Accepted Manuscript %

Chemosphere

Effects of triclosan on early development of Solea senegalensis: From biochemical to
individual level

M.J. Araujo, C. Quintaneiro, A.M.V.M. Soares, M.S. Monteiro

PII: S0045-6535(19)31424-9
DOI: https://doi.org/10.1016/j.chemosphere.2019.06.183
Reference: CHEM 24213

To appearin: ECSN

Received Date: 27 February 2019
Revised Date: 4 June 2019
Accepted Date: 24 June 2019

Please cite this article as: Araujo, M.J., Quintaneiro, C., Soares, A.M.V.M., Monteiro, M.S., Effects
of triclosan on early development of Solea senegalensis: From biochemical to individual level,
Chemosphere (2019), doi: https://doi.org/10.1016/j.chemosphere.2019.06.183.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.chemosphere.2019.06.183
https://doi.org/10.1016/j.chemosphere.2019.06.183

96h exposure

* Increased malformations + Altered anti-oxidant response

TR'CLOSAN i Decreased growth i

48h exposure + 9 days in clean medium
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Abstract

Harmful effects of triclosan (TCS) have been reparon several organisms;
however, effects on early life stages of maringel@ates are limited. Therefore, the
objective of this work was to assess the effect8@$ during early development of the
flatfish Solea senegalensis after initial characterization of cholinesterag€hEs) and
determination of selected biochemical markers lnzsdédvels.

Characterization of ChEs and determination of beocical markers baseline
levels of cholinergic activity, energy metabolismdaoxidative stress were analysed in
sole at 3 days after hatching (dah) and along mataimosis. Fish were exposed during
96h to 30-500 pg L TCS until 3 dah. Fish at 13 dah were exposed dut8tgto 200-
1,500 pg ! TCS and maintained until complete metamorphosifecEs on survival,
malformations, length, metamorphosis progressiod hiochemical markers were
evaluated.

The main cholinesterase active form present in salty life stages is AChE
and baseline levels of oxidative stress and enengyabolism biomarkers changed
according to fish developmental stage. Triclosatuaed malformations (Eg=180 ug
L™ at 3 dah; LOEC=391 pg'at 17 dah), decreased growth (95 |gat 3 dah; 548 ug

LY at 24 dah) and affected metamorphosis progres&od pg L' at 17 dah).



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

Impairment of antioxidant system was observed, Wit causing long-term effects on
catalase at the metamorphosis test, however, ndatxé¢ damage was detected.
Glutathione S-transferase was the most sensitidpa@nt during early larval test

(LOEC=30 pg .

Exposure to TCS affected the developmenSo$enegalensis at individual and sub-

individual levels, both at early larval stage andrinly the critical period of

metamorphosis.

Keywords. cholinesterases; flatfish; growth; metamorphosisglative stress; personal

care products.

1. Introduction

The use of personal care products (PCP) has bsemg rand some of their
compounds are not effectively eliminated throughhvemtional water treatment
processes, reaching aguatic ecosystems. Triclosarb-chlgro-2(2,4-
dichlorophenoxy)phenol, TCS) is one of the most mammly used ingredients in soaps,
toothpastes and deodorants and it is also fouradbihing, kitchenware, furniture, and
toys (Orvosat al., 2002; Fangt al., 2010).

The increase of TCS in environment due to the widsk of PCPs is of growing
concern, in fact TCS is one of the most frequed#tected organic micropollutants in
the aquatic environment (Lue al., 2014; Dhillonet al., 2015). Triclosan is widely
present in wastewater influents, although the refigtient wastewater treatment plants
achieve removal rates of 92-99 % (Kunefial., 2010; Buthet al., 2011; Dhillonet al.,
2015), in conventional water treatment processesTiS clearance rate is 24-95%

(Dhillon et al., 2015). Therefore, TCS end up in effluents reaghioncentrations of
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about 0.08-5.37 pugt(SCCS, 2010; Dann and Hontela, 2011; Kookenal., 2011;
Diaz-Garduiioet al., 2018). This highly lipophilic compound (log ootd—water
partition coefficient, K, of 4.8) has an estimated half-life of 60 days eandironmental
concentrations reach up to 40 pg in freshwater ecosystems, 0.3 pg in estuaries
and 0.1 pg L in saltwater environments (SCCS, 2010; Dann andtéla, 2011;
Pintado-Herreraet al., 2014; Gasperet al., 2014; Lehutscet al., 2017; Naget al.,

2018).

As an anti-bacterial, TCS inhibits the enzyme Fédrioyl-acyl-carrier-protein
reductase) which is responsible for catalyzing téreninal reaction in the fatty acid
elongation of cell wall in bacteria (Lunet al., 2005; Massengo-Tiassé and Cronan,
2009; Fanget al., 2010). Triclosan can be bioaccumulated in nogeta species,
including in marine organisms, potentially causadyerse effects (Alvarez-Mufiat
al., 2015). It is known that TCS and other phenogaobiotics are metabolized through
biotransformation phase | (pathway mediated by adytome P450 enzymes) and phase
Il generating more water-soluble glucuronide anthsel conjugates (Liangt al., 2013;
Ashrapet al., 2017; Wuet al., 2017). Oxidative stress induction has been tedaafter
TCS exposure in amphibians (Martietsal., 2017) and freshwater fish (Oliveieaal.,
2009; Lianget al., 2013; Falisset al., 2017). For instance, TCS is reported to induce
catalase (CAT) in different freshwater fish spedies et al. 2018; Ku et al 2014;
Banerjee et al. 2016), to enhance glutathione $ematl decrease the total antioxidant
capacity in the fisiCarassius auratus leading to oxidative damage of lipids (Li et al.
2018; Wang et al., 2018). In addition inductiortlod neurotransmission enzyme AChE
and of LDH, an enzyme of the anaerobic metabolisaa weported to occur in early life
stages ofDanio rerio exposed to TCS (Oliveirat al. 2009). In addition, endocrine

disruption has also been described in differemt $fages of aquatic vertebrates after
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TCS exposure (Ishibaski al., 2004; Pintcet al., 2013; Marlatet al., 2013). However,
knowledge on its effects and modes of action oty dide stages of marine vertebrates
are still scarce.

The determination ofa priori biochemical markers baseline levels is an
important initial step to understand normal physgotal conditions in model species
used in ecotoxicology (Quintaneisb al., 2008; Antunest al., 2010; Ferreirat al.,
2010). Key life events and physiological status lamewn to influence responses at
biochemical level (Monteiret al., 2005; Nunes, 2011; Nunesal., 2015). In addition,
biochemical responses of organisms may be altgreékdebexposure to stressors and can
provide relevant information on their mode of acti@and toxicity (Oostt al., 2003;
Fernandez-Diazt al., 2006; Pimentekt al., 2015). For instance, stressors can elicit
increased production of reactive oxygen species SR@nd/or impairment of
antioxidant system through enzymatic inactivatiovhich might lead to oxidative
damage in DNA, proteins and lipids, and increadlellee degenerative processes which
might lead to death (Storey, 1996; Oestal., 2003; Parket al., 2017; Wanget al.,
2018). Assessment of effects on neurotransmissam ke performed through the
determination of cholinesterases (ChEs) activityeré are two main forms of ChEs that
break down esters of choline in fish species: acletjyinesterase (AChE) and
butyrylcholinesterase (BChE), with a high affinfiyr the substrates acetylcholine or
butyrylcholine, respectively (Rodriguez-Fuentes @wuld-Bouchot, 2004; Monteiret
al., 2005; Lionettoet al., 2013; Hampekt al., 2016). The levels and proportions of
these key enzymes of the nervous system dependhenspecies, organ/tissue,
physiology and stages of life, with AChE generélging the most common type in fish
brain (Monteiroet al., 2005; Wilson, 2010; Nunes, 2011; Fisher and Vdéontt, 2012;

Soléet al., 2012). Therefore, characterization of ChEs gthbel performed before using
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these enzymes for neurotoxicity assessment. Thhitilom of ChEs was primarily used
as biochemical marker of effect and/or exposureng&urotoxic agents such as
organophosphates and carbamate pesticides (e.gqu&wo& and Galgani, 1998);
however, they can also respond to different clasgestressors (Guilherminet al.,
1996; Nunes, 2011; Quintaneigbal., 2014).

Early life stages of fish, namely before beginnaigndependent feeding, stand
as a good alternative to animal testing (EU, 2@dholz, 2013; Lillicrapet al., 2016);
however, the use of estuarine and marine fish spegarly life stages as alternative
models has been very limited. In this context,\ekifé stages of Senegalese sdel€¢a
senegalensis Kaup, 1858) arise as a potential model organishis Bpecies occurs
naturally on Southwestern Europe and Northern Afridtlantic waters and has an high
ecological relevance, belonging to medium-top tropével. In response to economical
interest and aquaculture potential®fsenegalensis, commercial exploitation has been
increasing since the early 90’s (Imslagtdal., 2003; Moraiset al., 2014), which had
supported further advances on the scientific kndgdeof the species. While ad@t
senegalensis have been widely used as sentinel species foramental pollution
monitoring and assessment (e.g. Rébal., 2004; Costa&t al., 2008; Olivaet al., 2012;
Soléet al., 2012; and others), there is also an high paktdiuse early life stages of
this species for laboratory toxicity testing (Pirtedret al., 2015; Pavlaket al., 2016;
Araujo et al., 2018). Contributing to this potential is thetfaf Senegalese sole early
development stages have been already describedveyas authors (e.g. Dinis, 1986;
Fernandez-Diaet al., 2001; Klareret al., 2008). Besides, the fast growth of larvae with
an early thyroid regulated metamorphosis endinfénfirst month of life (Yuferat al.,

1999) are interesting features for studying compsuacting as endocrine disruptors.
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The main aim of this study was to assess the sffeét TCS on early
development of. senegalensis at individual and biochemical level. In order wheeve
this, firstly, characterization of the main ChErfgs) present irS. senegalensis was
performed through the use of different substrated specific inhibitors. This was
evaluated in different early development stagesn@aiately after yolk sac depletion, at
the beginning and at the end of metamorphosis)orgitg, baseline levels of selected
biochemical markers were determined at the sangestarhirdly, survival, growth,
malformations, metamorphosis progression and bioated markers ors. senegalensis
were evaluated after 96h exposure to TCS at tHg kaval phase and after 48h at the

onset of sole metamorphosis.

2. Material and Methods

2.1. Chemicals
Triclosan (Irgasan 97 %) and all chemicals used dbaracterization of
cholinesterases and biochemical analysis were paechfrom Sigma-Aldrich Co. LLC
(St Louis, USA), except Bradford reagent, which wagsrchased from Bio-Rad
(Germany). Acetone, acetonitrile, methanol and Ididmethane were supplied by
Merck. All chemicals used on chemical analysis QfSTwere of analytical or HPLC

grade quality.

2.2. Biological material
Eggs of S senegalensis were obtained from a commercial hatchery (Sea8,
Portugal) and were transported to the lab (2 hoagimum) within 12 hours post
fertilization. Transportation was performed in @rhal box, within plastic bags (5L
recirculatory system saltwater). Floating lipidirieggs in gastrula stage were washed

7
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and kept in glass jars in previously matured syitrealtwater (19°C, salinity 35, Coral
Pro Salt, Red Sea, Saudi Arabia, pH=8.15) untihter use. Observation of egg stage
and viability was performed using a stereosmicrpecéNikon SMZ 1270, Nikon,
Japan).

For the present work, three development stages wamisidered (fig. S1). The
first stage referred to 3 days after hatching (dAhjhis stage, full depletion of yolk sac
has occurred (Dinis, 1986; Yufeehal., 1999; Klarenet al, 2008). The second stage
studied refers to the onset of metamorphosis, whighly depends on maintenance and
feeding conditions. According to Fernandez-Déaal. (2001), 50% of fish starts the
metamorphosis between 9 and 16 days after hatc@pgnding on the typical feeding
regimes. The larvae remain pelagic and with bildtesymmetry. The third stage refers
to post-metamorphosis organisms. Complete metarosgohfish are benthic, laterally
flattened and asymmetric, the left eye has readtsefinal position in the right (and
dorsally) positioned side of the body and orbitahas are clearly visible. This stage is
achieved between 16 and 24 days (Fernandez-@iak, 2001). The different sole
stages used in the present study were within theseframes. Pre-metamorphic fish
with 13 dah and post-metamorphic fish with 22 darewsed in ChE characterization
and biochemical basal levels determinations. InTIGS test during metamorphosis the
48h exposure began at 13 dah and fish were magataimtil completion of
metamorphosis, at 24 dah. All experimental procesluvere carried out following the
European and Portuguese legislation concerningarerperimentation (authorized by

the Portuguese competent authority, Direccdo Gky@limentacéo e Veterinaria).
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2.3. Maintenance conditions of fish used for ChE characterization and

biochemical markersbaseline levels

Solea senegalensis eggs were placed in conical culture tanks (app8@k., 50
eggs L) with aeration, external biological filter, prateskimmer and refrigeration
(19°C, HC series chiller, Hailea, China), photoperi6:8 h (light:dark) and salinity 35
(Coral Pro), which was adjusted daily. The larvaeding regime included increasing
densities of rotifersBrachionus plicatilis) from 1 to 6 dah (between 5 and 10 rotifers
mL™), artemia nauplii from 5 to 10 dah (between 2 and 9 nauplii*) and from 10 dah
with artemia metanauplii (between 9 up to 35 metanaupliilntil the end of
metamorphosis (Fernandez-Dietzal., 2001). Green algaéN@nnochloropsis sp.) was
also added since 1 dah. Randomly chosen fish floenthhree development stages
previously described (larvae, 3 dah, 3.3£0.04 mngtle; pre-metamorphosis, 13 dah,
4.5+0.04 mm length; and post-metamorphosis, 22 82+0.09 mm; 30 fish measured
for length in each life stage) were snap frozerhviquid nitrogen and kept at -80°C
until further procedures for ChE characterizatiord aletermination of biochemical

markers baseline levels.

2.4. Characterization of ChEs
Previously frozen samples of fish in the followilig stages were used: 3 dah
(n=3, 25 organisms per replicate), 13 dah (n=3rgamisms per replicate) and 22 dah
(n=3, 9 organisms per replicate). After homogemrat(Sonifier S-250A, Branson
Ultrasonics, USA) in potassium buffer solution (pH=2, 0.1 M), samples were
centrifuged (6,000 rpm; 5 min; 4°C) and supernatamtere used for ChE

characterization as described below.



219 Substrates

220 To determine the substrate preference of the enzgnesent along early
221 development ofS senegalensis, three different substrates (acetylthiocholineided
222  AcSCh; S-butyrylthiocholine iodide, BuSCh and pmopilthiocholine, PrSCh) were
223 used in increasing concentrations in the enzynratictions, from 0.08 to 20.48 mM in

224  the early larval stage and between 0.005 and 20&0in the two metamorphosing

225 stages.
226 Inhibitors
227 To understand which esterase enzymes are presdhtk ithree development

228 stages considered, the action of selective ChEbitong was studied inn vitro
229 enzymatic assays using the two substrates AcSChBaI8Ch. To this end, initial
230 incubation of samples was performed with eserimisidfate (selective inhibitor of
231 ChEs), 1,5-bis(4-allyldimethylammonimphenyl) pengone dibromide (BW284C51,
232 selective inhibitor of AChE) or tetraisopropyl pploosphoramide (iso-OMPA,
233 selective inhibitor of BChE). Samples (495 pl opswmatant) were incubated with each
234  inhibitor (5 pl) for 30 min at 25+1°C. Eserine wased with concentrations ranging
235 from 6.25 to 200 uM, BW284C51 from 6.25 to 200 phdaso-OMPA from 250 to
236 8000 uM. In the differentn vitro experiments, ultrapure water was used as negative
237  control with the three inhibitors and ethanol w#saused as solvent control for iso-
238 OMPA, as itis not soluble in water.

239 2.5. Determination of biochemical markersbaseline levels

240 Previously frozen samples of fish in the followilig stages were used: 3 dah
241 (n=9, 25 organisms per replicate), 13 dah (n=9rdgamisms per replicate) and 22 dah
242 (n=9, 9 organisms per replicate). After homogemirain potassium buffer solution

243 (pH= 7.4, 0.1 M) by sonication, the homogenate eergrifuged for 20 min at 10,000 g

10
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(4°C) and the supernatant was used for the enzgnaatalyses. AChE activity was
measured by Ellman's method (Ellmetral., 1961) adapted to microplate (Guilhermino
et al., 1996) using acetylthiocholine as substrate aokibviing the increase of
absorbance at 412 nm. GST activity was measurdéawiolg the conjugation of GSH
with 1-chloro-2,4-dinitrobenzene at 340 nm as dbsdr by Habig and Jakoby (1981)
adapted to microplate reader (Frasco and Guilhermi002). CAT activity was
determined by measuring decomposition of the satestiydrogen peroxide {B,) at
240 nm (Clairborne, 1985). LDH activity was detamsd by measuring the conversion
of pyruvate to L-lactate with the concomitant carsven of NADH to NAD+ during
glycolysis which is measured at 340 nm as descriped/assault (1983) with the
modifications introduced by Diamantired al. (2001). The protein concentration was
determined in triplicate according to the Bradfondthod (Bradford, 1976) adapted to
microplate using bovine-globuline as a standard and measurements at 595 nm

The enzymatic activity is expressed in Units (U) pey of protein. One U is a
nmol of substrate hydrolysed per minute using aamaxtinction coefficient of
13.6x16 M*cm?® for AChE and 9.6x1OM™“cm™ for GST, one pmol of substrate
hydrolysed per minute per mg protein, using a mesdinction coefficient of 40 Mcm
! for CAT and 6.3x1®M™*cm™ for LDH. All spectrophotometric measurements were
performed in 96 well microplates (3-4 technical liecgies per each sample) using a

Labsystem Multiskan EX microplate reader.

2.6. Fish exposureto TCS
Saltwater (salinity 35) and TCS solutions were pred with synthetic salt
(Coral Pro). Stock solutions of 9 or 18 mg ILCS (for early larval or metamorphosis

assays, respectively) were previously preparedcetome and diluted in saltwater to

11
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achieve the selected concentrations. Exposure t& Tas performed in three
independent trials according to fish life stage.

In the first trial, the early larval test, eggs wexposed during 96h until 3 dah
(n=4, 10 organisms per replicate in 10 ml of tedtitson) to six concentrations of TCS
(30, 53, 95, 169, 300 and 500 pg)land to the respective negative (saltwater) and
solvent control solutions (33.3 ul'Lof acetone in saltwater). Exposure to TCS was
performed on 6-well plastic plates (10 ml each wptkeviously incubated during 24h
with TCS solutions at the same respective concéoriato avoid TCS depletion during
the test. The exposure was performed in semi-statiaitions (solution renewal at
48h), without feeding under the same temperatudepaiotoperiod regimes as described
above for fish maintenance. At 3 d&h,senegalensis larvae (whole-body) previously
exposed during 96h to TCS near or below the medaihal concentration of 20% of
organisms (LG 164+10 pg ! TCS) and controls were snap frozen in liquid mjew
and kept at -80°C for biochemical markers quaratifon.

Senegalese sole were maintained in culture conditas described previously
until the onset of metamorphosis (13 dah), thelm fiere divided in two trials, one for
biochemical markers determination after 48h of T&xosure and another to evaluate
metamorphosis progression and biomarkers, at 24@aé group of randomly selected
fish (n=6, 10 fish per replicate in 10 mL test $wmn) was exposed to seven
concentrations of TCS (200, 280, 391, 548, 7662187d 1500 TCS pg1) and to
negative (saltwater) and solvent control soluti®®3 pl L* of acetone in saltwater).
Exposure to TCS was performed in 6-well plastiagda10 ml each well) previously
incubated during 24h with TCS solutions. After 4&@hfish exposure, the organisms
were snap frozen in liquid nitrogen and kept at°€@Cfor biochemical markers

quantification. Another group of fish (n=6, 6 figer replicate in 10 mL test solution)

12
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was also exposed to the same concentrations opreneous trial plus negative and
solvent controls and after 48h of exposure, fismeweansferred to new 6-well plastic
plates with clean media (saltwater) and daily fethwve food (artemia). Maintenance
was performed untii more than 80% of negative antof fish completed
metamorphosis (24 dah). At the end of metamorphésts from treatments presenting
mortality below 10% (five lowest concentrationsTaES) were snap frozen with liquid
nitrogen and kept at -80°C for biochemical markgusntification. The physical-
chemical parameters were controlled in both tgsts=8+0.5, oxygen saturation over
80%, salinity 35+0.5 and temperature 19+1°C).

In all experiments, survival and malformations wegeorded on a daily basis
with a stereomicroscope. Hatching was checked ht&¥ 48h in early larval test.
Length of fish (from snout to tip of caudal fin) svdetermined at the end of the early
larval test (3 dah, n=12-16 for each treatment amtrol group) and at the end of
metamorphosis test (24 dah, n=6-9 for each treatnoencontrol group). All
measurements were performed using a Nikon stereostiape coupled with a Nikon
camera and with a millimetric ocular. While randgreklected fish were measured at 3
dah, at the end of metamorphosis only fish with plete metamorphosis were
considered for length determination. Teratogenieinof TCS was estimated using the
ratio between L& and EGp at 3 dah; a xenobiotic is considered teratogeriensthe
index is above 1 (Selderslaghisal., 2012).

Evaluation of metamorphosis progression was peddraccording to literature
(Dinis, 1986; Fernandez-Diagt al., 2001; Klarenet al., 2008) and seven stages of
development based on external morphology were derei: A - beginning of
enlargement of dorsal and ventral fins, occasisivdting; B - beginning of migration

of left eye to the right side, initial sinking; C further migration of left eye and

13
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343

pigmentation, alteration of mouth shape; D - furthmeigration of left eye and
pigmentation (eye on the anterior edge), fully eggment of dorsal and ventral fins,
further alteration of mouth shape; E - fully flatésl body, left eye on the dorsal side; F
— further migration of left eye on the dorsal sitiegther pigmentation, anterior profile
becomes more curved; G - orbital eye membrane besdhicker, growth of anal fin,
shrink of pectoral fin (complete metamorphosis).

In addition to the determination of AChE, CAT, G&id LDH activity levels as
previously described, LPO was also measured in ksmngh TCS tests, by applying the
method of thiobarbituric acid-reactive substandes wavelength of 535 nm (Bird and
Draper, 1984). ). An aliquot (154) of the initial sample homogenates were placed in
microtube with 4ulL of 4% butylated hydroxytoluene (BHT) in methartol avoid
posterior oxidation of lipids. These samples wegentained at -80°C until and further
processed according to Bird and Draper (1984). li®@xpressed in U per mg of
protein which represents one nmol of TBARs hydretyper mg protein using a molar

extinction coefficient of 1.56xPav*cm™.

2.7. Chemical analysisof TCS

Chemical analysis of TCS was performed in initiedttsolutions and also in
solutions after 48h of exposure (metamorphosis}test

Solid-phase extraction (SPE) of TCS from testinptsans was adapted from
Kookanaet al. (2013). The SPE cartridges (C18/17%, 100 mg I'niEinisterre,
Teknokroma, Spain) were initially conditioned withml of methanol followed by 4 mi
of ultra-pure water. A volume of 20 ml from eachmgde were loaded at an
approximate velocity of 1 ml mihfollowed by the same volume of ultra-pure water fo

desalting. After that, the columns were vacuumddeiring 5 min. TCS was then

14
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eluted with 4 ml of methanol and 4 ml of dichlordhmne into a glass jar and samples
were then dried with a gentle stream of nitrogemcldsan was reconstituted in 2 ml of
methanol and sodium sulphate was added to remoygvarer content. Eluted samples
were filtered with a mixed cellulose ester membréiter (0.22 pum, 25 mm) and
diluted to 0.5 mg ! of TCS in methanol. The analyses were performettiicate
using HPLC with PDA detector (SPD-M20A, Shimadzu)@md a 15x0.46 cm column
(Brisa “LC*", Teknokroma), particle size 5 pm. The volumergéction was 10 pL, the
flow rate was set at 1 mL nifnthe mobile phase was 70% acetonitrile and 30%-ult
pure water and oven temperature was 25°C. The Bak was detected at 7.0 min at a
wavelength of 280 nm. Area calculation was perfarmesing Labsolutions Series
Workstation software (Shimadzu Co). For TCS quanatifon, three standards of TCS
in artificial salt water (10 mg ) were prepared after dilution of an initial stock
solution in acetone (5 mg ). Standard solutions followed the same SPE praeedu
as samples and were diluted for concentrationsd®tv0.025 and 1.200 mg'lof TCS

in methanol. Standards were measured in triplieatd used to calculate a calibration
line. The determination coefficient {Rof the calibration line and the limit of detectio
(LOD) were 0.9959 and 7.8 pg*Lrespectively. The LOD was calculated aS(pm,
where m is the slope of the regression line §pds the sum of residuals that estimates

the random errors in the yy axis (Lethl., 2017).

2.8. Statistical analysis
In the in vitro assays with ChE inhibitors for ChEs charactergtistatistic
differences of ChE activity between control and GhEibitor treated samples were
tested by One-way Analysis Of Variance (ANOVA) tnlled by pairwise Dunnett’'s

test after testing normality (Kolmogorov-Smirnovinda homoscedasticity (Levene's
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mean test). Non-parametric Kruskal-Wallis was felkol by pairwise multiple
comparison  procedures (Student-Newman-Keuls) wherormality and/or

homoscedasticity was not observed. Solvent comtes used for comparing inhibition
of iso-OMPA concentrations on both substrates,radtie initial t-test comparison
between solvent and negative control.

In order to determine differences on baseline kvl biochemical markers
(AChE, CAT, GST or LDH) between each of the thriée $tages studied, One-way
ANOVA was performed after verifying normality andorhoscedasticity of data.
Pairwise multiple comparison procedures (Tukey )l\este performed as post-hoc test.

In the bioassays with TCS, logistic three parametgression model was used
to determine lethal and effect concentrations (b@ BC, respectively) of TCS. Student
t-tests were performed to test for differences ketwnegative and solvent controls for
all appropriate endpoints. Being significantly diént or not from negative control,
solvent control was always used in further datalysis to determine significant
differences with TCS treatment groups. One-way AMOMIlowed by Dunnett’s test
was used for comparison between treatments an@rgobontrol for hatching, length
and biochemical markers levels. Non-parametric kalsgVallis test followed by
pairwise Dunn’s test was performed when normalitgi/ar homoscedasticity were not
obtained (malformations at the metamorphosis téd€tamorphosis progression was
studied using Chi-Square test. For significant agagwise post-hoc Chi-Square with
Bonferroni Adjustment were used for testing diffezes between solvent control and
TCS groups individually (Arnholt, 2016).

All the statistical procedures were performed usBigmaPlot version 12.0

(Systat Software, Inc.). Results are expressedeas m standard error (SE).
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3. Reaults

3.1. Characterization of cholinesterases and baseline levels

3.1.1. Cholinesterases characterization

Substrates

The preference of the ChE(s) present in the thiages ofS. senegalensis for
each of the substrates used in the enzymatic oeacis depicted in figure 1. The
AcSCh was the substrate cleaved at highest ratellimlevelopment stages &
senegalensis followed by PrSCh and BuSCh substrates. The maxin@hE activity
was obtained using AcSCh at 1.28 mM for 3 dah (igith 129.6+3.12 U mg proteid),
2.56 mM for fish at the beginning of metamorphdsiith 74.2+1.30 U mg proteit)
and at 5.12 mM for fish at the end of metamorph¢sith 115.4+1.53 U mg protei.
Furthermore, a reduction of ChE activity was obedrwith the highest AcSCh
concentrations tested in all development stagediextu Using PrSCh as substrate,
maximum ChE activity was measured at 5.12 mM in ttiree development stages
tested, with values ranging between 28.3+1.21 &hé+4.08 U mg proteih (in pre-
metamorphosing fish and 3 dah larvae, respectiv@liile BuSCh was the substrate
cleaved at a lower rate in the three developmegest with maximum ChE activity
measured at the highest substrate concentratidedt€20.48 mM). In addition, the
highest ChE activity observed using this substrmiesole was at the end of
metamorphosis (13.5+0.23 U mg prof8in

Inhibitors

The selective inhibitor of ChEs, eserine sulfatencst completely inhibited
ChE activity in allS. senegalensis early life stages even at the lowest concentration

tested (6.25 pM, fig. 2A, p<0.05), with percentagémhibition over 85.5%.
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In the BW284C51 assay using AcSCh as substratee thvas a significant
decrease (above 80%) of enzyme activity with alhcemtrations of the inhibitor
(p<0.05, fig. 2B) for all development stages.

Using AcSCh as substrate, no significant decreasghE activity was observed
in 3 dah larvae with iso-OMPA, the selective intobiof BChE (fig. 2C, p>0.05).
However, in the other two later life stages, sigaift inhibition in ChE activity was
observed for all tested concentrations with iso-@MB<0.05) with maximum
percentages of inhibition of about 35.8% in postam®rphosingS. senegalensis at
8000 uUM.

Using the preferred substrate of BChE, BuSCh, theas no inhibition with
BW284C51 for the concentrations tested, exceptHerhighest concentration used in
fish homogenates of pre- and post-metamorphoSingenegalensis with inhibition
percentages up to 19.1% at the end of metamorph{psB.05, fig. 2D). On the
contrary, using the same substrate, there wasfisiggmi inhibition of ChE activity with
all concentrations of iso-OMPA tested in fish oé tthree life stages studied (p<0.05,

fig. 2E) with a minimum of 70.9% inhibition at tkearliest life stage.

3.1.2. Biochemical markersbaselinelevels

Biochemical markers baseline levelsSofea senegalensis on three development
stages are presented in table 1. No significaférdiice on AChE activity were found
between fish development stages (p>0.05) with waha@ging between 85.1+4.69 U
mg protein® at the beginning of metamorphosis and 96.3+2.8@d.broteirt at the end
of metamorphosis.

The activity of CAT was significantly higher in theginning of metamorphosis

(11.6+0.72 U mg proteil) when comparing to other development stages (j530The
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CAT activity levels in earliest life stage and aftee metamorphosis were 7.7+0.29 and
6.9+0.47 U mg proteif, respectively.

The levels of GST activity decreased along fishettgyment, with significantly
lower activity at the end of metamorphosis (10.880U mg proteiff, p<0.05) when
compared with the two earlier stages (16.5+0.94 ¢ protein® at the beginning of
metamorphosis and 18.4+0.60 U mg proted 3 dah).

Activity of LDH increased near three-fold betweema&h and the beginning of
metamorphosis (0.046+0.0017 and 0.172+0.0036 U rotein*, respectively, p<0.05)

and significantly decreased at the end of metanu®igh{0.067+0.0096, p<0.05).

3.2. Effectsof TCS
3.2.1. Chemical analysisof TCS
Values of nominal and measured concentrations d &€ presented in table
S1. The difference between measured and nominaeobrations was below 20% and
therefore, nominal concentrations were used fodaa analysis. The depletion of TCS
after 48h ranged between 67.5% and 84.7% (for nandancentrations of 200 and

1500 pg [* TCS, respectively) in the fish metamorphosis assay

3.2.2. Effectsof TCSon solelarvae

Hatching after 24h exposure to TCS ranged betwe&rb+8.50% and
96.7+3.33% (for fish exposed to 95 ug' MCS and solvent control, respectively)
without the existence of significant differencestvimen exposure groups (p>0.05).
Hatching was 100% after 48h of TCS exposure iteall groups.

Survival of S senegalensis in negative and solvent control was above 90%aet t

end of the early larval test. Exposure to the hsgltencentration (500 pug) induced
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100% mortality ofS. senegalensis eggs and larvae at 1 dah. The 96hsd_for TCS
exposure was 218+10.8 ud (fig. S2).

There were no differences on total length of figitmieen negative control and
solvent control (3.6£0.05 mm for both groups, p®).0After 96h of exposure, fish
exposed to concentrations higher than 53 [{gTCS were significantly smaller than
fish from solvent control group (between 11% an#éoZinaller) (p<0.05, fig. S3).

Oedema was observed in 19+7%So$enegalensis larvae exposed to the second
highest concentration of TCS tested (300 it Bt 1 dah and was not present on
following days. Abnormal spinal malformation wadet#ed in organisms exposed to
the two highest treatment groups (300 and 500 f)gat 24 hours post fertilization
(5.045.0% and 90.5+9.52%, respectively) and als®%tand 169 pg t treatment
groups at 1 dah (8.4+2.85% and 26.8+£15.5%, respdy}i At 2 dah and at the end of
the test (3 dah) all treatment groups presentedntialformation (fig. 3) and an overall
ECs0=180+18.0 pg [* TCS was obtained when considering malformatiorsemt in
the organisms at the end of this test (fig. S4)e Tdratogenic index was estimated as
1.1

Effects of TCS at biochemical level @senegalensis exposed during 96h from
egg stage until 3 dah are presented in figureghiftcant differences were not observed
between solvent control and negative control on BOBAT, GST activities and LPO
levels (p>0.05). No significant differences wereselved on AChE, CAT and LPO
when comparing TCS exposed larvae with solvent robrdt the early larval test
(p>0.05). On the contrary, a significantly highesTsactivity was observed in larvae

after exposure to all tested concentrations of {ji598.05).
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3.2.3. Effectsof TCSduring sole metamorphosis

Survival of metamorphosing. senegalensis after 48h of exposure to TCS was
above 90% for groups exposed below or equal to 30§2-'TCS. Fish exposed to
1500 pg [ TCS presented 25+9.4% of survival at 48h of exppand a Lg of
1357+31.5 pg ' TCS was obtained. Fish exposed to the highestertration tested
(1500 pg ! TCS) presented 100% mortality at 18 dah. Theeteded at 24 dah, when
80% of organisms from control groups completed riietamorphosis. At that time,
survival was 91.7+3.73% for negative control and2#9.16% for solvent control, with
no significant differences observed between these dontrols (p>0.05). The lowest
survival percentage (77.8+8.24%) was observedi$bréxposed to 548 pg'l.however
no significant differences were observed betwegmosad groups and solvent control
(p>0.05, fig. S5).

At the end of metamorphosis no differences wereeofesl on total length
between fish from solvent and negative control geo(B.9+0.22 and 9.1+0.21 mm for
negative and solvent control, respectively p>0.0%gh exposed to TCS concentrations
higher or equal to 548 pg'ipresented significantly lower length than fishnfrsolvent
control (8.1+0.24 mm, p<0.05, fig. S6).

The percentage of malformations along fish metamusis (fig. 5) was lower
than 10% in fish from control groups and was nangicantly different when
comparing solvent and negative control groups @50.The malformations observed
in fish exposed to TCS included altered pigmentatebnormal migration of the eye
and underdeveloped structure of head bones. Atah7(after 48h in clean media post
exposure to TCS), the maximum percentage of dexwsop abnormalities was reached,
with significant differences between solvent cohtfesh and fish exposed to

concentrations higher than 391 ug (p<0.05) reaching up to 42.0+8.27% for fish
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exposed to 766 pg L however, the frequency of such malformations éehdo
decrease over time in the clean media and, atndeoé metamorphosis, significant
differences between TCS exposed fish and fish Iwesb control were inexistent for all
concentrations of TCS (p>0.05).

The frequency of metamorphosis stages at 14, 17ar2D 24 dah for TCS
exposed fish are presented in figure 6. Signifiadifferences on sole metamorphosis
progression stages between control groups were fonlyd at 20 dah, with fish from
solvent control showing a delay in development whemparing to negative control
(48% of negative control fish were in stage E wiBi886 of solvent control fish were in
stage D, p<0.05). At 14 dah no differences werecolesl on metamorphosis stages
between solvent control and TCS exposed fish (i0Metamorphosis of fish exposed
to 391, 548, 766, and 1072 ug [CS presented a significantly faster progressiam t
in fish from solvent control at 17 dah (p<0.05). 2 dah fish exposed to 1072 pg L
TCS was still more developed than solvent conpelD(05). However, at the end of the
maintenance in clean media (24 dah) no significhffiikrences were observed on sole
development stages when comparing solvent contnol &CS treatment groups
(p>0.05).

Effects of TCS at biochemical level during metanmmgis ofS. senegalensis are
presented in figure 2.7. No significant differeneesre observed when comparing the
AChE, CAT, GST and LDH activities between solvent aegative control fish groups
immediately after the 48h exposure test (15 daB,@>. LPO was significantly lower
in negative control (0.60+0.035 nmol TBARS mg piwt® when comparing to solvent
control fish (0.72+0.034 nmol TBARS mg proté)nimmediately after the 48h test
(p<0.05). At the end of the test (24 dah), diffees) between solvent and negative

control were not observed for any of the biochetmuarkers studied (p>0.05).
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Immediately after 48h of exposure to TCS (15 dalsignificantly higher AChE
activity was observed in fish exposed to 548 an@l [I§ L* TCS (p<0.05). At the end
of metamorphosis (24 dah), no TCS effects werergbdeon AChE activity (p<0.05).

There was no significant differences on CAT acyibetween solvent control
and fish exposed to TCS immediately after the 48baxposure (p>0.05). However, at
the end of metamorphosis (24 dah), significantlydo CAT activity was observed in
fish exposed to 280 and 766 pg ICS, and significantly higher CAT activity was
observed in fish exposed to 391 pg when comparing to solvent control (p<0.05),
while for the other two TCS exposed fish groupdifterences were observed on CAT
activity when comparing to solvent control (p<0.05)

For the groups of fish exposed to the three higbestentrations of TCS (391,
548 and 766 pg 1), GST was significantly lower immediately afterh4@xposure,
when comparing to solvent control (p<0.05). However significant differences were
observed on GST activity at the end of metamorghagien comparing TCS exposed
fish to solvent control (p>0.05).

No significant effects were observed on LPO levmth immediately after 48h
TCS exposure and at the end of metamorphosis whraparing TCS exposed fish and
solvent control (p>0.05).

Lactate dehydrogenase was significantly lower fash f with ongoing
metamorphosis exposed to TCS concentrations ab89eud L* when comparing to
solvent control (p<0.05). However, at the end otamerphosis LDH activity levels

were similar in fish allocated to the differentatments (p>0.05).
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4. Discussion

In this work, effects of exposure to TCS along yeadkevelopment ofS
senegalensis were evaluated after characterization of ChEsthadtudy of biochemical

markers baseline levels in whole body homogenates.

4.1. Characterization of ChEs

While measuring ChE activity 08 senegalensis during early development, the
high inhibition by eserine along all stages studieticates that only ChEs are present.
There was a higher preference for AcSCh over theradubstrates and ChE activity was
strongly inhibited by the AChE selective inhibitB¥W284C51 when using the AcSCh.
Therefore, AChE is the most abundant active Chimfon whole body samples &
senegalensis lavae. Furthermore, the enzymatic activity deadasvith increasing
concentration of the substrate AcSCh, which is @ctl characteristic of vertebrate
AChE as described by other authors (Eto, 1974;nSw&iral., 1999; Lionettoet al.,
2013). There was a low but continuously increasiige activity with the preferred
substrate of BChE (BuSCh) along 8llsenegalensis development stages studied. Such
increase might be related with organ and tissuerdifitiation, for instance in blood the
BChE is the main predominant form (San@sal., 2012). Nevertheless, a negligible
influence of BChE on total ChE activity measurenisréxpected.

The ChE activity is resistant to the specific BGhRibitor, iso-OMPA, at the
earliest life stage tested, but a low inhibitionrgemtage was observed at later
development stages. Therefore, together with thg @v BChE activity detected in
later stages, our results suggest that despitem#éte ChE form present is AChE, since it
preferably cleaves ASCh and is almost completéeiybited by BW284C51 (selective

inhibitor of AChE), this enzyme also presents &piaal characteristic which is the
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sensitivity to iso-OMPA. This atypical characteddtas also been described for AChE

present in other marine fish species (e.g. Mongigb., 2005).

4.2. Biochemical baseline levels

Several biochemical changes occur during developrpercesses of a wide
range of organisms, namely during early larval ssagnd metamorphosis (Kashiwagi,
1995; Dandapadt al., 2003; Jovano¥iGalovi et al., 2004). The present work shows
several biochemical changes aldhigenegalensis development. The activity of AChE
was not significantly altered along the developmehiS senegalensis which is in
accordance with the fact that vertebrate cholimasts appear early during ontogenesis
(Layer, 1990; Pezzemenét al., 2010). On the other hand, CAT, GST and LDH
changed significantly as discussed below. In oudyst CAT baseline activity levels
significantly increased in the beginning &f senegalensis metamorphosis which is in
accordance with the work of Fernandez-Déaal. (2006). These authors also observed
an increase of this enzyme at beginning of soleametphosis (10 dah) followed by a
decrease at 15 and 20 dah. Thes increase of CAbecassociated with the increase of
ROS production (such as,®;), which is usually associated to several proces$es
metamorphosis progression. In one hand, an increa$&O, can be expected with
increase in metabolism that might occur during metgphosis (Yuferaet al., 1999;
Fernandez-Diaet al., 2001; Gefferet al., 2007). On the other hand, cell death naturally
occurs during flatfish metamorphosis (Senhal., 2015) and CAT alterations and
production of HO, have been associated with normal mechanisms of desith,
namelyduring amphibian metamorphosis (Kashiwagi5l®@shiwagiet al., 1997). In
addition to CAT, GST also works on organism defeagainst ROS. The activity of

GST has already been shown to change along solammogthosis. For instance,
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Pimentelet al. (2015) reported increasing GST activitydrsenegalensis from 10 to 30
dah grown in similar conditions as in the presénty. Such trend was not observed in
our study since at 22 dah the activity of GST veagelr than at early ages (3 dah and 13
dah). These different patterns of GST activity midpe due to the different ages
considered between both studies. The reduction ®T @ctivity is likely to occur
considering the decreasing oxidative stress stttas occurs along metamorphosis
progression. For instance, in anuran metamorphasisduction of glutathione levels
occurs simultaneously with the depletion of cawlastivity (Menon and Rozman,
2007).

The LDH enzyme has been directly associated witlers¢ energetic-related
functions and it is expected to increase with glovate of organisms (Pelletier al.,
1995; Geffenet al., 2007; Wenet al., 2017). In our work, there was a significant
increase of LDH at the beginning of metamorphosi®ied by a decrease at the end.
Since the onset of metamorphosis is an high demgneiergetic process on flatfish
development (Yuferat al., 1999), our results suggests the use of anaenobiabolism

by the fish during this development period.

43. TCS
Regarding the chemical analysis of TCS in testiotut®ons, the difference
obtained between nominal and measured concentsatene within acceptable range
(below 20%). However, high depletion of TCS alohg experiments occurred, which
can be associated with the photochemical degradatiothe compound. During the
experiments, adsorption by lipid droplets duringg esfage or absorption by the
organism tissues after hatching stages may alse bacurred along with eventual

metabolization of TCS by the fish (Dhill@hal. 2015).
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Triclosan has been reported to affect several agaeganisms at concentrations
from 3.4 to 300 pg £ TCS (Tatarazaket al., 2004).In the present study, effects®n
senegalensis below this value were also observed for severapemts, namely on
mortality, growth and prevalence of malformationdarvae and biomarkers at both life
stages studied (table 2). Exposure to TCS is refddd decrease and delay hatching of
medakaOryzias latipes after exposure to 313 ug'LTCS or above (Ishibaslet al.,
2004) and to significantly decrease zebrafi3nio rerio hatching until 72 h after
exposure to 500 pgLTCS (Oliveiraet al., 2009). However, the solutions of TCS
tested (concentrations up to 500 ) Idid not affectS senegalensis hatching in the
present study. In the case ®fsenegalensis eggs, their highly lipidic outer layer may
adsorb organic compounds during first hours of Wgmaent not affecting the species
hatching. In addition, when comparing to these igge¢medaka and zebrafish) the
hatching ofS. senegalensis occurs earlier during development.

The LGy of S senegalensis exposed to TCS at the early larval test (218 g L
is lower than the observed for other fish speaespely for the freshwater fish species
zebrafish (96h L&=420 ug L, Oliveiraet al., 2009) and_epomis macrochirus (96h
LCs0=370 pg L}, Orvoset al., 2002), revealing an higher sensitivity of theaips used
in the present study during larval stages. Indsaltiwater fish tend to be more sensitive
to chemicals than freshwater fish. For instancea istudy including substances from
several classes, in 50% of the cases saltwatemfgsh more sensitive than freshwater
species, while in 25% of the studies they were $essitive (Hutchinsost al., 1998).
Besides this, the six-fold increase ofg@etween 3 dah larvae and after 48h exposure
to TCS at the beginning of metamorphosis suggestsceease of sensitivity with the

development progression of the species. This camelsted with development of
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defence and detoxification mechanisms in older dif@ges, that enable fish to better
cope with TCS exposure.

Growth of S. senegalensis was affected by the exposure to TCS, both in the
early larval and metamorphosis tests (LOEC=95 &l L}, respectively), which is
in accordance with previous observations in fisecggs exposed to TCS (Orvetsal.,
2002; Ishibashet al., 2004; Oliveiraet al., 2009). In addition, in the marine fish white
seabream Qiplodus sargus) significant negative correlations were obtainedween
morphometric data, including total length, and T@Scumulation in fish liver
(Maulvault et al. 2019). The effects observed on growth of fishcese might have
severe ecological implications, including delayed unsuccessful metamorphosis,
effects on reproduction and/or ultimately decreasedival.

Abnormal spinal curvature was previously reportadsosenegalensis larvae in
response to xenobiotics exposure (Pauvthki., 2016; Araujcet al., 2018) and was also
observed in present work in response to TCS expoatrthe early larval test. This
malformation has also been reported in zebrafigfosed to TCS (Orvoat al., 2002).
Triclosan is pointed to be a low teratogenic conmubto zebrafish (Ducharmet al.,
2013) and according to our study, TCS can alsocobsidered relatively low teratogenic
to S. senegalensis, as the teratogenic indexl is relatively closéhthreshold (1).

In our work, the malformations observed at 17 dah TICS exposed
metamorphosing sole, after 2 days in clean medguggest delayed morphological
effects of TCS. Although, at the end of metamorpghd24 dah) no significant
percentage of malformations was observed, whichthimigdicate a possible recovery
from the exposure to TCS when the period of noresye is prolonged.

Sole metamorphosis was also affected by TCS tluaiced a faster progression

at intermediate development stages. During metanesip of anurans the exposure of
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the organisms to TCS have also been associatedasttbleration rate and abnormal
timing of metamorphic events and proved to intewith receptors of TH, T3 and T4
(Veldhoenet al., 2006; Sowers and Klaine, 2008). Progression efamorphosis is
directly dependent on the fluctuation of TH lev@famanoet al., 1991; Okadat al.,
2003; Klarenet al., 2008). Furthermore, TCS is pointed to interferthwhyroid axis,
acting as thyroid disrupting chemical following gsructural similarity with the TH
(Crofton, 2007; 2008; Veldhoest al., 2006; Lutheet al., 2008). Besides, the specific
molecular mechanisms through which TCS interferté wietamorphosis progression of
S senegalensis are still unknown; the transient acceleration etamorphosis observed
suggests a possible pro thyroid activity of TCSalhneeds to be further studied and
confirmed. As well, other possible mechanisms nogatly related with thyroid axis,
which might also be responsible for the appearahcealformations phenotype, should
also be considered.

In our study, assessment of biochemical effectsST@5 on S senegalensis
showed alterations on AChE, CAT, GST and LDH biooloal markers in both sole
life stages studied, revealing different effects murotransmission and antioxidant
defence responses. Oliveigt al. (2009) reported biochemical effects of TCS on
zebrafish depending on life stage. While AChE, Gf8dl LDH were affected in larvae
of zebrafish exposed to 250 pg L adults were not significantly affected at
concentrations up to 350 ug'(Oliveiraet al., 2009).

Triclosan exposure has been shown to cause AChBitioh in some species,
namely in juveniles of the marine fish white sealmdiplodus sargus (Maulvault et
al., 2019), amphibian larvae (Marting al., 2017) and in the brain tissue of
Pangasianodon hypophthalmus fingerlings, a freshwater fish (Sahaet al., 2018).

However, the contrary has also been reported. istamce, AChE activity in zebrafish
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larvae was induced with exposure to 250 [{gTICS (Oliveiraet al., 2009) and also in
another study, when exposed to 50 and 100 ig’CS (Falissest al. 2017). In the
present work, induction of AChE by TCS 8nsenegalensis seems also to occur. While
the AChE induction trend was not significant at #ely larval stage, a significant
induction was observed immediately after 48h expwsu metamorphosing fish for the
two highest TCS concentrations tested. At the enchetamorphosis, AChE activity
returned to control levels in TCS exposed fish ¢atihg possible recovery of exposed
fish. Previous works with compounds suspected ofoid disruption have been
reported to induce AChE, namely, # senegalensis larvae exposed to organic UV
filter 4AMBC (Araujo et al., 2018) and in zebrafish larvae exposed to ca/mnd
(Andradeet al., 2016). The involvement of thyroid hormones ia thgulation of AChE
activity has also been previously suggested (Pwatneir al., 1995; Andradest al.,
2016), therefore, effects of TCS on thyroid functimay explain the differences in
AChE activity and should be further studied. In iidd, TCS have been previously
reported to induce neurotoxicity through the adtora of apoptosis of neuronal cells
(Ruszkiewiczet al., 2017) and apoptosis has been associated witkased AChE
activity(Zhang and Greenbesy al., 2012). Therefore the AChE induction observed in
our work on sole larvae might be related with T@8uiction of neuronal apoptosis.In
our study, the TCS exposure triggered differenpoases on antioxidant enzymes
depending on the fish life stage assessed. Whikctef on CAT activity were not
observed at the early larval test and immediatigr she 48h exposure at the beginning
of metamorphosis, a bell-shaped response of CAiVityctvas observed at the end of
metamorphosis. Previous works showed an inductio@Adl in muscle of the marine
fish D. sargus exposed to TCS through diet (Maulvaettal., 2019). Furthermore,

induction of CAT were also reported in other stgdigith different freshwater fish

30



739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

species, namely in the yellow catfigPelteobagrus fulvidraco (0.5 ug [* TCS; Kuet
al., 2014), inP. hypophthalmus (above 97 pg L; Sahuet al., 2018) and in goldfish
Carassius auratus (above 280 pg t; Wanget al., 2018). As previously discussed,
CAT activity levels are already relatively highasriohg early metamorphosis and TCS
seem not to have the ability to induce CAT actiabove the naturally expected during
normal progression of metamorphosis. However, tffe€ TCS on CAT levels were
observed at the end of fish metamorphosis, afterpgriod of maintenance in clean
media, suggesting long-term effects on antioxigaathanisms of this organism.

In our work, GST activity was affected immediatelfter exposure to TCS:
while a clear induction of GST activity occurred the end of the early larval test
(Lowest Observed Effect Concentration, LOEC: 30LilY a GST inhibition after 48h
TCS exposure at the metamorphosis test was obs@r@#C: 391 pg [). Triclosan
also caused alterations in GST activity in sevéisll species, including inhibition in
concentrations equal and over 50 pg TCS on adult yellow catfishPglteobagrus
fulvidraco, Ku et al., 2014) and induction in the liver of swordtasHi (Xiphophorus
helleri) above 20 pg t, Lianget al., 2013), inP. hypophthalmus fingerlings (above 97
ng LY, Sahuet al., 2018) and in zebrafish larvae (above 250 [fg Qliveiraet al.,
2009). The GST plays an important role in phaskidtransformation, catalysing the
conjugation of the reduced form of glutathione (GSkith xenobiotics for their
increased hydro-solubility (Oost al. 2003; Rudnevat al., 2010; Haluzovét al.,
2011). The GST induction in TCS exposed fish atehe of the early larval test are in
agreement with the fact that besides effects omxdant system, TCS might also be
detoxified through phase Il biotransformation as baen proven to occur in several
species (Kt al., 2014; Ashrapt al., 2017; Wuet al., 2017; Dinget al., 2018; Pengt

al., 2018). At the metamorphosis test, GST inhibitimight have compromised phase I
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biotransformation and the maintenance in clean umedifter TCS exposure seems to
have allowed the recovery of GST activity. Therefothe understanding of which
mechanisms of recovery are useddgenegalensis during metamorphosis still need to
be further studied.

Exposure of goldfish to concentrations between &89 560 g L-1 TCS during
14 days increased malondialdehyde levels, indigatxidative damage of TCS in this
species (Wanegt al., 2018). Mauvaultt al. (2019) reported an increase of LPO levels
in liver of the marine fisiD. sargus fish exposed to the TCS through diet, however in
brain and muscle this increase was not observedurrstudy, the exposure to TCS did
not cause lipid peroxidation during and/or aftep@sure to TCS at the early larval and
at the metamorphosis tests, suggesting that de#pitealterations observed in the
antioxidant enzymes, no oxidative damage occurredthe tested conditions.
Nevertheless, attention should be given to thetfaat effects on antioxidant system of
S senegalensis were observed and decreased defense capacity nmghtase
vulnerability to other stressors on the environment

The LDH in zebrafish have been shown to increaskerpresence of 250 pg'L
TCS (Oliveiraet al., 2009). However, in our study, inhibition of LDa&ttivity in sole
exposed to almost all concentrations of TCS testelitates that anaerobic energy
metabolism is a less used pathway relatively totrobrorganisms, just after the
exposure during early metamorphosis. A direct inioib of LDH might be occurring
leading to an impairment of anaerobic metabolisnther use of aerobic metabolism
might be preferred in detriment of the former (Temcuet al., 2012). This fact,
together with a possible increased energy demandxidlative stress response, might

justify effects on growth of the organisms, whichre/observed at the end of our test.
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5. Conclusions

Biochemical enzymatic markers were the most semesigndpoint to TCS
exposure at both development stages tested inorelat the apical endpoints studied.
Exposure to TCS in levels as low as 30 phihduced effects at biochemical level on
the early larval test, which was the overall loweSEC obtained. In addition, growth
impairment and malformations were also detectddvatconcentrations (LOEC: 95 ug
L and EGq: 80 pg L* TCS, respectively). Despite the effects observedatove the
reported environmental levels for marine and ttaorsal waters, harmful effects of
longer exposure periods to environmental relevewls of TCS can occur and should
be further investigated. Furthermore, higher LOK&sual or above 280 pg'LTCS)
were obtained during metamorphosis when compareary larval stage, revealing an
higher degree of tolerance to TCS. Despite thigvemt responses to TCS were also
detected. Exposure to TCS during the critical difgge window of metamorphosis onset
led to alterations at biochemical (impairment dfi@idant system) and individual level
(malformations and alterations on metamorphosignession). These alterations might
be linked to observed effects with higher ecologiedevance, namely to on fish
growth. Furthermore, as sole metamorphosis is eoithyegulated process, a possible
interference of TCS the existence of alterationghymoid-axis functioning should be

further explored and understood.
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Fig. 1. Cholinesterase (ChE) activity with incremsconcentrations of substrate at three stages of
development ofSolea senegalensis: early larvae (3 days after hatching, n=3, 25 oigras per
replicate); pre-metamorphic larvae (n=3, 9 orgasigar replicate) and post-metamorphic larvae
(n=3, 9 organisms per replicate). Acetylthiocolioglide (AcSCh), propionylthiocholine iodide

(PrSCh) and S-butyrylthiocholine iodide (BuSCh) evased as substrates.

Fig. 2. Cholinesterases (ChE) activity (bars) aact@ntage of enzymatic inhibition (lines) of ChE
activity in whole-body samples &blea senegalensis in three stages of development: early larvae (3
days after hatching, n=3, 20 organisms per reg)caire-metamorphic larvae (n=3, 9 organisms
per replicate) and post-metamorphic larvae (n=3pr@anisms per replicate). Three selective
inhibitors (Eserine, BW284C51 and Iso-OMPA) weredisand enzymatic assays were performed
with two different substrates (acetylthiocholinecSCh and butyrylthiocholine, BuSCh). *

represent the existence of significant differeno€<ChE activity between inhibitor-treated fish

samples and solvent control or negative contrdi Bamples if solvent control was not used

(p<0.05). Results are expressed as meantstandard er

Fig. 3. Solea senegalensis early larvae (3 days after hatching) after 96hosxpe to Triclosan
(TCS). A) negative control; B) larvae after expasto 169 pg ! TCS presenting spinal curvature

(s). Black bars represent 1 mm.

Fig. 4. Biochemical markers @&olea senegalensis early larvae (3 days after hatching) after 96h
exposure to Triclosan. AChE, acetilcolinesteraskT € catalase; GST — Gluthatione S-transferase.
* represent the existence of significant differenodth solvent control (p<0.05). N=4, 10 fish per

replicate, results are expressed as meanzstandard e
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Fig. 5. Metamorphosin§olea senegalensis after 48h exposure to Triclosan (TCS) at 13 ddigs a
hatching (dah). A) solvent control (18 dah); Bhfisxposed to 766 ug'LTCS (18 dah); C) solvent
control (24 dah); D) fish exposed to 766 g TCS (24 dah). (m) incorrect migration of the eye
and (h) underdeveloped head structure. White lmaesents 1 mm. E) Total malformations (%) at
15, 17, 20 and 24 dah. * represent the existencgigofificant differences with solvent control

within each age (p<0.05). Results are expressettaststandard error.

Fig. 6. Metamorphosis stages 8flea senegalesins after 48h of exposure to Triclosan at the
beginning of metamorphosis (13 days after hatchiladp). N=6, 10 fish per replicate. A,B — early
metamorphosis (enlargement of fins, beginning ajfration of left eye); C,D - alteration of mouth
shape and pigmentation darkening; E - fully flagbrbody; F - anterior profile becomes more
curved; G — complete metamorphosis: orbital eye brane becomes thicker. * represent the

existence of significant differences with solveohtrol for each age (p<0.05).

Fig. 7. Biochemical markers diolea senegalensis after 48h of exposure to Triclosan at the
beginning of metamorphosis (13 days after hatchiiadp). Grey columns: 15 dah; white columns:
end of metamorphosis (24 dah). AChE, acetilcoleraste; CAT — catalase; GST — Gluthatione S-
transferas; LPO — Lipid peroxidation; LDH — lactatehydrogenase. * represent the existence of
significant differences with solvent control foetsame age (p<0.05). N=6, 10 fish per replicate for
15 dah fish and n=6, 6 fish per replicate for 24 fiah. Results are expressed as meanztstandard

error.
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Fig. S1. Development stages3lea senegalensis. A) egg in gastrula stage, B) early larvae (3 days
after hatching); C) pre-metamorphic larvae; D) pustamorphic larvae. Each black bar represents

1 mm.

Fig. S2. Survival ofolea senegalensis after 96h of exposure to Triclosan from egg stagtl 3

days after hatching. Logistic three parameter sgjo@ model, N=4, 10 fish per replicate.

Fig. S3. Triclosan effects on total length Sflea senegalensis early larvae. Exposure was
performed between egg stage and 3 days after hgt¢tiah), length measured at 3 dah (n=12-16).
* represent the existence of significant differenceith solvent control (p<0.05). Results are

expressed as meanzstandard error.

Fig. S4. Malformations present Bolea senegalensis after 96h exposure to Triclosan from egg
stage until 3 days after hatching. Logistic thregameter regression model, N=4, 10 fish per

replicate.

Fig. S5. Survival ofSolea senegalensis after 48h exposure to Triclosan at the beginnifig o
metamorphosis (13 days after hatching, dah). Dagk dnd triangles represent survival at 15 dah
(n=6, 10 fish per replicate) and grey circles repret survival after maintenance in clean medium
until complete metamorphosis (24 dah, n=6, 6 fish geplicate). Line based on logistic three-

parameter regression model.
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Fig. S6. Triclosan effects on total length &flea senegalensis at the end of metamorphosis.
Exposure was performed at the beginning of metahumip (13 dah) during 48h and length
measured at 24 dah (n=6-9) after maintenance ianchlaedium. * represent the existence of

significant differences with solvent control (p<B)OResults are expressed as meanzstandard error.



1 Table 1. Baseline levels of biochemical markerSalea senegalensis along early development: early larvae (3 days &fé¢ching, dah), at

2 the onset of metamorphosis (13 dah) and at thetm#tamorphosis (22 dah).
3dah 13 dah 22 dah
Biomar ker
(U mg proteift) (U mg proteift) (U mg proteift)
AChE 87.5+2.21 85.1+4.69 96.3+2.67
CAT 7.7+0.29 11.6+0.72 6.9+0.47
GST 18.4+0.60 16.5+0.94 10.8+0.36
LDH 0.046+0.0017 0.172+0.0036 0.067+0.0098
3 Acetylcholinesterase, AChE; Catalase, CAT; Glutaiki S-transferase, GST; Lactate dehydrogenase, Didtdrent superscript
4 letters represent the existence of significanedéghces within each biochemical marker betweerstdges. Results expressed as
5 meanzstandard error.
6
7
8
9
10
11

12



13 Table 2. Lowest and non-observed effect concentrigtiOEC, NOEC) and 10 and 50% effect concentrafititio and EGo, respectively) in

14 Solea senegalensis larvae after 96h of exposure to Triclosan (endigameasured at 3 days after hatching, dah), jtest @kposure to 48h at

15 the beginning of metamorphosis (15 dah), and afeentenance in clean medium and completed metarosip(24 dah).
NOEC LOEC ECio ECso
Endpoint Lifestage
(ug 1) (ug 1) (g 1) (ug 1)
133 218
Early larvae (3 dah) - -
(c.i.: 94 - 162) (c.i.: 196 - 236)
Mortality
1083 1357
Metamorphosis (15 dah) - -
(c.i.: 1001 - 1207) (c.i.: 1284 - 1404)
Early larvae (3 dah) 53 95 - -
Length
Metamorphosis (24 dah) 391 548 - -
80 180
Early larvae (3 dah) - -
M alfor mations (c.i.: 56 — 105) (c.i.: 156 — 210)
Metamorphosis (17 dah) 280 391 - -
Early larvae (3 dah) <30 30 (GST) - -
Biomarkers Metamorphosis (15 dah) 200 280 (LDH) - -
Metamorphosis (24 dah) 200 280 (CAT)

16

c.i. - 95% confidence interval. GST — Glutathion&r&hsferase, LDH — Lactate dehydrogenase, CATtal&se.
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Highlights

Triclosan induced malformations and decreased growth on sole early life stages
Triclosan accel erated sole metamorphosis at transient stages
Biochemical enzymatic markers were the most sensitive endpoints to Triclosan exposure

Triclosan induced alterations on anti-oxidant system without causing oxidative damage



