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Abstract

In the last few decades, there has been a growing interest in understanding the behavior of personal care products (PCPs)
in the aquatic environment. In this regard, the aim of this study is to estimate the accumulation and effects of four PCPs
within the clam Ruditapes philippinarum. The PCPs selected were triclosan, OTNE, benzophenone-3, and octocrylene. A
progressive uptake was observed and maximum concentrations in tissues were reached at the end of the exposure phase,
up to levels of 0.68 ug g=!, 24 ug ¢!, 0.81 ug g!, and 1.52 pg g~! for OTNE, BP-3, OC, and TCS, respectively. After the
PCP post-exposure period, the removal percentages were higher than 65%. The estimated logarithm bioconcentration factor
ranged from 3.34 to 2.93, in concordance with the lipophobicity of each substance. No lethal effects were found although
significant changes were observed for ethoxyresorufin O-demethylase activity, glutathione S-transferase activity, lipid per-

oxidation, and DNA damage.
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Introduction

The rapid socio-economic and industrial development in
recent decades has brought a continuous release of chemi-
cal substances into water bodies and might have a nega-
tive effect on the organisms living in these systems. Despite
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the high number of organic chemicals detected in aquatic
systems, the number of regulated and/or banned substances
(Directive 2013/39/EU) is limited. The scientific commu-
nity has shown greater interest in certain compounds in
recent decades, which are not regulated even though they
may cause adverse effects on human health and ecosystems.
Only some substances are incorporated in the surface water
Watch List (European Commission, e.g., 2022/1307/UE) or
Toxic Substances Control Act (TSCA, Environmental Pro-
tection Agency), which are updated regularly. These unregu-
lated chemicals, known as contaminants of emerging con-
cern (CECs), are widely distributed and their levels in the
environment seem to have increased in some places as has
been demonstrated by analyzing dated sediment cores (Lara-
Martin et al. 2015; Nipen et al. 2022). CECs cover a wide
group of natural or synthetic compounds, such as personal
care products (PCPs), nanoparticles, microplastics, or pesti-
cides, among others, some of them are considered persistent,
bioaccumulative, and toxic substances (PBTs) (Impellitteri
et al. 2023; Sauvé and Desrosiers 2014).

Focusing on PCPs, they are a heterogeneous group of
chemicals containing UV-filters, fragrances, antibacterial
products, insect repellents, or parabens, whose levels are
increasing in freshwater (Ebele et al. 2017) and marine
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environments (Arpin-Pont et al. 2016; Fenni et al. 2022;
Nipen et al. 2022; Zicarelli et al. 2022). Their occurrence in
the environment is mainly due to effluent discharges since
they are not removed during wastewater treatments and rec-
reational activities such as swimming (Labille et al. 2020;
Pintado-Herrera et al. 2020). PCPs have been detected in
different environmental compartments, such a sediment,
water (Cadena-Aizaga et al. 2022; Pemberthy et al. 2020;
Pintado-Herrera et al. 2020), and even in organisms (Bayen
et al. 2019; Dodder et al. 2014; Pemberthy et al. 2020; Vidal-
Lifian et al. 2018). The UV filters octocrylene (OC) and
benzophenone-3 (BP-3), the antibacterial triclosan (TCS)
and the fragrance OTNE (octahydro-tetramethyl-naphthale-
nyl-ethanone) are frequently detected in effluent discharges,
these PCPs occurred in more than 65% of the samples ana-
lyzed, and all of them were found to reach up to a concentra-
tion of 7 ug L™! (Biel-Maeso et al. 2019).

According to persistence of chemical substances in tis-
sues, the physical-chemical properties such as n-octanol/
water partition coefficient (log K ) is crucial since log K,
is generally inversely related to water solubility and directly
proportional to molecular weight of a substance. These four
PCPs, they are considered persistent or pseudopersistent;
log K, >3 (Beyer et al. 2017); furthermore, organisms can
accumulate them because they are not fully metabolized or
excreted (Dodder et al. 2014) and/or biotransformed (Bon-
nefille et al. 2017). Although CEC levels in marine systems
are generally lower than those in other aquatic systems (such
as rivers or lakes), their presence has been reported in vari-
ous marine species (field studies). As example, several PCPs
have been detected in seafood, for example, BP-3 has been
detected at a concentration of up to 98.7 ng-g~! dw, OC up
to 103.3 ng-g~! dw, OTNE at 93.5 ng-g™!, and galaxolide
(HHCB) up to 14,500 ng-g~! (Bachelot et al. 2012; Bayen
et al. 2019; Cunha et al. 2018; Pintado-Herrera et al. 2020).
BP-3 has been detected at 24.3 ng-g~! and OC at 50.7 ng-g~"!
(Pico et al. 2019) in fish. OC has been found in a concentra-
tion range of 89-782 ng-g~! lipid weight (Gago-Ferrero et al.
2013) and TCS at 0.12-0.27 ng-g~' ww in dolphins (Fair
et al. 2009). However, there is still a lack of information
regarding bioconcentration for selected PCPs despite their
occurrence in the environment. A recent review of UV filters
has revealed that, within the timeframe of 2015-2021, only
13 studies assessed the bioaccumulation of BP-3 in wild
marine invertebrates (Cuccaro et al. 2022a).

Although PCPs have been well studied in freshwater
organisms among different taxa (de Garcia et al. 2017; Kim
et al. 2009; Wilson et al. 2003), the information available in
the literature related to marine organisms is scarce. Marine
bivalves are a target group to assess the bioaccumulation and
toxicity of CECs, as they can filter large volumes of water
and are susceptible to accumulating chemicals in their tis-
sues. Therefore, these organisms are valuable indicators of
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aquatic pollution (Aguirre-Martinez et al. 2021; Blasco and
Puppo 1999; Dagnino et al. 2007). Bioaccumulation of UV-
filters has been recorded in mussels Mytilus galloprovincia-
lis after long-term laboratory assays (BP-3 has been found
at a concentration of 80 ng-g~! dw, and OC within a range
from 327 to 839 ng-g~! dw (Gomez et al. 2012; Vidal-Lifi4n
et al. 2018b). In clams Ruditapes phillipinarum exposed to
BP-3 and OC, in combination with TiO, nanoparticles, the
concentration was 3300 ng-g~! dw and 2000 ng-g~! dw,
respectively (Sendra et al. 2017). In addition, in an experi-
ment carried out in fish Sparus aurata, the results showed
600 ng g~! for BP-3 (Ziarrusta et al. 2018).

Regarding the antibacterial TCS, a concentration from
0.66 to 881 ng-g~!' dw was detected in M. galloprovincialis
tissues (De Marchi et al. 2020; Freitas et al. 2019; Gati-
dou et al. 2010; Kookana et al. 2013; Pirone et al. 2019),
while in Perna canaliculus, TCS has been detected at up to
1000 pg-g~! dw (Webb et al. 2020).

OTNE is among the most-used synthetic fragrances and
its presence has been detected in environmental compart-
ments and detected in field studies (Pintado-Herrera et al.
2020). However, there is a gap in the knowledge about its
bioaccumulation and its effects in marine organisms (Bester
2009). To our knowledge, only one laboratory study using
R. phillipinarum as a sentinel organism has tested this com-
pound under a scenario of mixed PCPs (Sendra et al. 2017).

Regarding their toxicity, selected PCPs can provoke
alterations in the endocrine system, demonstrating estro-
genic activity at certain levels and altering different bio-
logical processes (Regnault et al. 2016; Schnitzler et al.
2016; Wang et al. 2018). Studies have revealed BP-3 and
OC can alter endocrine or reproduction endpoints in fish
(Oncorhynchus mykiss, Oryzias latipes, and Danio rerio),
inducing estrogenic effects (Bliithgen et al. 2014; Coronado
et al. 2008; Kim and Choi 2014; Kinnberg et al. 2015; Kunz
et al. 2006; Rodriguez-Fuentes et al. 2015). Furthermore,
they may also induce oxidative stress, activation of biotrans-
formation enzymes, and lipid peroxidation in bivalves (Bor-
dalo et al. 2020; Chaves Lopes et al. 2020; O’Donovan et al.
2020; Sendra et al. 2017; Seoane et al. 2021). Mutagenic and
genotoxic responses have also been found under exposure
to BP-3 and OC (Cuquerella et al. 2012; Nakajima et al.
2006). Furthermore, TCS has the potential to harm aquatic
species including algae, invertebrates, fish, and marine mam-
mals (Bedoux et al. 2012; Dann and Hontela 2011; Tamura
et al. 2013). In relation to bivalves, TCS can affect reproduc-
tive output and energy-related parameters, induce oxidative
stress, lipid peroxidation, and genotoxicity (Binelli et al.
2009; De Marchi et al. 2020; Maynou et al. 2021; Pirone
et al. 2019; Rolton et al. 2022; Webb et al. 2020). Stud-
ies have shown that exposure to TCS in vivo and in vitro
provoked immunosuppression of immune cells of bivalves
(Canesi et al. 2007; Matozzo et al. 2012a).
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Fragrances, such as HHCB and tonalide (AHTN),
have shown to induce oxidative stress and genotoxicity in
R. philippinarum even at environmental concentrations
(Ehiguese et al. 2020); the acute toxicity of these fragrances
has been demonstrated in the freshwater mussel Lampsilis
cardium (Gooding et al. 2006). However, to our knowledge
there is not up to date empirical data evaluating the toxic-
ity of OTNE. A theoretical evaluation of the toxicity data
concluded that OTNE does not pose an ecological risk to
aquatic organisms (McDonough et al. 2017). However, these
data are insufficient to conclude that OTNE does not repre-
sent any risk to aquatic organisms.

Due to this lack of knowledge, efforts should be made to
understand the bioaccumulation and effects of the most fre-
quent PCPs found in environmental compartments in marine
sentinel species. In this work, we have hypothesized that bio-
accumulation, toxicity, and elimination of PCPs depend on
their chemical structure. Therefore, the aims of the present
study are 1) to evaluate the accumulation and the capacity to
reduce PCP concentration over PCP post-exposure period
as well as the bioconcentration factor of four selected PCPs
[the UV-filters (BP-3 and OC), the antibacterial product
(TCS), and a synthetic fragrance OTNE], whose presence
has been previously demonstrated in marine systems using
R. philippinarum as the model organism; ii) to study any
toxicological effects of the selected compounds in R. philip-
pinarum after a month of exposure and a week of PCP post-
exposure period.

Materials and methods
Chemicals

Dichloromethane, ethanol, and ethyl acetate were of chroma-
tography quality, purchased from Sigma-Aldrich (Madrid,
Spain). Diatomaceous earth (Hydromatrix) was purchased
from Agilent Technologies (Madrid, Spain). PTFE centri-
fuge filters (0.22 pm pore size) were purchased from Ciromfg
(FL, USA). Derivatizing agents, N-(tert-butyldimethylsilyl)-
N-methyltrifluoroacetamide (MTBSTFA) and acetic anhy-
dride from Sigma Aldrich (Madrid, Spain), were also used
to improve the analytical signal. Neutral alumina (58 A) was
used as a sorbent for the clean-up and provided by Sigma-
Aldrich (Madrid, Spain). Silica was activated according
to Environmental Protection Agency proceedings (3630c,
method EPA). Commercial polydimethylsiloxane (PDMS)
stir bars [10 mm X 0.5 mm (length X film)] and a 15-position
magnetic stirrer were purchased from Gerstel (Germany).
Standards for BP-3, OC, TCS, and the isotopically labeled
internal standard benzophenone- 2,3,4,5,6-d5 were pur-
chased from Sigma-Aldrich (Madrid, Spain). OTNE (syn-
thetic fragrance) was purchased from Bordas Chinchurreta

Destilations (Seville, Spain). Triclosan-d3 was purchased
from LGC Standards (Barcelona, Spain). Table S1 indicates
the main physicochemical properties of these PCPs.

Organisms

Clams, R. philippinarum, were obtained from Cetarea del
sur, Cadiz (SW Spain). The organisms were acclimated for
7 days in culture tanks (500 L) containing filtered (0.2 pm)
natural seawater. The organisms were fed every 2 days with
TROPIC MARIN Pro Coral Phyton. The physical-chemi-
cal conditions during the acclimation period and experi-
mental period were similar. The water temperature was
17.5+1.2 °C and salinity was between 37 and 38 psu (g
L~!), dissolved oxygen ranged between 7 and 8.5 mg L™!
with a light cycle of 12/12 h light/dark. The filtered seawater
of the aquaria was completely changed every 48 h. Minor
and major axes of clams were 4.0+0.2 cm and 5.0 +0.3 cm,
respectively (n=10). A total number of 1200 individuals
were transported alive to the laboratory. This species has
served as the model organism in several studies due to is
wide distribution, easy collection, and sensitivity; moreover,
due to its economic value, it is farmed around the world
(Aguirre-Martinez et al. 2016; Aguirre-Martinez and Mar-
tin-Diaz 2020; FAO 2013; Matozzo et al. 2012b; Moschino
et al. 2012).

Experimental design

The clams employed for experiments were hand collected
from the acclimation tank and placed randomly into aquari-
ums before incorporation of PCPs exposure. The experi-
mental design consisted of six groups; with four replicates
in the four PCPs tested and two replicates for control and
solvent control. The concentration employed was 10 ug L™
for TCS, OTNE, BP-3, and OC (nominal concentration).
The solvent concentration was 0.004% ethanol in all tanks,
except in the water controls. The nominal concentrations
were chosen to address environmental levels and effect con-
centrations (Pintado-Herrera et al. 2020; Tsui et al. 2019).
After the acclimation period (7 days), the organisms (n=50)
were exposed to TCS, OTNE, BP-3, and OC for 26 days.
Five sampling periods were selected to measure endpoints:
1 day before starting the experiment, day 2, day 7, day 14,
and day 26. Furthermore, a PCP post-exposure period of
7 days was also included.

Seven individuals per replicate tank were collected at
each sampling time and dissected. The experimental condi-
tions are detailed in Table S2. The shells were discarded
and the soft bodies were used for bioaccumulation analy-
sis (4) and for biomarker analysis (3). The digestive glands
were dissected and frozen in liquid nitrogen and stored at
— 80 °C until biomarker analysis. Aqueous samples were
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also collected at six different time intervals (2 h, 5 h, 24 h,
and 48 h) between consecutive water changes to measure
any changes in the concentrations of the target compounds.

Clam tissue extraction

Extraction of the analytes from clam samples was achieved
by pressurized liquid extraction (in-cell PLE), using an
accelerated solvent extractor ASE 200 unit from Dionex
(Sunnyvale, CA, USA), with 11-mL stainless-steel cells. A
pool of each tank (4 clams per tank) was considered for a
tissue sample. Briefly, a cellulose filter was placed on the
bottom of each cell, 2 g of activated silica, to separate the
analytes from interfering compounds, dried and milled solid
samples (1 g) were homogenized with 0.5 g of silica to fill
the extraction cell; and then a cellulose filter was placed
between the different layers in the cell. Under optimal con-
ditions, dichloromethane was used as the solvent, in three
static extraction cycles of 5 min, at 100 °C and 1500 psi
with a purge time of 60 s and a flush volume of 60%. The
purification of the extracts was performed simultaneously
to the extraction (in-cell clean-up) by adding the sorbent
into the cell (activated silica). Finally, the extracts (30 mL)
were evaporated to dryness using a Syncore Polyvap (Biichi,
Switzerland) and re-dissolved in 500 pL of ethyl acetate.
They were then centrifuged at 10,000 rpm to remove pos-
sible interferences, and finally the extracts were filtered with
a PTFE filter and derivatized with MTBSTFA; 10 uL left
for 30 min at room temperature (conditions previously opti-
mized by the group). This process was performed using a
modification of Pintado-Herrera et al. (2016).

Water sample extraction

The water samples were collected after 2, 5, 24, and 48 h of
exposure prior to renewal of water (sampling period: days
0-2). Twenty-milliliter amber-glass bottles were used for
the sampling; all spiked tanks were sampled (16 tanks). All
glassware material was cleaned with deionized water and
ethanol and baked at 500 °C (for 4 h) prior to use to avoid
any possible contamination of the samples. Duplicates of
10 mL were used for the analysis. All the samples were ana-
lyzed within 24 h after collection, to avoid possible degrada-
tion or adsorption into the walls of the bottle. Stir bar sorp-
tive extraction technique (SBSE) was used for the extraction
of the samples, according to Pintado-Herrera et al. (2014).
Stock standard solutions of each compound were prepared
in ethanol.

PCP analysis

The separation, identification, and quantification were per-
formed using gas chromatography (SCION 456-GC, Bruker)
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coupled to a triple quadrupole mass spectrometer, specifi-
cally a SCION (Bruker), with a CP 8400 Autosampler.
Capillary gas chromatography analysis was carried out in a
BR-5 ms column (30 m X 0.25 mm i.d. X 0.25 pm film thick-
ness), keeping the helium carrier gas flow at 1 mL min~!
and the transfer line and the injection port temperature at
280 °C. The column temperature ramp was as follows: 70 °C
for 3.5 min, increased at 25 °C min~! to 180 °C, then at
10 °C min~! to 300 °C, and held for 4 min. The injection
volume was 1 pL with splitless mode for GC and the solvent
delay was 4.5 min. Electron ionization (EI) mode was set
at 70 eV. The collision gas was argon with a pressure of 2
mTorr.

The mass detector was operated with multiple reaction-
monitoring (MRM) mode. The identification and quan-
tification of target compounds were based on comparing
retention times and two transitions of each analyte (one for
quantification and one for confirmation) to those for com-
mercially available pure standards. Calibration curves were
constructed to measure levels of the selected analytes in
the clam samples in the range of 5-500 ng g~' and in the
water samples between 0.01 and 10 pg L™". Internal stand-
ards (BP-2,3,4,5,6-ds and TCS-d, at 50 ng g~') were added
to the vials before injection to correct possible fluctuations
in the MS signal (ion suppression), comparing the signal
intensity of the internal standards spiked in the calibration
curve and in the sample extracts. All data were processed
using the Bruker MS Workstation software. Further details
on GC-MS/MS analysis can be found in Pintado-Herrera
et al. (2016).

Bioconcentration factor (BCF)

The bioconcentration factor (BCF) assesses the degree to
which the organism accumulates a selected compound from
the environment only through its respiratory and dermal
surfaces (Arnot and Gobas 2006), and it can be estimated
under controlled laboratory conditions. This factor depends,
among other factors, on the type of organism or the duration
of the exposure time. Several methods to estimate BCF have
been published, for example, from the octanol/water parti-
tion coefficient (K ,) (Meylan et al. 1999); also, the static or
the dynamic BCF could be calculated, the latter methodol-
ogy is considered more realistic as it takes into account the
post-exposure rate (Eq. 1).

dCclams/dt = kupmke X Cw([) - kpnxt—e}cposure X Cclams (t) (1)

where C,p, is the concentration in the organism, k.,
is the uptake rate constant from the water, C,, is the con-
centration in water, ¢ is the time, and k is the post-

exposure rate constant.

post-exposure
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Furthermore, experimental BCF results were compared to
BCEF values estimated by using quantitative structure—activ-
ity relationships (QSAR) models. These models have been
previously applied in several studies where log K, is used to
predict the BCF of organic contaminants (Arnot and Gobas
2006; Donkin et al. 1991; Mackay 1982) and the relation
proposed by the Technical Guidance Documents (TGD) on
risk assessment (European Commission 2003) (see equa-
tions in Table S3).

Biochemical responses

The digestive glands of three clams from each tank were col-
lected, homogenized, and extracted following the methodol-
ogy described by Lafontaine (2000) (ratio of 1:5 wet weight/
buffer volume). The homogenization processes were carried
out using an Ultra Turrax (VWR Vos 14). The homogenized
tissues were centrifuged at 15,000 g for 30 min at 4 °C and
stored at — 80 °C. The supernatant fractions (S15) were col-
lected for the quantification of total proteins (TP), ethoxyre-
sorufin O-demethylase (EROD), glutathione S transference
(GST), antioxidant enzyme activities, lipid peroxidation
(LPO), and DNA damage. The biochemical analyses were
determined using a microplate reader (TECAN Genios). The
TP content was measured following an adaptation of Brad-
ford’s methodology using bovine serum albumin (BSA) as
the standard (Bradford 1976). All analyses were performed
in triplicate.

The EROD activity assay was adapted from fingerling
rainbow trout (Gagné and Blaise 1993) to clams. Fifty
microliters of the S15 fraction was added to 160 pL 7-eth-
oxyresorufin in dark microplates (96 flat-bottom well). Then
10 pL of reduced NADPH was added to each well to initiate
reaction, and 7-ethoxyresorufin was detected fluorometri-
cally every 10 min for 60 min at 30 °C, 516 nm (excitation)
and 600 nm (emission) filters. Calibration was achieved
using a standard calibration curve of 7-hydroxyresorufin.
The results were standardized to total protein (TP) content
and expressed as pmol-min~!-TP.

GST activity (EC 2.5.1.18) was calculated following
McFarland et al. (1999) using 1-chloro-2, 4-dinitroben-
zene (CDNB) as a substrate. Absorbance was recorded at
340 nm. The results were expressed as mmol CDNB conju-
gate formed min~! mg~! TP.

Superoxide oxidase activity (SOD, EC 1.15.1.1) was
determined using an SOD assay kit-WST following the
manufacturer’s instructions (Dojindo Molecular Technolo-
gies, Inc., Kumamoto, Japan). SOD activity was measured
by mixing the reagents from 220 pL of the WST kit with
20 pL of the sample. After incubation for 20 min at 37 °C,
the absorbance was measured at 450 nm. The results were
expressed as U SOD mg~!' TP. One international unit is

equal to 1/60 pkat, and one katal is the amount of enzyme
that converts 1 mol of substrate per second.

Catalase activity (CAT, EC 1.11.1.6) was measured using
the decrease in absorbance due to the consumption of H202
at 240 nm according to Beers and Sizer (1952) and validated
for microplate assay (Li and Schellhorn 2007). Results were
expressed in U CAT mL~! mg~! TP.

Total glutathione peroxidase (T-GPx, EC 1.11.1.9) and
Se-dependent glutathione peroxidase (Se-GPx, EC.1.11.1.9)
were measured following the methodology described by
Flohé and Giinzler (1984) and adapted by McFarland et al.
(1999). Absorbance was measured at 340 nm and deter-
mined by means of the increase in the NADPH oxidation,
while using cumene hydroperoxide and hydrogen peroxide
as the substrates, respectively, Activities for both enzymes
were expressed as nmol NADPH min~! mg~! TP.

Glutathione reductase (GR, EC 1.8.1.7) was determined
following the methodology of McFarland et al. (1999) modi-
fied from Cohen and Duvel (1988). Briefly, the assay mix-
ture (AM) consisted of 200 mM sodium phosphate buffer
(pH 7.6), containing 1 mM oxidized glutathione (GSSG) and
0.1 mM NADPH. Then 20 pL blank (homogenization buffer)
or the sample was added to the wells. The reaction was initi-
ated by the addition of 200 pL of the 25 °C preheated AM,
then loss of NADPH was recorded every 60 s during 10 min
at 25 °C. Absorbance was measured at 340 nm. The results
were expressed as nmol NADPH min~' mg~! TP.

Lipid peroxidation (LPO) was measured employing an
adaptation of the thiobarbituric acid reactive substance
(TBARS) method of Snell (1987). Oxidative stress leads to
the production of malondialdehyde (MDA) resulting from
the degradation of the initial products of free radical attacks
on fatty acids (Janero 1990). MDA reacts with 2-thiobarbi-
turic acid producing tetramethoxypropane (TMP) which can
be measured spectrophotometrically. Standards and samples
were incubated in Unitronic 320 OR P Selecta Heaters at
70 °C for 10 min. Absorbance was measured at 540 nm, in
order to set the standard curve of TMP enabling the indirect
determination of MDA. LPO was expressed as pg TBARS
mg~! TP.

DNA damage was estimated using the DNA precipita-
tion assay described by Olive (1988); this methodology is
based on the K-SDS precipitation of DNA—protein cross-
link, which uses fluorescence to quantify the DNA strands
(Olive et al. 1988; Gagné et al. 1995). A volume of 25 pL
of the homogenate was mixed in Eppendorf vials with
200 pL of SDS 2% (10 mM EDTA, 10 mM Tris base, and
40 mM NaOH) for 1 min. Then, 200 pL of KCI (0.12 M)
was added, and the solution heated at 60 °C for 10 min,
mixed, and cooled at 4 °C for 30 min in order to precipitate
the genomic DNA linked to SDS-associated nucleoproteins.
The mixture was then centrifuged at 8000 g for 5 min (4 °C).
Fifty microliers of the supernatant was added to 150 pL
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of Hoescht dye 0.1 mg mL~! (diluted in buffer containing
0.4 M NaCl, 4 mM sodium cholate, and 0.1 M Tris—acetate,
pH 8.5) in a dark microplate (96 flat-bottom wells). Fluores-
cence was measured using 360 nm (excitation) and 450 nm
(emission). Salmon sperm genomic DNA standards procured
from Sigma Aldrich were used for DNA calibration. Results
were expressed as pg DNA mg~! TP,

Data analysis

Kinetic curves were fitted using the SciDAVIs 2.3.0 free
software and applying the Levenberg—Marquardt algorithm
with a tolerance of 0.0001. Graphical plots and statistical
analyses of biomarkers were carried out using the SigmaPlot
11.0 software. One-way ANOVA with a Dunnett post hoc at
p <0.05 was performed to assess all the responses.

Results and discussion
Clam tissue extraction validation

The recovery percentages were higher than 80% for the
organic compounds analyzed (Table S4). In the blank
samples, performed in the same way as the samples but
without the matrix, values lower than the method limit of
detection (MDL) were detected except for OC for which
up to 8.5 ng g~! was measured. Method limits of detection
(MDLs) ranged between 0.07 and 0.1 ng g~! for the target
compounds, defined for a signal-to-noise ratio of 3. The sup-
pression due to matrix interferences, considered for each
sample by means of internal standards, was between 10 and
38%. Finally, the reproducibility of the method, calculated
in spiked clams on different days, was 93% (n=3).

Accumulation of PCPs tested over exposure
and post-exposure period

Although there is now strict legislation concerning UV-
filters and musks in the European Union (1223/2009/UE),
and recently new concentration limits have been published
for BP-3 and OC (2022/1176/UE), in relation to manufacture
and utilization (Sanchez-Quiles and Tovar-Sanchez 2015),
no environmental legislation has been established for the
most frequent PCPs found in natural environment. In this
regard, some UV filters such as 2-ethylhexyl 4-methoxycin-
namate (EHMC), OC, and BP-3 have been recently included
on European Watch Lists (2015/495/EU and 2022/1307/
EU) as pollutants to be monitored in surface water. For the
antibacterial TCS, its use has been already regulated by
the European Commission from the beginning of 2017 for
selective products (e.g., maximum of 0.2% in mouthwashes)
(2016/110/EU).
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Although the four compounds selected in this study
have been reported in aquatic systems reaching levels of a
few parts per billion in some places (Cadena-Aizaga et al.
2022), the seawater employed in these experiments and
obtained from a well did not show background concentra-
tions, except for OC (0.25 ug-L~! for OC).

The water concentration of target analytes was meas-
ured in treatment tanks with the organisms before water
renewal. Two hours after spiking, the concentrations of the
analytes were 9.5+ 1.4 ug L™! for BP3, 7.7+ 1.5 ug L™!
for OC, 5.4+ 1.1 ug L™! for TCS, and 3.8 +0.8 pg L™! for
OTNE. After 48 h, the chemical compounds showed a loss
of 66, 96, 94, and 95% for BP-3, OC, TCS, and OTNE,
respectively (Table S5). There may be different reasons for
this, including degradation and volatilization processes of
these compounds (Ozaki et al. 2021), adsorption into the
walls of the aquariums, bioaccumulation of hydrophobic
organic chemicals (Lietti et al. 2007; Vidal-Lifian et al.
2018), or bacterial degradation (Dhillon et al. 2015).

Accumulation data of PCPs in the organisms from the
control and the solvent control tanks were measured in
the same range to those measured at the beginning of the
experiment (day 0); it was lower than 43.4 ng g~' dw for
the four chemicals (Table S6).

The experimental and model kinetic data of the selected
compounds are shown in Fig. 1. The results of PCPs’ accu-
mulation over exposure and post-exposure period by clams
are provided in Table S7. OTNE, TCS, and OC reached
a steady-state condition following first-order kinetics
(r*> 0.82 for the uptake period and *>0.91 for the post-
exposure period). BP3, which is the less apolar compound,
did not reach a steady state at the end of the uptake period
and the experimental data were not consistent with this
model.

Significant differences (p <0.05) were found between
solvent control and all uptake periods (days 2, 7, 14, and
26 of exposure). Furthermore, a fast increase was observed
at the beginning of the experiment; however, after day 7
the rate of accumulation decreased to a slower pace until
stabilization. This trend has been observed in other organic
chemicals such as 4-n-nonylphenol, bisphenol A, and tris-
(2-chloroethyl) phosphate (Garcia-Galan et al. 2017; Gati-
dou et al. 2010; Ismail et al. 2014). At the beginning of the
experiment (day 0), the levels of PCPs in the exposed clams
were lower than 36 ng-g~! dw, but after 2 days of exposure,
the levels of the selected chemicals in the tissues increased
for all compounds: OTNE (334 ng g~! dw), OC (398 ng g™!
dw), TCS (540 ng g~' dw), and BP-3 (733 ng g~! dw). After
26 days of exposure, the concentration in the clams reached
up to values of 682 ng g~! dw (OTNE) <806 ng g~' dw
(0C) < 1523 ng g~! dw (TCS) < 24,058 ng g~ dw (BP-3).
The concentration values of chemicals measured during each
sample period are indicated in Table S7.
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In comparison to experimental data from other studies,
Vidal-Lifian et al. (2018) reported data for OC (833 ng-g™*
dw) and BP-3 (59 ng-g~! dw) in M. galloprovincialis after
30 days of exposure at 1 ug L™!); and for TCS 881 ng-g~!
dw was measured in M. galloprovincialis after 28 days of
exposure at 305 ng L™! (Gatidou et al. 2010); 13.88 ng-g~!
after 28 days exposed at 1 ug L' (Pirone et al. 2019);
1000 pg g~! dw in P. canaliculus after 48 h exposed at
0.2 mg L™! (Webb et al. 2020). Some differences were
observed regarding the exposure periods, especially for

BP-3, in the concentrations registered in the present study
in R. philippinarum for similar periods.

The present study found that OTNE bioconcentration in
clams reached similar values (520 ng-g~! dw) after 14 days
of exposure compared with those reported by Sendra et al.
(2017) for the same species, following a similar methodol-
ogy but a different mixture of PCPs and nanoparticles.

Regarding the accumulation and following a first-order
kinetic model, the results for the uptake rate ranged between
196.8 and 467.3 L kg~! day™! (Table S8); these values are
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higher than those reported for M. galloprovincialis 93
L kg~! day™! for TCS (Gatidou et al. 2010) and 281.7 L
kg~! day™! for OC (Vidal-Lifian et al. 2018).

It was observed that the levels of PCPs accumulated
in the tissues decreased during the post-exposure period,
although they did not return to the initial levels (Table S7).
At the end of the post-exposure period, the percentages were
68% for OC, 79% for OTNE, 85% for TCS, and 94% for
BP-3. The levels in the clam tissues decreased after the post-
exposure period in relation to accumulation after 26 days of
exposure to PCPs: OC < OTNE < TCS < BP-3 with values
of a 4.03-, 4.87-, 5.07-, and 24.77-fold changes, respec-
tively. According to the kinetic model selected, the results
for Kpogt-exposure ranged from 0.212 to 0.416 day~! (Table S8),
BP-3 was the compound that presented the highest elimina-
tion rate (0.416 day™ ). Compared with previously published
data, data for TCS and OC were only found by estimating
a kgepyr 0f 0.056 day~! for TCS and 0.13 day~! for OC in
mussels, even at longer post-exposure period times than in
our study (up to 28 days) (Gatidou et al. 2010; Vidal-Lifian
et al. 2018). The half-life of PCPs over post-exposure time
(11, =In2/kp _exposure) Tanged between 1.6 and 3.2 days in
the same order as kg, These differences in the parameters
estimated may be for different reasons such as the organ-
isms themselves, the experimental conditions, and extraction
techniques, among others.

Furthermore, considering the results obtained from the
biconcentration experiment, it should be emphasized that
even with an effective post-exposure rate (up to 94% for
BP-3), some alterations could be taking place in the organ-
isms. A battery of biomarkers was measured to evaluate
these alterations. The results are shown in the section “Bio-
marker response.” Additionally, some biotransformation
processes may generate metabolites, as has already been
demonstrated in other biological matrices for BP-3, OC, and
TCS (Chiriac et al. 2022; Saunders et al. 2020; Weatherly
and Gosse 2017).

BCF estimations

Being the dynamic BCF the ratio between k. and
Kpost-exposures the dynamic BCF values ranged from 2204 to
852 L kg_1 (log BCF from 3.34 to 2.93) (Table S8). The
highest BCF value was obtained for OC, the most apolar
compound (log K, 6.8).

The log BCF estimated for TCS in this study is in the
same order of magnitude as the data previously reported in
other aquatic species, for example, Escarrone et al. (2016)
reported a value of 2.5 in Poecilia vivipara and Kookana
et al. (2013) estimated a value of 2.81 in M. galloprovincia-
lis. Vidal-Lifian et al. (2018) reported BCF values in mussels
of 2210 L kg~! for OC (log BCF 3.34), in agreement with

our study, although in the same study, no increase in the
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accumulation of BP3 was observed during exposure time.
Regarding UV filters, BCF has also been estimated in other
aquatic organisms, for example, in O. mykiss 1267 L kg~!
BCF (log BCF 3.10) (Saunders et al. 2020), in D. rerio BCF
values up to 858 L kg™ for OC (Pawlowski et al. 2019), and
94 L kg~! for BP3; although in this last study, non-dynamic
BCF were calculated since there was no post-exposure
period (Bliithgen et al. 2012).

For OTNE, the BCF calculated in this study was 1589 L
kg~! (log BCF 3.20); however, it is difficult to compare this
data since, to our knowledge, no previous data for experi-
mental BCF have been published. Only data from field stud-
ies report the importance of increasing the knowledge about
this fragrance (Biel-Maeso et al. 2019; Klaschka et al. 2013;
Pintado-Herrera et al. 2020). However, log BCF values for
other polycyclic musks with similar physicochemical prop-
erties (e.g., HHCB and AHTN) were calculated for two
benthic organisms (Chironomus riparius larvae and Lum-
briculus variegatus) which determined experimental values
of 1.7 and 3.84 for AHTN, and 1.93 and 3.59 for HHCB, for
the larvae and the worm, respectively. Although the values
between these organisms may be different, and there was
no post-exposure period in this study, these values are in
concordance with the values calculated in our study, espe-
cially for the worm. In addition, our BCF data were in the
same range as bioaccumulation data (BAF, bioaccumulation
factor) detected for HHCB in zebra mussels from the USA
(BAF=2610-4890, log BAF 3.41-3.68) (Reiner and Kan-
nan 2011).

Regarding our results and according to the REACH legis-
lation, chemicals with BCF values higher than 2000 L-kg ™!
are considered bioaccumulative. In this sense, only the UV
filter OC may be considered bioaccumulative (ECHA 2023).
Furthermore, OC bioaccumulation has been demonstrated in
aquatic organisms from different trophic levels (Pawlowski
et al. 2019; Gago-Ferrero et al. 2013).

Finally, log BCF values were also estimated using various
QSAR linear models, applying equations from the literature
(Table S3). For compounds with a log K, higher than 6
(i.e., OC), the bilinear equation is expected to provide more
accurate data due to the cut-off problem identified for hydro-
phobic substances, as recommended by the European Com-
mission on risk assessment (European Technical Guidance
2003). Nevertheless, when comparing our experimental BCF
data to values calculated using the aforementioned QSAR
equations, significant differences between calculated and
experimental data were observed, particularly for OC—the
most hydrophobic compound—despite the use of bilinear
equations (Table S8). To conclude, for this compound mod-
els only based on the K, parameter overestimated the log
BCF values, highlighting the limitations of these equations.
Nonetheless, these equations are a valuable tool when no
experimental data are available, as they consider only K,
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and no other processes, such as metabolism or other types
of interactions, are required.

Biomarker responses

Mortality was not significant over the exposure and post-
exposure periods; it was lower than 5% in all treatments.
Similarly, selected compounds in adult bivalves from other
studies did not show significant mortality (Falfushynska
et al. 2021; Santonocito et al. 2020). Nevertheless, in a
previous work with M. galloprovincialis larvae, an EC50
of 3472.59 ug-L™! was established for BP-3 (Paredes et al.
2014) and 213 pg-L~! for TCS (Cortez et al. 2012; Rolton
et al. 2022; Tato et al. 2018), demonstrating that the organ-
ism’s development stage is key to assess the mortality of
bivalves regarding PCP compounds. In addition, these com-
pounds could also affect other species at the early develop-
mental stage. An EC50 of between 567 and 1091 pg-L~" was
reported for the sea urchin Paracentrotus lividus exposed
to OC (Giraldo et al. 2017). Although no lethal effect was
observed in R. philippinarum in this study, significant
changes in enzyme activities related to the mechanisms of
xenobiotic metabolisms were observed (Figs. 2 and 3).
Regarding phase I, the clams exposed to TCS, BP-3,
and OTNE showed significant differences in EROD activ-
ity from day 7 to 26 (p <0.05), and even after a week of
post-exposure (p <0.05); TCS was the first PCP to activate
the detoxification process among the compounds tested.
Digestive gland tissue is the main site for increased EROD
activity. EROD induction revealed the presence and avail-
ability of PCPs during the experiment (Aguirre-Martinez
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and Martin Diaz 2020); moreover, it has been demonstrated
in other laboratory studies that PCPs induce EROD activity
in this species (Aguirre-Martinez 2016). Similarly, the study
by Sendra et al. (2017) found that EROD activity increased
under the same conditions when clams were exposed to TiO,
(nano and bulk) with these four PCPs.

In the work of Falfushynska et al. (2021), M. edulis were
exposed to 10 and 100 ug-L™! of UV-filters (OC) for 14 days.
The lowest concentration did not show significant changes
in EROD activity in the digestive gland; however, a sig-
nificant decrease was observed at 100 ug-L~!. Considering
these results, a high concentration of UV-filters (such as OC)
can provoke a suppression of the phase I enzyme activity;
thus, activation was observed later during the post-exposure
time. This suppression of enzyme activity was also observed
during the metabolization of organic compounds in M. gal-
loprovincialis exposed to higher concentrations of BP-3
(1 ug-L™") (Bordalo et al. 2020).

GST is a biomarker of phase II that allows the biotrans-
formation and disposal of exogenous compounds such as
PCPs (Contreras-Vergara et al. 2004). The GST enzyme acts
as a defense against oxidative stress and it is essential for
the elimination of intercellular ROS in marine organisms
(De Lafontaine et al. 2000). The GST enzyme was acti-
vated after 7 days of exposure, where a significant increase
was observed in the clams exposed to TCS, BP-3, and OC
(Fig. 3; p<0.05). At the end of the exposure time, OTNE
was the only compound, which was able to increase GST
activity. During the post-exposure period, OTNE showed
a significant increase after 3 days (Fig. 3; p<0.05), and
after a week of post-exposure, a significant increase in GST
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Fig.3 Antioxidant biomarkers
of exposure and effect including
superoxide dismutase (SOD),
catalase (CAT), Se-GPX total
glutathione peroxidaxe (T-GPx),
and glutathione reductase (GR)
measured in digestive gland
tissues of R. philippinarum
exposed 26 days to experimen-
tal treatments including control
(seawater) and PCPs and 7 sub-
sequent days of post-exposure.
Data are given as mean =+ stand-
ard deviation. Asterisks indicate
significant differences from con-
trol (one way ANOVA, p <0.05)
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activity was found for clams exposed to OTNE, BP-3, and
OC (p<0.05). The exposure to OTNE, BP-3, and OC may
have caused the xenobiotic biotransformation system of
the bivalves to become dysregulated due to the opposing
effects of these compounds on phase I and phase II bio-
transformation enzymes as was investigated in the work of
Falfushynska et al. (2021). Increases in the GST enzyme
and gene expression in different bivalve tissues and immune
cells exposed to UV-filters (Santonocito et al. 2020) and
TCS (Canesi et al. 2007; De Marchi et al. 2020; Parolini
et al. 2013) have been demonstrated in previous works. In
the work of Santonocito et al. (2020), a significant reduc-
tion in gene expression after the no-exposure period was
observed; therefore, 3 days of post-exposure was enough to
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restore the homeostasis of the organism. In the present work
it was observed that even after a week of post-exposure, the
homeostasis of the clams was not restored under OTNE,
BP-3, and OC. Therefore, the exposure time could determine
irreversible changes or the need for extra time to restore
xenobiotic metabolism.

GPx and GR are antioxidant enzymes that join in the
conjugation of xenobiotics with an endogen compound and
the reduction of xenobiotics to produce oxygen free radicals
(Hartman et al. 2021). The activity of glutathione reduc-
tase (GR, an enzyme involved in glutathione recycling)
was suppressed in the clams exposed to OC and BP-3 after
2 days of exposure (in this period only OC showed signifi-
cant differences from control) and a week of post-exposure.
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Furthermore, after 26 days all the compounds showed a sig-
nificant increase in GR activity with the exception of OTNE
(Fig. 3; p<0.05). Similarly, an increase in GST and sup-
pression of GR activity has been reported in fish exposed
to UV filters (Campos et al. 2017; Grabicova et al. 2013).
The suppression of GR activity can limit the amount of
glutathione-GSH that serves as an essential co-substrate for
GST and could therefore counteract the increase in GST
activity observed (Gupta et al. 2016).

On the other hand, Se-GPx activity showed significant
changes under PCP exposure (Fig. 2). After 2 days of expo-
sure, TCS showed a significant increase in Se-GPx in rela-
tion to the controls (p <0.05), while a significant decrease
was found in the clams exposed to both organic UV-filters
(p<0.05). UV filters showed a significant increase from day
7 until the end of the exposure time (p < 0.05). In general,
the literature reveals the activation of antioxidant enzymes
in bivalves’ digestive glands when exposed to BP-3 (Fal-
fushynska et al. 2021; Seoane et al. 2021), the immune cells
(Canesi et al. 2007), the digestive glands (Binelli et al. 2011;
Matozzo et al. 2012a; Riva et al. 2012), and soft tissues
(Parolini et al. 2013) of mussels exposed to TCS.

After a week of post-exposure, the clams exposed to
OTNE and OC showed an increase in Se-GPx (p <0.05;
Fig. 2). In the study of Santonocito et al. (2020), it was
demonstrated that R. philippinarum exposed to UV fil-
ters (4-MBC) induced the gene expression of antioxidant
enzymes (GPx and CAT) after 7 days of exposure and 3 days
of post-exposure. The regulation of antioxidative enzymes
over post-exposure may indicate that a post-exposure of
1 week is not enough time for these compounds to compen-
sate for the oxidative stress experienced. The antioxidant

Fig.4 Changes in lipid peroxi-
dation (LPO) and DNA damage
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CAT activity evaluated in the present study showed a sig-
nificant increase with respect to the controls for all the com-
pounds tested from day 2 of exposure to day 26 (p <0.05;
Fig. 2). TCS and BP-3 were the first and the most potent
PCPs to increase the CAT activity after 2 days of exposure
until the end of exposure time (p < 0.05); these two PCPs
(TCS and BP-3) were also modulated during the post-
exposure time (p <0.05). The antioxidant SOD showed
significant differences among treatments and controls over
the exposure and post-exposure times (Fig. 2). Significant
increases and decreases of SOD (p <0.05) were found from
day 2 after TCS and BP-3 exposure, and all the compounds
showed modulation after 14 days. Increases and decreases
in SOD were observed according to the sampling time and
the metabolism of each PCP tested. An increase in SOD
activity was found in clams exposed to TCS during both
post-exposure times (p < 0.05), while a significant decrease
was found for the rest of the PCPs (p <0.05).

Some changes in the levels of antioxidant enzymes can
provoke unwanted effects such as LPO and DNA dam-
age (Fig. 4). LPO showed a significant increase from the
second day of exposure to TCS and both UV-filters (BP-3
and OC) until the last day of the exposure time (Fig. 4;
p <0.05). However, OTNE only showed a significant
increase at 26 days of exposure (p <0.05). LPO is a reli-
able response to assess oxidative stress induced by xeno-
biotics. For instance, in the work of Pirone et al. (2019),
changes in the regulation of antioxidant enzymes in Myti-
lus galloprovincialis exposed to very low concentration
of TCS were not observed; however, a significant increase
in LPO was revealed. There was an increase in the LPO
levels observed in bivalves exposed to UV-filters (Seoane
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et al. 2021) and TCS (De Marchi et al. 2020; Webb et al.
2020) during long-term experiments. LPO is a robust
measure, but oxidative stress is also sometimes evidenced
in certain tissues. For example, the LPO measured in Ama-
rilladesma mactroides exposed to 1 pg-L~! BP-3 after 96 h
showed significant differences with respect to the controls
only in the mantle tissues (Chaves Lopes et al. 2020).

A previous work exposed Patinopecten yessoensis to
BP-3 for 45 days, the results did not show any differences
for CAT, SOD activities, ROS, and even LPO; however,
the authors found a relevant endpoint to confirm biological
damage such as the response increase in Na+ /K +-ATPase
activity accompanied by a decrease in ATP content (Liao
et al. 2019).

In the present study, after 3 days of post-exposure, all
the chemical compounds showed a significant increase in
LPO levels (Fig. 4; p <0.05). However, significant differ-
ences were found for OTNE and BP-3 (p <0.05) after a
week of post-exposure. Therefore, the biological memory
may show the consequences of previous PCP exposure
time even after the exposure time. Lipid metabolism has
been recently identified as an important target for toxicity
in lipophilic UV filters (Bliithgen et al. 2014; Falfushynska
et al. 2021; Stien et al. 2020, 2019).

Our data indicate a significant increase in DNA dam-
age after 26 days of exposure induced by both UV-filters
(Fig. 4; p<0.05); similar results have been recently
observed in bivalves exposed to different UV filters by
other studies (Cuccaro et al. 2022b; Falfushynska et al.
2021; Santonocito et al. 2020). Although our results
did not show DNA damage after TCS and OTNE expo-
sure, previous works have demonstrated genotoxicity in
R. philippinarum (Matozzo et al. 2012a) and Dreissena
polymorpha hemocytes (Binelli et al. 2009; Parolini et al.
2013) exposed to environmentally relevant concentration
of TCS.

Not much data have been published regarding OTNE tox-
icity; some experiments have observed mortality, adverse
effects on reproductive capacity, and morphological changes
in fish and the crustacean Daphnia magna (McDonough
et al. 2017). However, many biological processes were not
studied under the effects of OTNE. Even so, some works
with other fragrances such as HHCB and AHTN have dem-
onstrated changes in phase I, phase II, antioxidant enzymes,
LPO and DNA damage, immunotoxicity, and neurotoxicity
at environmentally relevant concentrations (Ehiguese et al.
2020).

Our data have revealed that the toxicity of selected PCPs
at environmental concentrations was not directly related to
lipophilicity or bioconcentration. This study underlines the
importance of performing bioassays to assess the toxicity of
emerging contaminants in aquatic biota with special interest
in sentinel organisms such as bivalves.
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Conclusions

The bioaccumulation of the four PCPs selected under labora-
tory conditions has been reported. OTNE and OC presented
higher uptake rates. The highest removal rate was found for
BP-3, although the final concentration levels were higher
than the concentrations from non-exposed organisms. It was
concluded that those chemicals with higher log K, matched
the higher BCF in this study. Moreover, it was observed how
the experimental conditions and the organism selected might
influence the results, making comparison between studies
difficult. Additionally, results from this study provide new
information concerning TCS, BP-3, and OC for the model
organism R. philippinarum from experimental data, which,
to our knowledge, has never been reported before. Concern-
ing OTNE, this work provides the first BCF and toxicity
data, thereby contributing to the knowledge about this chem-
ical in exposure scenarios. The little bioaccumulation field
data for some of the compounds tested makes comparison
difficult, taking into account the high seasonal patterns that
some UV filters have in the environment. Moreover, it was
demonstrated that the PCPs selected could induce changes
in phase I and phase II of xenobiotic metabolism, induce
antioxidant enzymes, and produce oxidative stress and even
DNA damage in R. philippinarum.

However, further research should be done applying a
non-targeted approach to evaluate biotransformation prod-
ucts of parent compounds since the metabolization of some
target chemicals in other aquatic species has been observed
in previous works. Additionally, a complementary approach
using bioaccumulation data, biomarker responses, and omic
techniques could contribute to identifying the main path-
ways involved during the metabolization of these products
in organisms.

This study makes a contribution to the understanding of
the bioaccumulation and toxicological effects of PCPs in
aquatic organisms and, although more research is needed, it
could contribute to support future regulations.
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