphenyl-1-picrylhydrazyl) solution
(0.06 mM of DPPH in methanol 80 %) was mixed with 200 pL of the
samples. After 15 min of incubation at room temperature and darkness,
absorbance was measured at 517 nm.

2.3. Photoprotection Factors

For the determination of the different photoprotection factors,
compounds 1 and 2 were added to a base cream as powder in two
different percentages (2.5 and 5 %). The synthetic molecules and the
base cream were manually mixed until a homogenous mixture was
obtained.

The methodology used to obtain the photoprotection factors were
based on de la Coba et al., ISO 24443 and Pissavini et al. [31,48,49]. To
do this, 32.5 mg of the different creams were spread on polymethyl
methacrylate (PMMA) plates with a 25 mm x 25 mm surface and 6 pm
roughness (Schonberg, Germany). The creams were spread with the

fingertip of a glove (previously saturated with the cream) for no more
than a minute. After 15 min of incubation in darkness and at room
temperature, transmittance through the plates were measured using the
spectrophotometer with an integrated sphere (ISR-2600Plus, Shimadzu,
Duisburg, Germany). Transmittance (T) values were converted to
absorbance (Abs) values as Abs = log (T). Each cream was spread on
three plates and each plate was measured twice.

The solar protection factor (SPF) was calculated using the eryth-
ematic action spectrum [48,50]. For the UVA protection factor (UVAPF),
the persistent pigment darkening action spectrum [49,51] was used.
Other biological effective protection factors (BEPFs) were calculated
using other action spectra related with the UV radiation [31] related to
UVB exposure as photocarcinogenesis [52], immunosuppression [53]
and related to UVA exposure as elastosis [54], singlet oxygen formation
[55] and photoaging [56]. The following formula was used in all cases:

) Act.Sp(A) x E() x d(0)

PPFs = 2250
=499 Act.Sp(h) x E(A) x 10-Abs®) x d(A)

A=290

where, PPFs = Photoprotection Factors, Act.sp. (1) = action spectra
(0-1); E (1) = spectral irradiance of a sunny midday in summer in Ma-
laga (W m’z); d (1) = wavelength step (1 nm); Abs (1) = Absorbance
values (0-1).

The critical lambda (4.) was also calculated as the wavelength (from
290 to 400 nm) at which each cream absorbed 90 % of the radiation.

Creams were also submitted to photostability tests. For that, PMMA
plates with the spread creams were irradiated with an UV lamp during
30 and 60 min. The UV lamp consist in three QPanel340 fluorescent
lamps (Q-lab Corporation, Canada) with an intensity of 46.4 W m™2
(UVB=2.8W m_z; UV-A=434W m_z). The UV irradiation dose of the
lamp was 83.4 and 167.2 kJ m ™2 for the 30 and 60 min, respectively. The
erythemal dose and its equivalation to the minimal erythemal dose
(MED) is observed in Table 1. After the irradiation time, transmittance
across the plates was determined again as described above.

2.4. Cellular Toxicity Through MTT Assay (In Vitro)

To perform the cytotoxicity analysis, human cell lines were obtained
from the American Type Culture Collection (ATCC, USA) and the Bank of
cells of Granada University (CIG-UGA, Spain). All the cell lines are
maintained and deposited in bank of cells of the Research Support Ser-
vices (SCAI-UMA) according to the ATCC reference biological procedure
for research (www.atcc.org) and Institutional Review Board-approved

Table 1

Irradiation time, erythemal dose and its equivalation to the minimal erythemal
dose (MED) of people with phototype II, that correspond to an erythemal dose of
250-400 J m 2.

UV exposure time (min) Erythemal dose (J m3?) Equivalation to MED

30 484.48
60 970.82

1.2-1.9
2.4-3.9
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protocols at the Malaga University. For this, two healthy human cell
lines: (1) human fibroblasts (CCD-1064sk, CIC-UGA, n° ATCC: CRL-
2076), used from passage 11; and (2) human primary epidermal kera-
tinocytes (HEKa, HaCat, ATCC, USA, n° ATCC: PCS 200-011), used from
passage 13; and three carcinogenic cell lines: (3) lung cancer (NCI-H-
460, ATCC, USA, n° ATCC: HTB-177), used from passage 6; (4) human
malignant melanoma (G-361, ATCC, USA, n° ATCC: CRL-1424), used
from passage 15; and human colon cancer (HCT-116, ATCC, USA, n°
ATCC CCL-247, used from passage 7). No myoplasm contamination was
detected in any of the cell lines. 1064sk, and HCT-116 s cell lines were
cultured using Dulbecco's modified Eagle's medium (DMEM; Capricorn
Scientific). HACAT, H-460 and G-361 were grown in RPMI-1640 me-
dium (BioWhittaker). Both media were supplemented with 10 % fetal
bovine serum (Biowest), 1 % penicillin-streptomycin solution (Capri-
corn Scientific), and 0.5 % of amphotericin B (Biowest). Cells were
cultured at 37 °C under subconfluence in an atmosphere-controlled
incubator with 5 % CO,.

The MTT assay were performed as Castro-Varela et al. [57]. Cells
were incubated with different concentrations of the synthetic com-
pounds (20 to 0.007 mg mL™!). The incubations were performed in 96-
wells microplates for 72 h at 37 °C and with 5 % CO». After incubation
time, 10 mL of the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) solution (5 mg mL ™! in phosphate buffered saline
solution) were added to each well. After 4 h of incubation (37 °C and 5 %
of COy), the yellow tetrazolium salt of the MTT was reduced to insoluble
purple formazan crystals by the mitochondrial dehydrogenase of
metabolically active cells. Formazan crystals were solubilized by the
addition of 150 pL of 0.04 N HCI in 2-propanol and absorbance were
measured using a microplate reader (Micro Plate Reader 2001, Whit-
taker Bioproducts, USA) at 550 nm. Results were expressed as the half
maximal effective concentration (ECsp; mg mL_l).

The selectivity index determines the cytotoxic selectivity of the
tested compounds. It was calculated by the ratio between the ECsq of
healthy and cancerous cell lines, as indicated in the following formula:

_ ECS50 of Healthy cell

ST= EC50 of Cancer cell

According to Indrayanto et al. [58], a selective compound presents a
SI over 3.

2.5. Zebrafish Embryo Toxicity Assay (In Vivo)

The toxicity of both synthetic compounds (1 and 2) over zebrafish
larvae was studied following a variant of the zebrafish embryo toxicity
assay (ZEFT) [59]. This method has been incorporated by many inter-
national laboratories (Organization for Economic Co-operation and
Development, OECD, Test Guideline No. 236), for lethal and terato-
genesis assessment of drugs [60]. The method is considered a good
alternative to rodent toxicity assays due to its high sensitivity and pre-
dictability after validation under the International Conference on
Harmonization (ICH) S5(R3) [61].

In our study, we have used Danio rerio embryos from mating between
AB wild type adults purchased from the European Zebrafish Resource
Center. These adults were raised and cultured at the Center of Experi-
mentation and Animal Behaviour of the University of Malaga and the
Institute of Biomedical Research of Malaga and Nanomedicine Platform
(IBIMA-BIONAND platform). Husbandry was under the European
Directive 2010/63/EU and the Spanish Royal Decree 118/2021. Four
hours post-fertilization (hpf) eggs were placed in 96-well microplates
(one egg per well) with 300 pL of different concentrations of each syn-
thetic compound diluted in E3 embryo medium [60]. Embryos were
incubated at 28 + 0.1 °C for 3 days. First, the eggs were incubated only
once at various concentrations between 1 and 20 mg mL™! of com-
pounds 1 or 2 to determine the most appropriate concentrations. The
definitive experiments with the selected concentrations were run at least
three times. Incubations in E3 embryo medium were used as negative
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controls, while a 2 mg mL™! ulvan polysaccharide were used as a posi-
tive control [62].

Various anatomical features of each specimen were noted daily from
digital images obtained under a Nikon Microphot-FX Fluorescence Mi-
croscope (Nikon DS-L1 camera, USA) or directly under a magnifying
microscope (Nikon SMZ-445, USA). Viability, chorion lysis, cardiac
oedema and hatching are some of the most common features observed.
Coagulation or no heartbeat of embryos was used to determine lethal
endpoints. Log-linear regression test from viability data was used to
estimate the concentration that kills 50 % of the tested embryos (50 %
lethal concentration, LCso) [63]. After the experiments, the 120 hpf
embryos were euthanized by over-anesthesia.

2.6. Statistical Analysis

To determine the statistical differences between each treatment, a
one-way analysis of variance (ANOVA) was performed followed by a
Student Newman Keuls (SNK) test. Homogeneity of variance was eval-
uated using the Cochran test and visual inspection of the residuals. All in
vitro and chemical analyses were performed using SPSS v.21 (IBM, USA).

Statistical differences between zebrafish data was calculated by a
Kruskal-Wallis test followed by a pairwise Mann-Whitney test with
Bonferroni correction. Non normality of data was determined by
Shapiro-Wilk test. Tests were done using Statgraphics Centurion 19
(Statgraphics Technology, Inc., Virgina, USA).

The suitability of the assays was estimated by measuring the statis-
tical effect size provided by the Z factor:

3 (SD(pc) + SD(nc) )

Z f: =1-
actor |[Mean(pc) — Mean(nc) |

where SD is standard deviation, pc and nc are positive and negative
control data, respectively, and I I is absolute values. By this method, Z >
0.5 means highly accurate experimental design, 0.5 > Z > 0 means
sufficient accuracy and Z < 0 inappropriate experimental design. This
factor was calculated for each condition tested [64].

3. Results

Compounds 1 and 2 were prepared as previously described and the
UV-Vis spectra was recorded in water. A series of TD-DFT calculations
were done to characterize the nature of the excitation under UV light
irradiation. Both compounds exhibit a possible two-state excitation,
presenting two electronic transitions as the most favored ones. These
involve a lower energy n-n* transition that is mainly dark (f ~ 0) and
another bright n-n* transition of higher energy associated. In Fig. 2, the
natural transition orbitals (NTO) show the character of the relevant
transitions, which are similar for compounds 1 and 2, in agreement with
experimental results. A blueshift was obtained between the calculated
spectrum and the experimental one in water, which is mainly due to the
selected functional.

Regarding bioactivities, both synthetic compounds showed antioxi-
dant capacity measured through the ABTS and DPPH assay. In neither of
the methodologies used, significant differences were observed between
the compounds analyzed (p > 0.05; Table SM.1). The ABTS method
showed much higher values than DPPH (46.8 and 12.7 pmol TE g ! DW,
respectively) (Fig. 3). The Z-factors in both antioxidant assays are 0.89.

The addition of the synthetic compounds to the base cream increased
the ability to absorb the UV radiation. Compound 1 presents the
maximum absorption at 285-300 nm, whereas compound 2 showed a
wider spectrum with the highest absorbance between 295 and 305 nm
and two shoulders at 318 and 342 nm. Increasing the amount of com-
pound added to the creams also increased the UV absorbance capacity
(Fig. 4).

Regarding the different photoprotection factors (PPFs) calculated
(Table 2), the cream with compound 1 increased its SPF from 1.2 (base
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Fig. 2. a) Natural transition orbitals of the two main transitions of compound 1 calculated at B3LYP/6-31 + G**. b) Experimental (solid line) and simulated (dashed

line) UV-Vis spectra in water.
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Fig. 3. Antioxidant capacity (umol Trolox Equivalents (TE) g~ DW) of com-
pounds 1 and 2 measured through ABTS and DPPH methods. Values are
expressed as mean =+ standard deviation (SD) (n = 3). No significant differences
were observed between compounds (Student's t-test, CI: 95 %, p > 0.05).

cream) to 2.2 and 3.2 (for the 2.5 and 5 %, respectively). On the other
hand, the formula with compound 2 showed higher values, reaching 3.1
and 4 for 2.5 and 5 %, respectively. In UVAPF, only the addition of 5 %
of compound 1 showed a significant increase. In this case, the values
increased from 1.0 in the base cream to 1.1. In contrast, compound 2
showed a higher increase in UVAPF, showing values of 1.2 and 1.4 after
the addition of 2.5 and 5 % of compound 2. As for the other biological
effective protection factors (BEPFs), protection against photocarcino-
genesis is the one that showed the highest values, reaching 6.5 and 6.2
when compounds 1 and 2 were added, respectively. Inmunosuppression
showed similar values to those of SPF. Higher values were observed with
compound 2 (reached 5.2) than compound 1 (reach 3.3). Protection
against elastosis, the singlet oxygen formation of photoaging (all related
with UVA radiation), showed low values similar to those of the UVAPF.
The SPF/UVAPF ratio increased when any of the compounds were added
to 5 %, showing values of 2.9. The critical lambda (\.) was higher with
the addition of compound 2 than with compound 1, reaching values of
331 and 338 with the addition of 2.5 and 5 % of compound 2,
respectively.

The creams with the synthetic compounds were subjected to pho-
tostability test. No significant decrease in the PPFs was observed after 30
and 60 min of UV radiation (Figure SM2).

1.2 -
— Basecream
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Fig. 4. Absorbance spectrum (290-400 nm) of the base cream and the creams
containing 2.5 and 5 % of each synthetic compound (1 and 2). Values were
expressed as the mean of three replicates (n = 3). Absorbance values were
divided by the maximum of all creams to obtain values between 0 and 1.

The cytotoxicity of compounds 1 and 2 was determined in different
cell lines (both healthy and carcinogenic). As shown in Table 3, both
compounds exhibited relatively high and dose-dependent inhibition
ratios on cancer cells growth at all concentration levels. The lowest ECsg
value of compound 1 was on HCT-116 (5.35 + 2.88 mg mL™!) being
higher on H-460 cells (7.76 + 3.12 mg mL’l) or G-361 (9.48 + 2.04 mg
mL™Y; Table 3). Compound 2 also showed the lowest EC5q value on HCT-
116 cells (11.320 + 8.36 mg mL’l), while on H-460 ECsg it was 11.436
+ 4.0 mg mL ! and on G-361 it was undetected (Table 3). In the case of
control healthy cells, only the addition of compounds 1 and 2 on HACAT
cells at concentrations higher than 10 mg mL™! for 72 h induced a
concentration-dependent decrease in cell survival. In this assay, ECsg
was 3.06 + 1.8 mg mL ™! and 4.96 + 3.3 mg mL~! for compounds 1 and
2, respectively (Table 3). Compound 1 concentrations higher than 20
mg mL~! induced a 95 % decrease of cell survival when compared to
untreated cells (Table 3). In general, our results suggested a non-acute
cytotoxic effect on cancer and healthy cells, being compound 1 more
effective on the cancer cell lines than compound 2. The highest SI values
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Table 2

Solar protection factor (SPF, related to erythema), UVA protection factor
(UVAPF, related to persistent pigment darkening-PPD), different biological
effective protection factors (BEPFs) against other biological effects of the UV
radiation (photocarcinogenesis, immunosuppresion, elastosis, singlet oxygen
formation and photoaging), the ratio SPF/UVAPF and critical A.. Values are
expressed as mean + standard deviation (SD) (n = 3), except the ratio SPF/
UVAPF and A, that was calculated from the average values. Different letters
indicate significant differences among the studied creams (ANOVA, SNK, CI: 95
%, p < 0.05, table SM.1).

Base 1(25 1(5 %) 225 2 (5 %)
cream %) %)
SPF (Erythema) 1.22 + 222 + 317 + 3.08 + 3.99 +
0.02? 0.09° 0.27¢ 0.22¢ 0.72¢
UVAPF (PPD) 1.03 + 1.03 + 1.08 + 1.20 + 1.35 +
0.00% 0.00° 0.02° 0.02¢ 0.04¢
Photocarcinogenesis 1.40 + 3.95 + 6.46 4.58 + 6.18 =
0.04° 0.29° 1.02¢ 0.48° 1.76¢
Immunosuppresion 1.33 £ 2.50 + 332+ 3.83 + 5.23 +
0.03? 0.10° 0.29° 0.35° 1.33¢
Elastosis 1.05 + 1.14 + 1.23 + 1.33 + 1.48 +
0.00° 0.01° 0.03°¢ 0.02¢ 0.05°
Singlet oxygen 1.03 + 1.03 + 1.07 £ 1.22 + 1.38 +
formation 0.00* 0.0? 0.02? 0.03° 0.05 ¢
Photoaging 1.03 + 1.03 + 1.07 + 1.19 + 1.34 +
0.00% 0.00? 0.02° 0.02°¢ 0.05 ¢
SPF / UVAPF 1.19 2.15 2.93 2.56 2.96
Je 322 314 317 331 338
Table 3

Half maximal effective concentration (ECsg) and selective index (SI) for 1 and 2
on the different cell lines: 1064sK (human gingival fibroblasts), HACAT (human
epidermal keratinocyte), HCT-116 (human colon cancer), H-460 (human lung
cancer) and G-361 (human melanoma). n.d. = not detected. Values are
expressed as mean =+ standard deviation (SD) (n = 3). No significant differences
were observed among cell lines in each compound (ANOVA,CI: 95 %, p > 0.05,
table SM.1).

Compounds Cell line ECso (mg mL~1) SI by 1064sK SI by HACAT
1064sK 8.00 £ 3.57 - -
HACAT 3.06 + 1.81 - -

1 HCT-116 5.35 £ 2.88 1.49 0.57
H-460 7.76 £ 3.12 1.03 0.40
G-361 9.48 + 2.04 0.84 0.32
1064sK n.d. - -
HACAT 4.96 £ 3.30 - -

2 HCT-116 11.32 + 8.36 - 0.44
H-460 11.43 £+ 4.00 - 0.43
G-361 n.d. - -

calculated for compound 1 were obtained when comparing the three
tumoral cell lines to 1064sK (HCT-116, > 3.96; H-460, > 1.03; and G-
361, > 0.84) (Table 3). These were in most cases higher than the SI
values calculated by comparison to HACAT or for compound 2, all
ranging between 0.32 and 1.63. In conclusion, compound 2 is less toxic
than 1, which on the other hand showed a more selective antitumoral
activity against HCT-116 cells (SL: 1.49). The Z-factors for the MTT assay
in all cell lines were: 1064sK: 0.65, HACAT: 0.75, HCT-116: 0.78, H-460:
0.90 and G-361: 0.85.

Toxicity of both synthetic compounds was also determined by using a
zebrafish embryo toxicity assay to test concentration ranges below 20
mg mL ! in three replicates. Although low, toxicity of compound 2 on
zebrafish embryos was slightly higher than that of compound 1. By using
the log-linear method [62], we were unable to calculate a LCs for any of
both compounds in either 48 (Z factor = 1) or 72 (Z factor = 0.48) hpf
larvae. Nevertheless, whereas compound 1-treated 72 hpf larvae showed
almost 100 % viability at the highest concentration, two replicates of
compound 2 showed 82 % (n = 11) and 50 % (n = 12) viabilities at this
time period. Although accuracy at 72 hpf is only sufficient (Z factor
slightly lower than 0.5), these results suggest very low toxicity of both
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compounds.

Other possible signs of embryo toxicity were searched under the
magnifying microscope after 48 or 72 h of treatments. Whereas com-
pound 1 showed no teratogenic effect, compound 2 showed hatching
delay at 48 hpf and sporadic heart oedema and dysplasia at 72 hpf.
These toxic effects did not show any statistical relationship with con-
centration. Nevertheless, the hatching percentage of 48 hpf embryos
showed a slight reduction trend as compound 2 concentration increased
(Fig. 5, Z factor = 1). Although the accuracy of the method is high at this
point (Z factor higher than 0.5), the reduction showed no significance
either (Kruskal-Wallis test, p > 0.05).

In general, our results suggest absence of toxicity over zebrafish
larvae development of compound 1 at concentrations below 20 mg
mL™l. In the case of compound 2, some slight, statistically non-
significant toxic effects have been observed when incubated in con-
centrations over 5 mg mL~L,

4. Discussion

The development of a new group of synthetic UV-screen compounds
inspired in the natural mycosporine-like amino acids (MAAs) opens new
perspectives to the diversification of the UV filters currently available on
the market [37]. The in-house preparation of these compounds is very
convenient, i.e. the synthetic route is fast, cheap and quantitative. In
addition, the characterization information obtained is in full agreement
with reported data [65]. It should be noted that the photoprotection
mechanism of these compounds is completely different from those of
commercial synthetic UV filters, which usually involve a double bond
isomerization (cinnamates) or an excited state proton transfer (avo-
benzone and oxybenzone) [66]. In the case of MAAs and related com-
pounds, the photoprotection mechanism involves an out-of-plane
distortion of the ring that leads to a very efficient energy dissipation of
the excited state [38,39,67]. The lack of excited state minima could
make these synthetic compounds safer for human health and the envi-
ronment. In a different way, Osborn and Mahmud [68] have also
developed a novel UV-screen compound known as Gadusporine, with a
maximum absorption at 340 nm. This compound has been obtained by
mixing and matching MAAs and gadusol biosynthetic genes from one
vertebrate and two Gram (—) bacteria. Interestingly, natural MAAs are
thought to have both UV-screen and antioxidant properties that would
allow them to protect living organisms from the deleterious effects of
light and ROS.

The antioxidant capacity of MAAs have been analyzed by different
authors in vitro [30,32,36]. Using different methods, de la Coba et al. and

-1
100 o [2] (mg ml?)
--e--20
g 80 - --e---12,5
o --o--7,5
£ 60 s
g —e—25
40 o &
--e--0
20 o
0 L) L) L) L]
0 20 40 60 80

Time (hpf)

Fig. 5. Temporal variations of hatching percentage of 48 hpf zebrafish larvae
treated with increasing concentrations of compound 2. Values are means and
vertical bars SD from three independent replicas (n > 30). (B). Colour code at
the right are concentrations of compound 2 in mg mL ™. No statistical signifi-
cance is found between any pair of concentration groups (Kruskal-Wallis test,
CIL: 95 %, p > 0.05) and the pairwise comparisons (Bonferroni procedure, CI: 95
%, p > 0.05 for each pair).
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Torres et al. [30,32] evaluated the antioxidant potential of five MAAs
(mycosporine-glycine, palythine, asterine-330, shinorine, and porphyra-
334). In general, both authors agree that the antioxidant activity of all
MAAs depends on the concentration and pH, with greater activity in an
alkaline environment (8.5). By using the ABTS radical scavenging assay,
de la Coba et al. [30] observed the highest antioxidant capacity (83 %) in
the oxo-MAA mycosporine-glycine at 10 pM and pH 8.5. Other MAAs,
such as asterina-330 or porphyra-334 showed a 47 % and 15 % of
antioxidant capacity, respectively. At higher pH (10.5), MAAs were
degraded [31]. The synthetic compounds analyzed in our study are more
like the oxo-MAAs, which have a single nitrogen substituent in the C3 of
the cyclohexanone ring, than the imino-MAAs, which have two nitrogen
substituents in C1 and C3 of the cyclohexenimine ring. The comparison
of our results with other natural isolated MAAs is also difficult due to the
different methodologies and units used. However, the antioxidant values
obtained from compounds 1 and 2 were high compared to those ob-
tained from algae extracts with MAAs (about 15-20 pmol TE g~ DW in
Porphyra sp.) [69,70]. Although these studies conclude that MAAs can
eliminate ROS in vitro, their role in vivo is not yet fully understood [36].

In relation to photoprotection, de la Coba et al. [31] analyzed
different cosmetic formulations with isolated MAAs that reached SPF
values of 6.5 when 5 % of Myc-serinol was added. Among the different
formulations with compounds 1 and 2 tested in our study, both with
similar maximum absorptions (Amax: 310, 290 and 300 nm), only 5 % of
compound 2 showed comparable SPF or UVAPF (4 and 1.4, respec-
tively). De la Coba et al. [31] achieved an even higher SPF (8.4)
combining two types of MAAs: Myc-serinol (Amax: 310 nm) and
Porphyra-334 (Amax: 334 nm). Indeed, commercial formulations of
sunscreens contain a combination of different UV filters in order to cover
the complete UV spectrum and achieve a higher photoprotection. In this
sense, our compounds could also be combined with other MAAs from the
same family [37]. Examples of this are the natural MAAs Myc-glycine,
with Apmax at 310 nm, and Porphyra-334, with Apax at 334 nm, or other
natural compounds, such as phenolic compounds, carotenoids or scy-
tonemin. In a previous report, Losantos et al. [37] measured SPF and
UVAPF values of molecules of a similar synthetic nature. A cosmetic
formulation with two synthetic compounds (10 % each one), one with
Amax at 306 nm and the other at 328 nm, showed a SPF of 6 and a UVAPF
of 4.5. Interestingly, when these compounds were combined with octi-
noxate and avobenzone, a clear booster effect were observed. In this
case, the SPF increased from 29 (only commercial synthetic UV filters) to
73, and the UVAPF from 12 to 23. Recently, this family of compounds
have been tested as stabilizer of avobenzone, a widely used UVA filter in
cosmetic products. Some of these compounds were able to increase the
UV required for avobenzone photobleaching, although they were not
able to enhance octocrylene photoprotection [71]. As the natural MAAs,
these new compounds may show other beneficial effects on skin health
that would merit further investigations.

In contrast to the relatively low SPF values observed, our compounds
showed a great photostability at the concentration used. Even after a UV
radiation dose of 167.2 kJ m~2, the SPF and UVAPF values did not
decrease suggesting that the molecules were not degraded. The highest
UV radiation dose used for photostability correspond to 2.5-4 MEDs
(Table 1). The MED is defined as the minimal UV dose required to
produce a perceptible erythema in the skin. Depending on the skin
phototype, the MED vary from 150 to 300 J m~2 in phototype I, to
900-1500 J m~2 in phototype VI. In a summer day, the sun exposure
time required to produce the MED for a phototype II skin is 26-35 min
[72]. Therefore, these compounds would remain stable during an
appropriate UV exposure time, making them suitable for their inclusion
in sunscreens. The stability was also observed by Losantos et al. [37] in
similar synthetic molecules. This is reminiscent of the high photo-
stability shown by the natural MAAs [73]. As some commercial syn-
thetic UV filters are photodegraded by UV radiation into products with
molecular instability and loss of efficiency [74], this family of com-
pounds offers an advantageous alternative. Finally, the versality of these

Journal of Photochemistry & Photobiology, B: Biology 261 (2024) 113050

compounds offers different alternatives of incorporation into the
cosmetic formulations (e.g. encapsulation or pickering effect) providing
further advantages.

Although the toxicity of this new family of molecules had not been
tested yet, it has been postulated that they are non-toxic [71]. To our
certain knowledge, this is the first study that determines in vitro and in
vivo the toxicity of two members of this new molecular family.
Regarding in vitro assays, the MTT methodology showed low toxicity of
compounds 1 and 2 on healthy cell lines (1064sk or HACAT) but sig-
nificant toxicity on cancer cells (HCT-116, H-460 or G-361). In this
assay, the higher the half maximal effective concentration (ECs), the
lower the toxicity of the reagent evaluated.

Compound 1 showed an ECsq on 1064sk cells of 8.0 mg mL™! in
contrast with compound 2, that does not affect the cell proliferation
rates in a way that represents toxicity. In fact, compounds 1 and 2
showed similar values on HACAT cells (4.96 and 3.06 mg mL7?,
respectively). Searching for possible therapeutic applications, carcino-
genic cells were also tested. In the MTT methodology, a selective index
(SI) may also be obtained. The greater the SI value, the more selectivity
is shown by the tested compound. According to Indrayanto et al. [58],
compounds with SI values higher than 3 are potential anticancer drugs
that should be further investigated. Compound 1 showed a low EC5p on
HCT-116 cells (5.35 + 2.88 mg mL™!) and a selectivity index of 1.49,
suggesting a relative anti-tumor activity against colon cancer. In
contrast, compound 2 did not show toxicity in any cell line. In the
studies cited above, natural MAAs have also shown non-toxicity on cell
lines in vitro. Some of these compounds even show an enhancer effect of
cellular proliferation and wound healing [27,75]. The synthetic UV
screen compounds showed zero toxicity similar to natural MAAs [27] or
other natural compounds extracted from algae, such as polysaccharides
(e.g. Ulvans present a EC5g of 4.2 and 1.2 mg mL~' on HACAT and
1064sk cells; [62]).

The zebrafish (Danio rerio) has been previously used to evaluate
toxicity of some commercial UV filters. Bliithgen et al. [76] observed
multiple hormonal activities at the transcription level under low con-
centration of oxybenzone in zebrafish. Similar results were also found by
Downs et al. and Weisbrod et al. [13,77] when testing benzophenonoe-2
on zebrafish. Among a variety of toxicity assays found in the literature
[78-83], we have chosen a variant of the zebrafish embryo acute
toxicity (ZFET) test [74]previously published by other groups [59,84].
The low toxicity found following the in vitro assay was confirmed by the
ZFET. This assay not only determines a median lethal concentration
(LCs0) of the compound, but also studies teratogenic effects using an
extensive phenotypic panel [83]. By applying the ZFET, neither a LCsq
could be calculated for compounds 1 or 2 over 20 mg mL ™! nor statis-
tical significance was found for the teratogenic effects. Only compound
2 showed a slight, non statistically significant effect over hatching, heart
oedema or anatomical dysplasia [62,83,85-89], [90].

Among other teratogenic phenotypes, embryo depigmentation has
been proposed to evaluate potential anticancer compounds interfering
tyrosine kinase activities when high LCs( are calculated in zebrafish
assays [91, 92]. In our study, no depigmentation was found, suggesting
that the potential cytotoxic effects observed in cancer cell lines could be
unrelated to tyrosine kinases [92].

In summary, no significant toxicity of compounds 1 and 2 have been
found using the ZFET assay. This low or absent toxicity agrees with the
sunscreen activity of gadusol, an endogenous microsporine-like mole-
cules in zebrafish that it is expressed during development [93]. How-
ever, compound 1 emerges as a promising candidate for photoprotection
filters, the slight toxicity effects observed in treatments with compound
2 concentrations over 5 mg mL ! clearly restrict its potential therapeutic
index. In any case, further toxicity studies should be performed in higher
vertebrates (i.e. rodents) to stimulate the application of the compounds
to humans.
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5. Concluding remarks

Considering the low toxicity of compounds 1 and 2 (both, on cell
lines and zebrafish embryos), these molecules could be potential alter-
natives to current commercial UV filters. They show relevant combined
properties due to their antioxidant capacity and photostability to be
used as additives in commercial formulations in place of compounds
currently under safety scrutiny. However, their relatively low SPF values
lead us to suggest that they should be combined with other compounds
(natural or not) to increase the photoprotection capacity. Thus, this
study should be extended to other members of the cyclohexanone family
looking for improved properties and, eventually, to different chemical
cores aiming for compounds with increased performance.
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