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ABSTRACT: Octocrylene (OC) is an ingredient used in many sunscreens and cosmetics worldwide. Our group evaluated the
toxicity of OC in corals. Adult Pocillopora damicornis coral was treated with OC at concentrations of 5, 50, 300 and 1000 pg/L.
Most polyps were closed at concentrations of 300 pg/L and higher. Further, metabolomic profiling provided crucial information
regarding OC accumulation in coral tissues and OC toxicity. First, we demonstrated that OC was transformed into fatty acid
conjugates via oxidation of the ethylhexyl chain, yielding very lipophilic OC analogs that accumulate in coral tissues. Second, the
differential analysis of coral profiles revealed higher levels of 15 acylcarnitines, suggesting abnormal fatty-acid metabolism related
to mitochondrial dysfunction. The formation of OC analogs suggests that OC concentrations measured in the environment and
organisms may have been largely underestimated. Overall, these results call for an in-depth evaluation of OC toxicity and the
reevaluation of the actual OC accumulation rate in the ocean’s food chain, including OC-fatty acid conjugates.

The wuse of sunscreens is crucial for global cancer
prevention.! However, environmental concerns have arisen, as
some active ingredients are considered harmful to humans and
wildlife, including corals, therefore contributing to global
coral reef decline, with 14,000 tons of sunscreen ending up in
oceans every year.2® Recently, in an effort to protect coral
reefs, Hawaii was the first state in the USA to ban sunscreens
that contain oxybenzone and octinoxate. This law should come
into effect in January 2021.

Octocrylene (OC, CAS No. 6197-30-4, Figure 1) is an
ingredient used in many sunscreens and also in other
cosmetics such as hair sprays, tannin oils, blemish balm
creams, and conditioners. Hence, OC is continuously released
into marine and freshwater environments from wastewater
treatment plants and through more direct sources, namely,
people bathing in these environments. OC should therefore be
considered a pseudo-persistent pollutant. Indeed, OC is among
the most frequently detected solar filters in the environment,
with concentrations of up to 7 pg/L and high seasonal
variations.” OC is lipophilic, with a Log P of 6.88.° Thus, OC
tends to accumulate in sediments where higher concentrations
are found.'*!3 OC also concentrates in the lipophilic tissues of
aquatic organisms at various trophic levels, ranging from
filtering organisms, such as mussels, to dolphins.!*3 As a
consequence, the actual water column concentration may not
reflect the concentration at which marine organisms are
actually exposed.

In a preliminary assay with a concentration of 1 mg/L, OC
showed potential toxicity towards the coral reef builder
species Pocillopora damicornis. Polyps were consistently
closed during exposure. However, a concentration of 1 mg/L

is much higher than any environmental concentration
measured for this compound, and we aimed to examine the
effects of OC at concentrations ranging from 5 to 1000 pg/L.
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Figure 1. Chemical structure of octocrylene (OC)

EXPERIMENTAL SECTION

Pocillopora damicornis. Samples of the coral P. damicornis
were collected in Oman and were acclimated for more than 1
year in tanks at the Banyuls Oceanological Observatory.
Corals were maintained in artificial sea water (ASW) prepared
with reverse osmosis-purified water and Reef Salt™ SeaChem
salts. Salinity was adjusted to 36 g/L, pH = 8, and the
temperature was set at 24 °C. All experiments were conducted
with the same ASW.

Preparation of coral for exposition to solar filters. Coral
pieces (1-1.5 cm) were cut from branch tips from the same
mother colony. Each piece was attached to a fishing line, and
the coral pieces were then suspended three by three on an ~ 5-
6 cm laminated iron wire, making sure the lines had the
appropriate length so that the coral pieces did not touch the
beaker edge or bottom during the assay. Each suspension of 3
coral pieces (3 replicates) was clamped to a line above the
aquarium of origin, thereby immerging the pieces. The
suspended pieces were acclimatized for approximately 1
month before the assay to allow for full healing.
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Exposure setup. Beakers (250 mL) were filled with ASW
(200 mL). OC (= 98.0%, Sigma-Aldrich) was dissolved in
DMSO at concentrations of 400, 120, 20 and 2 pg/mL. Each
of these solutions (500 pl) was added into separate beakers,
resulting in final concentrations of 1000, 300, 50, and 5 pg/L.
DMSO (500 pL) was used as a negative control, and the
DMSO concentration was 0.25 % v/v in all beakers. The
suspensions of 3 coral pieces were dipped into the beakers,
with the wire positioning the pieces halfway into the water.
Gentle bubbling in the beakers was maintained using aquarium
air pumps equipped with a Teflon tubing. Homogeneous
lighting was set to a photosynthetic photon flux density of 250
pumol/m?/s, with 10 h of day and 14 h of night per day. The
corals were transferred every 24 h to a new beaker prepared in
the same way. The total exposure lasted for 7 days. Pictures
were taken every 24 h to monitor coral polyps. Coral exposure
at 1000 pg/L OC was repeated in a separate experiment to
confirm the result.

Extraction. After 7 days, the coral pieces were collected,
and the fishing lines were removed with a scalpel. Each coral
piece was placed into a 20-mL test tube, covered with
MeOH/acetonitrile 1/1, and sonicated for 20 min. Once the
polyps were dissolved, the solvent was filtered through a 6-
mL/1-g C-18 SPE cartridge previously equilibrated with
MeOH. The solid phase was rinsed with MeOH (1 mL), and
the eluates were evaporated and kept at — 80 °C until analysis.
All solvents used for extraction and profiling were LC-MS
gradient grade (Biosolve, Dieuze, France).

UHPLC-HRMS profiling. High-resolution MS/MS
analyses were conducted with a Thermo UHPLC-HRMS
system. Analyses were performed in the electrospray positive
ionization mode in the range of 133.4-2000 Da in centroid
mode. The mass detector was an Orbitrap MS/MS FT Q-
Exactive focus mass spectrometer. The analyses were
conducted in FullMS data dependent MS? mode. In FullMS,
the resolution was set to 70,000, and the AGC target was
3.10%. In MS?, the resolution was 17,500, AGC target 10°,
isolation window 0.4 Da, and stepped normalized collision
energy 15/30/45 was used, with 15 s dynamic exclusion. The
lock mass option was set for ion at m/z 144.98215,
corresponding to Cu(CH;CN),”. The UHPLC column was a
Phenomenex Luna Omega polar C-18 150 x 2.1 mm, 1.6 pm.
The column temperature was set to 42 °C, and the flow rate
was 0.5 mL.min"!. The solvent system was a mixture of water
(solution A) with increasing proportions of acetonitrile
(solution B), both solvents modified with 0.1 % formic acid.
The gradient was as follows: 2 % B 3 min before injection,
then from 1 to 13 min, a shark fin gradient increase of B up to
100 % (curve 2), followed by 100 % B for 5 min. The flow
was diverted (not injected into the mass spectrometer) before
injection, up to 1 min after injection.

The coral extracts were dissolved in MeOH (1 mg/mL) by
sonication, and 2 pL was injected onto the column. Standard
of 2-ethyl-5-hydroxyhexyl 2-cyano-3,3-diphenyl acrylate (5-
OH-OC) 1 in acetonitrile (1 pg/mL, 1 pL injected) was
provided by Prof. Daniel Bury (Ruhr-Universitit Bochum).
Standard of acylcarnitines 20-24, 26, 28, and 30 were acquired
from AnalyticLab, Montpellier, France (Table S2). A mixture
of acylcarnitines (= 5 pg/mL each) in MeOH was injected (1
pL) in the same conditions for comparison of retention times,
MS and MS/MS spectra. All standards were identical to the

coral acylcarnitines based on comparison of retention time,
MS and MS/MS spectra.

Metabolomic analyses. Profiles were analyzed with
Compound Discoverer® (CD) 2.1 (ThermoFisher, Villebon,
France). Coral exposed to DMSO was used as the reference
metabolome, and blank injections were used to remove
irrelevant ion peaks (ion peak is considered only if the signal
is at least 5 times more intense than in the blank). An
untargeted metabolomic  workflow was used, with
modifications. This workflow finds and identifies the
differences between samples, and performs retention time
alignment, unknown compound detection, and compound
grouping across all samples. The workflow predicts elemental
compositions for all compounds, fills gaps across all samples,
hides chemical background (using Blank samples); identifies
compounds using mzCloud (ddMS2) and ChemSpider
(formula or exact mass); performs similarity searches for all
compounds with ddMS2 data using mzCloud; maps
compounds to biological pathways using KEGG database; and
calculates a differential analysis (z-test or ANOVA) and
determines p-values, adjusted p-values, ratios, fold change.

The retention time window was set to 2—17 min. The
maximum shift for alignment was 0.1 min, the maximum mass
tolerance was 3 ppm, and the minimum peak intensity was
2.10°. Statistical analyses (Principal Component Analysis
[PCAL], volcano plots) were performed with CD using centered
and scaled data.

RESULTS AND DISCUSSION

Small, suspended coral pieces were treated for 7 days with
OC at concentrations of 5, 50, 300 and 1000 pg/L. The water
was changed every 24 h. At the end of each exposure, pictures
were taken to observe potential macroscopic differences. At
concentrations of 300 pg/L and higher, most polyps were
closed (see supporting information, Figure S111). Thus, coral
polyps appeared to be impacted at these concentrations. The
extracts prepared from the coral pieces were analyzed by
UHPLC-ESI*-HRMS2. The metabolomic profiles were
compared with those of control corals treated with DMSO
only.
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Figure 2. PCA comparing metabolomic profiles of coral treated at
different concentrations of OC. OC concentrations are reported on
the graph, in pg/L. DMSO stands for the control sample.
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Figure 3. Volcano plots comparing OC treatments with DMSO. The horizontal dashed line indicates a p value of 0.05: all ions above this
line are significantly up-regulated in one condition compared to the other. Vertical dashed lines indicate Log2 fold changes of -1 and +1.
One group of ions is up-regulated in all OC treatments, even at 5 pg/L (group 1). This group of ions has been circled in the volcano plots

from 50 to 1000 pg/L OC.

After extraction of the ion chromatograms with Compound
Discoverer software, profiles were first compared using a PCA
(Figure 2). Principal components 1 and 2 described up to 73.8
% of the variability in the dataset. Interestingly, while the
observations seemed to be distributed along the PC1 axis,
there was a clear OC dose-effect observed along the PC2 axis.
OC-treated corals were different from the controls at
concentrations of 50 pg/L. OC and higher. The metabolites that
changed significantly between the different conditions can be
viewed with volcano plots (Figure 3). The volcano plots
indicated two groups of ions. Ions from group 1 (circled in
Figure 3) were present in the samples treated with all
concentrations of OC, while ions from group 2 (not circled)
were progressively moving into the zone of statistical
significance as OC concentration increased.

In group 1, 53 ions accounting for 20 molecules were
significantly more abundant in all samples treated with OC,
even at 5 pg/L. OC was among the 20 compounds, at tz 9.60
min and m/z 250.0863 ([M+H]*). Compound 3, one of the
major compounds among the remaining 19, was represented

by 9 ions at tg 15.64 min (m/z 232.0758 [fragment], 250.0863
[fragment], 359.18862 [fragment], 616.4368 [M+H]",
633.4633 [M+NH,]", 638.4181 [M+Na]*, 654.3918 [M+K]",
661.4934 [M+ C,H;N+H]", and 703.5044 [unidentified]) (see
Supporting Information). The pseudomolecular ion was
identified by CD as ‘Similar to: 2-Cyano-3,3-diphenylacrylic
acid ethyl ester; AMass: -338.3188 Da’. Since OC is 2-cyano-
3,3-diphenylacrylic acid 2-ethylhexyl ester, we suggested that
compound 3 could be a higher molecular weight analog of
OC, presumably a biotransformation product. The compound
3 pseudomolecular ion had the molecular formula CyHssNO,,
as deduced from the ion at m/z 616.4368 (calcd. 616.4360),
requiring 13 degrees of unsaturation. OC had 12 unsaturations
and the molecular formula C,4H,7;NO,. The difference between
the two molecules indicates that a C;¢H300, moiety has been
added to OC, i.e., a C16:0 lipid chain, most likely a palmitic
acid group.

Key pieces of information were found in the MS/MS
spectrum of the pseudomolecular ion of compound 3 (Figure
4). First, the peaks at m/z 250.0863, 232.0757 and 204.0808
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were also found in the OC MS/MS spectrum. These peaks
correspond to the successive loss of the 2-ethylhexyl chain,
H,0, and CO. These 3 fragments demonstrate that 3 is indeed
an octocrylene analog and that the modification did not occur
on the carboxylic acid part of the molecule. Second, the
fragment ion at m/z 360.1958 corresponds to the -elimination
of a C16:0 fatty acid. Altogether, these data show that
compound 3 is an OC derivative, modified on the 2-ethylhexyl
chain by oxidation and esterification with a C16:0 fatty acid
(Figure 5). The oxidation site cannot be determined by MS. In
addition, compound 4 is in fact an isomer of compound 3,
suggesting that the 2-ethylhexyl chain may be oxidized in
different positions. The pseudomolecular ion is relatively
small and was not always selected by the spectrometer for
fragmentation. In this case, the MS/MS spectrum of the
(M+NH,)" adduct was used. This ion loses ammonia and
eventually yields the same fragments as the pseudomolecular
ion. In the MS/MS spectrum of the sodium adduct, the
diagnostic  fragment ions were at m/z 382.1778
(C24H25N02Na+) and 272.0682 (C16H11N02Na+). We were able
to demonstrate that all biomarkers from group 1 were OC
bioconversion products, resulting from oxidation of the side
chain and subsequent esterification with C14 to C22 fatty
acids.

Ph
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Figure 4. MS/MS spectrum of the compound 3 pseudomolecular
ion and identification of the key fragment ions.

Compound 1 was identical to a standard of 5-hydroxy-OC
recently detected in human urine,?* suggesting that the same
biotransformation pathways may occur in human. Compounds
5 and 6 were oxidized twice on the ethylhexyl side chain, as
demonstrated by the double elimination fragment at m/z
358.1802 in the MS/MS spectrum of the (5+NH4)" parent ion
and the corresponding monohydrate at m/z 398.1719 in the
MS/MS spectrum of the (6+Na)" ion. Overall, oxidation
always occurred on the 2-ethylhexyl chain. All analytical data
are provided in the supporting information.

It is unclear why the coral or any associated living organism
would be coupling fatty acids to OC. Nevertheless, this

process makes OC more lipophilic, presumably resulting in its
accumulation in coral tissues. OC itself has been found to
accumulate in the food chain, from shells to marine
mammals.'®?! Based on our findings, it is likely that the
accumulation rate may have been largely underestimated and
that OC-fatty acid conjugates may in fact be present in much
higher overall amounts in the same tissues.

-O,CR X tg
1 None 5-OH 7.43 min
2 C140 H 14.59 min
3 C16:0 H 15.64 min
Ph 4 C160 H 15.92 min
Ph 5 C16:0 OH 13.46 min
Ne— 6 C16:0 OH 13.94 min
0 7 C161 H  14.71 min
o 8 C16:1 H  14.88 min
9 C17:1 H 15.26 min
10 C181 H 1572 min
0 11 C182 H  14.91 min
U 12 C183 H 14.23min
N9 R 43 c183 H  1448min
% 14 C20:3 H 15.14 min
15 C20:4 H 13.53 min
16 C20:4 H  14.56 min
17 C20:55 H  13.89 min
18 C2266 H  14.23 min
19 C2266 H  14.48 min

Figure 5. Group 1 biomarkers with their respective retention
times.
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Figure 6. MS/MS spectrum of the compound 21 pseudomolecular
ion and identification of the key fragment ions.

The second group of biomarkers includes 23 ions in the
samples treated with 1000 pg/LL OC, corresponding to 20
compounds numbered from 20 to 38. Compound Discoverer
identified many of these ions as acylcarnitines. For example,

4
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compound 21 at tz 4.78 min was identified as
hexanoylcarnitine. This compound was identified in the MS
data by its pseudomolecular ion at m/z 260.1857
corresponding to the molecular formula C;3H,sNO4 ([M+H]",
caled. 260.1856), requiring 2 degrees of unsaturation. In the
MS/MS spectrum (Figure 6), the 3 fragment ions at m/z
144.1019, 85.0284 and 60.0808 were attributed to the carnitine
moiety and were found in compounds 20-35, thereby
confirming that all these metabolites were acylcarnitines. The
fragment ions at m/z 117.0910, 99.0804 and 71.0861 were
specific to the hexanoyl chain and further demonstrated that
compound 21 is hexanoylcarnitine (Figure 7).

Identification of compounds 20-35 was achieved following
the same rationale as above. In addition, comparison of the
analytical data from compounds 20-24, 26, 28, and 30 to those
of commercially available standards confirmed their
identification. All data are provided in the supporting
information.

In group 2, 3 ions corresponding to 3 different molecules
were not attributable to acylcarnitines and could not be
identified (compounds 36-38, Figure 7). Based on their
molecular formula and fragmentation patterns, compounds 36
and 37 may be ceramides, although further evidence is needed
to provide accurate identification.

-O,CR tR
20 C4.0 4.02min
21 C6:0 4.78 min
22 C80 519min
\/ 23 C10:0 5.57 min
+N— 24 C12:0 5.98 min
R 25 C12:1  5.77 min
O\« 26 C14:0 6.43 min
o 27 C14:1  6.19 min
0] 28 C14:2 5.96 min
HO 29 C14:3 5.76 min
- 30 C16:0 6.94 min
Acylearnitines 54 c16:4 657 min
32 C16:1  6.69 min
33 C18:1  7.09 min
34 C18:3 6.53min
35 C21:5 6.51 min

36 : Unidentified (C4gH41NO,, tg = 6.98 min)
37 : Unidentified (Cy4H45NO,, tgr = 7.60 min)
38 : Unidentified (CogHy403, tg = 11.09 min)

Figure 7. Group 2 biomarkers with their respective retention
times.

The relative peak areas for compounds 20-38 compared to
the control sample with DMSO are provided in supporting
information (Figure S3). The graph indicates that the
proportions of most biomarkers were higher in the samples
treated with 50 pg/L OC and higher, although all these
compounds were also detected in the samples not exposed to
OC. Relative concentrations of the acylcarnitines increased as
much as 40 times at the highest OC concentration. Clearly, OC
alters coral metabolism at 50 pg/L, with a safe concentration

of 5 pg/L. However, it is worth mentioning that our assay only
lasted 1 week, while coral are exposed for much longer
periods in the natural environment. Owing to the accumulation
potential of OC and OC-fatty acid conjugates, which were
readily detected in samples treated with 5 pg/L, it can be
predicted that OC may alter coral metabolism at lower
concentrations following prolonged exposure.

The elevation of acylcarnitines in the treated coral suggests
that there may be abnormalities in fatty-acid metabolism.
Acylcarnitines are common biomarkers of cell toxicity, and, in
many models including human pathologies, elevated
acylcarnitine concentration has been correlated with
mitochondrial dysfunction in which mitochondrial fatty acid
fB-oxidation and cell bioenergetics are affected.?>28

CONCLUSION

In conclusion, we demonstrated that the coral reef builder
species P. damicornis is significantly impacted by OC after
only 7 days of exposure to 50 pug/L OC. The highest non-toxic
OC concentration in our assay was 5 pg/L. This concentration
is within the same order of magnitude as water column
concentrations measured in several locations. Nevertheless,
corals are subjected to long-term exposure (from several
weeks and months per year) at high OC concentrations due to
a continuous release of OC into the environment. The
propensity of OC to accumulate in living organisms, including
filtering species (mussels, oysters, etc.) and coral?® may
increase the concentration at which marine organisms are
actually exposed. The discovery of lipophilic OC metabolites
calls for the re-evaluation of the actual accumulation rate in
the ocean food chain. Future titrations should include OC fatty
acid conjugates to measure the total amount of OC that is
effectively present at each of the different trophic levels in the
marine ecosystems.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website.

Supporting information includes detailed data for octocrylene and
compounds 1-38, including FullMS and MS/MS spectra for each
and fragmentation schemes. It also includes extracted ion
chromatograms of metabolomic profiles compared with
chromatograms of standards, a figure reporting the relative peak
areas of group 2 biomarkers between OC-treated corals and
control ones, and an image of corals after 7 days of exposition to
OC at all concentrations tested.
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