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1 UVOD

V poslednich desetiletich se diky intenzivni primyslové, zemédé€lské a dalsi
antropogenni ¢innosti vyznamné zvysilo pouzivani riznych chemickych latek. V nédvaznosti na
tento fakt, se soucasny vyzkum v oblasti ekotoxikologie zamétfuje nejen na tradi¢ni latky
znecistujici vodni prostfedi (napf. polychlorované bifenyly, dioxiny, organochlorované a
organofosforové pesticidy), ale stale Castéji se pozornost vénuje tzv. emergentnim polutantim.
Jako emergentni polutanty definujeme chemické slouceniny, které se v zivotnim prostiedi
objevuji relativné nové a nejsou v soucasné dobé zahrnuty do regulacniho rdmce nebo maji
nové vznikajici regulaéni normy dle vnitrostatnich ¢i mezindrodnich zdkonii, a zaroveil
vykazuji potencialné Skodlivé Gcinky. Jednd se o latky jak syntetického, tak i pfirodniho
puvodu. Dulezitym aspektem hodnoceni jejich toxicity je skutecnost, Ze do zivotniho prostiedi
Casto vstupuji kontinualné, a tudiz jsou necilové organismy vystaveny chronické expozici t€émto
latkam po cely zivot. Pfestoze jejich koncentrace jsou relativné nizké, ¢asto fadoveé v ng/l,
mohou tyto slouceniny vykazovat vysokou biologickou aktivitu a mit potencialné negativni
dopad na vodni a suchozemské ekosystémy vcéetné lidského zdravi (Ahmad et al., 2022).
Intenzivné je diskutovana napiiklad problematika endokrinni disrupce, ktera jiz byla u fady
zastupcit prokdzdna. Mezi emergentni polutanty fadime rizné primyslové latky, napft.
bisfenoly, perfluorované slouCeniny, ftalaty, moderni typy pesticidi, mikroplasty ¢i
nanocastice. Vyznamnou skupinou mikropolutanti jsou také 1éCiva a latky obsazené v
produktech ur¢enych pro osobni péci, tzv. PPCPs — ,,Pharmaceuticals and Personal Care
Products® (Ali et al., 2022).

Produkty osobni péfe (PCPs) byly definovany Agenturou pro ochranu Zivotniho
prostfedi Spojenych statti americkych (US EPA) jako ,,jakykoli produkt pro osobni zdravi, péci
nebo kosmetickou aplikaci (Cizmas et al., 2015). Monitoringu 1é¢iv je vénovana pozornost jiz
pomérné dlouhou dobu, avSak problematika vyskytu latek, které se béZzné vyskytuji
v produktech osobni péce, se rozviji az v poslednich letech. Jednim z diivodi je snadny vstup
latek obsazenych v PCPs do Zzivotniho prostfedi a jejich naslednd kumulace a potencialné
negativni efekt na vodni ekosystém. Z diivodu jejich hojného vyuziti v domécnostech dochazi
nasledné k jejich kontinualnimu vstupu do odpadnich vod, kde v mnoha ptipadech dochazi
pouze k jejich minimalnimu odstranéni v ramci béznych Cistirenskych procesti (Ahmad et al.,
2022). Mezi PCPs fadime Sirokou $kalu ptipravki, jako jsou naptiklad krémy, Sampony, mydla,

zubni pasty, detergenty, vonné esence nebo bytové parfémy. V disledku jejich naduzivéani



béhem poslednich desitek let, jsou tyto nové druhy polutantli v Zivotnim prostfedi detekovany
¢im dal castéji. U tady téchto kontaminant jsou jejich negativni G¢inky odhalovany pribézné,
proto lze v piipadé jejich vyuziti zaznamenat i rizné legislativni zmény, které omezuji jejich
pouziti (Zicarelli et al., 2022).

Hawash et al. (2023) provedli analyzu publikovanych studii na téma 1éciv a slou¢enin
obsazenych v produktech osobni péce. Studie monitorovala ¢etnost publikaci od roku 2014 do
roku 2022. V uvedeném obdobi bylo vice jak 72 % praci pivodem z Asie a Evropy. Nejvice
studii bylo realizovano v Cing a ve Spanélsku. Mnozstvi publikaci reflektuje aktudlnost dané
problematiky a také zajem védcti a mnohych nadndrodnich organizaci, se tomuto tématu

Vv zajmu ochrany Zzivotniho prostfedi intenzivné vénovat. Je vyznamny piedpoklad, Ze tento

trend bude dale pokracovat (Obr. 1).

Obrazek 1. Pocet studii publikovanych v jednotlivych statech a regionech na téma ,,léCiv a

produktl osobni péce ve vodnim prostiedi® v prubchu let 2014 az 2022. Upraveno pro ucely

predkladané prdace (Hawash et al., 2023).
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Predkladand disertacni prace se vénuje dvéma vyznamnym skupindm emergentnich
polutantli ze skupin latek obsazenych v produktech pro osobni péci — UV filtrim a musk

slouenindm. V poslednich letech jsou zastupci téchto dvou kategorii vnimany jako jedny

Z nejaktudlnéji se vyskytujicich mikropolutanti.



2 CIL PRACE

Cilem ptedkladané disertacni prace je posouzeni potencialniho rizika bézné se
vyskytujicich emergentnich polutantii pro ryby. V pribéhu naseho vyzkumu jsme se zameéfili
na dvé vyznamné skupiny mikropolutantd, které se hojn€ vyskytuji v produktech uréenych pro
osobni péci, jedna se o vybrané zastupce ze skupiny ultrafialovych (UV) filtri a musk

sloucenin.
Dilci cile predkladané disertacni prace byly nasledujici:

. realizovat testy toxicity sbézné uzivanymi zastupci ze skupiny produktt
urcenych pro osobni péci, které se mohou vyskytovat v pfirozeném prostiedi ryb a posoudit
jejich nezddouci ucinky na zakladni fyziologické funkce ryb;

. zhodnotit potencialni endokrinni disrupci vybranych emergentnich polutanti;

. zhodnotit Gcinky testovanych mikropolutantti v environmentalné relevantnich
koncentracich a posoudit vyskyt nezadoucich u€inkl ve vyssich koncentracich v porovnani s
environmentalnimi koncentracemi;

. zhodnotit embryotoxicitu vybranych zastupct UV filtri a posoudit miru

nezadoucich ucinkl po expozici jednotlivymi zastupci, tak i jejich kombinacemi.



3 LITERARNI PREHLED

3.1 UV filtry
3.1.1 Zakladni charakteristika UV filtra

Vystaveni organismu UV zéfeni mize vést k poskozeni koznich bunék a nasledné
k rozvoji rakoviny kize. UV zafeni mizeme na zakladé vinové délky a efektu rozdélit do tii
ale v soucasnosti zcela pohlceno ozénovou vrstvou, neni mu vénovana velka pozornost. UVB
zéfeni (320 az 280 nm) ovliviiuje epidermis a nadmérné vystaveni tomuto druhu zareni
zpisobuje spaleni kiize, které se mize pozd¢ji rozvinout v melanogenezi. UVA zareni o vinové
délce 400 az 320 nm pronika do dermis pokozky a mize vést k poskozeni DNA koznich bunék
Vv disledku nadprodukce volnych radikalt (Obr. 2). Z celkového mnozZstvi slune¢nich paprski
na zemsky povrch pronika az 90 % UVA zafeni a zbytek tvoii slozka UVB (Abou-Dahech et
al., 2022).

Obrazek 2. Elektromagnetické spektrum slune¢niho zéfeni a jeho ucinky. Upraveno pro ucely

disertacni prdace dle Abou-Dahech et al. (2022).
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Utinnou ochranou pred UV zafenim jsou UV filtry, které se hojné pouzivaji v riiznych
produktech. UV filtry mzeme rozdélit do dvou zékladnich skupin — anorganické a organické.
Anorganické UV filtry chrani pokoZku pfed zafenim pfedevsim na principu odrazu a mezi tyto

se napiiklad fadi oxid titani¢ity nebo oxid zine¢naty. Organické UV filtry maji schopnost UV



zéateni absorbovat. V této skupiné najdeme zastupce aminobenzoatli, benzofenont, derivaty

kafru a kyseliny skoficové, salicylaty, benzimidazoly a dalsi.

Organické latky pohlcujici UV zafeni jako jsou UV stabilizatory a UV filtry, naSly své
uplatnéni v riznych druzich plasti, textilii, barvach a dalSich pramyslovych vyrobcich. Jejich
hlavnim tkolem je zajistit stabilitu uvedenych produktti proti UV zafeni a s nim spojenou
fotoindukovanou degradaci, ktera by vedla k opotiebeni vyrobku. Navic jsou tyto latky béznymi
slozkami kosmetickych a opalovacich ptipravkil, aby snizily negativni €inky UV zafeni na
pokozku a vlasy (Apel et al., 2018). Opalovaci ptipravky jsou pouzivany celosvétoveé, ovsem
v raznych zemich se setkdvame s rozdilnymi definicemi a klasifikacemi latek v nich
obsazenych. Ve Spojenych statech americkych, na Novém Zélandu, v Kanad¢ a Australii jsou
opalovaci piipravky definované jako voln& prodejné 1éky. Naopak v Cing, Japonsku, Jizni
Africe a v Evropské unii (EU) jsou tyto produkty fazeny mezi kosmetické ptipravky (Chisvert
and Salvador, 2007). UV filtry jsou v Nafizeni Evropského parlamentu a Rady (ES) ¢.
1223/2009 o kosmetickych ptipravcich (EU) definovany jako latky, které jsou vyhradné nebo
pfevazné urceny k ochrané ktize pted ultrafialovym zatenim prostfednictvim absorpce, odrazu
nebo rozptyleni tohoto zafeni. V Pfiloze VI tohoto nafizeni je uveden seznam UV filtrt, které
jsou bezpecné a povolené ve svych maximdlnich koncentracich pro uziti v kosmetickych
piipravcich, v€etné dvou anorganickych sloucenin. Vybrané UV filtry jsou zkoumany z
hlediska jejich toxikologické bezpecnosti a jsou také podrobeny komplexnim testlim. Vyrobci
musi prokéazat zdravotni nezdvadnost svych produkti, a tudiz jsou schvalené UV filtry v ptipadé
novych zjisténi pfezkoumavéany a seznam povolenych UV filtrli poté miZe byt upraven.
V poslednich letech doSlo k upravé seznamu téchto latek. V roce 2008 bylo na zakladé
Smérnice Komise 2008/123/ES zakézano na evropském trhu pouziti paraaminobenzoové
kyseliny jako UV filtru (Jesus et al., 2022). Vyzkum prokazal jeji nizkou fotostabilitu a zaroven
potvrdil jeji toxické Gi¢inky a schopnost vyvolani mnohych alergickych reakci. V roce 2015 byl
zZ tohoto seznamu vymazan 3-benzyliden kafr, a to z divodu prokazani toxicity u moiskych
zivoCichl a naruSeni endokrinniho systému (Scheil et al., 2008; Holbech et al., 2002). Na

druhou stranu, v roce 2016 byl do seznamu doplnén anorganicky zastupce oxid zine¢naty (Tab.
1).



Tabulka 1. Seznam UV filtrit povolenych v kosmetickych ptipravcich. Upraveno a zkraceno

dle Narizeni Evropského parlamentu a Rady (ES) ¢. 1223/2009 o kosmetickych pripravcich
(EU), Narizeni Komise (EU) ¢. 621/2016, Narizeni Komise (EU) ¢. 1298/2015 a dle Santos et

al. (2012) pro ucely predkladané prace.

Skupina

Nazev UV filtru

Max. povolena

koncentrace
Paraaminobenzoaty PEG-25-PABA 10%
Ethylhexyl Dimethyl PABA 8 %
Camphor Benzalkonium Methosulfate 6 %
Terephtalyllidene Dicamphor Sulfonic Acid 10 %!
Derivaty kafru Benzylidene Camphor Sulfonic Acid 6 %*
Polyacrylamidomethyl Benzyliden Camphor 6 %
4-Methylbenzylidene Camphor 4 %
Salicylaty Homosalate 10 %
Ethylhexyl Salicylate 5%
Benzophenone-3* 10 %
Benzofenony Benzophenone-4, Benzophenone-5 5 %!
Diethylamino Hydroxybenzoyl Hexyl Benzoate 10 %?
Phenylbenzimidazole Sulfonic Acid 8 %!
Benzimidazoly Drometrizole Trisiloxane 15 %
Disodium Phenyl Dibenzimidazole Tetrasulfonate 10 %!
Dibenzoylbutany Butyl Methoxydibenzoylmethane 5 %
Octocrylen 10 %*
Cinamity Ethyhexyl Methoxycinnamate 10 %
Isoamyl p-methoxycinnamate 10 %
Polysilicone-15 10 %
Ethylhexyl Triazone 5%
Diethylhexyl Butamido Triazone 10 %
Triaziny Bis-Ethylhexyloxyphenol Methoxyphenyl Triazine 10 %
Tris-biphenyl triazine/tris-biphenyl triazine (nano) 10 %
Phenylene Bis-Diphenyl-triazine 5%
Methoxypropylamino Cyclohexenylidene Ethoxyethylcyanoacetate 3%
Organické nerozpustné  Methylene Bis-Benzotriazolyl Tetramethylbutylphenol 10 %
pigmenty Methylene Bis-Benzotriazolyl Tetramethylbutylphenol (nano) 10 %
Oxid titaniity 25 %*
Mineralni UV filtry Oxid titani¢ity (nano) 25 %*
Oxid zine¢naty 25 %°
Oxid zine¢naty (nano) 25 %3

Pozn.: *— Upozornéni: obsahuje oxybenzon; *- jako kyselina; 2- v piipravcich ke slunéni; *~ v piipadé kombinace pouZiti oxidu zine¢natého a
oxidu zine¢natého v nanoformé nesmi soucet prekro¢it stanoveny limit; 4 — v pripadé kombinace pouziti oxidu titani¢itého a oxidu titani¢itého
v nanoformé nesmi soucet piekrocit stanoveny limit; 4-Methylbenzylidene Camphor — 4-methylbezyliden kafr/4-MBC; Benzophenone-3 —
benzofenon-3/BP-3; Phenylbenzimidazole Sulfonic Acid — PBSA; Octocrylen — oktokrylen/OC; Ethyhexyl Methoxycinnamate —

oktinoxat/EHMC; Tu¢né jsou zvyraznéné UV filtry zkoumané v ramci nasich ekotoxilogickych experimenti.




Z davodu zvysujici se frekvence pouzivani UV filtrii v kosmetickych ptipravcich
V posledni dobé, je nutné, aby dochéazelo k monitoringu téchto sloucenin a sledovala se
potencialni toxicita jednotlivych substanci. V ndvaznosti na vysledky ekotoxikologickych
vyzkumil a na prukazné naruSeni endokrinniho systému u vodnich organismii, doslo v Natizeni
Komise (EU) ¢. 1176/2022 ke zméné limitd povolenych koncentraci (tzn. snizeni maximalni
mozné koncentrace v % v rtiznych forméach PCPs) pro nésledujici dva organické UV filtry —
benzofenon-3 (BP-3) a oktokrylen (OC) (Obr. 3). V roce 2019 zakazaly staty Havaj, Key West
na Floridé a Panenské ostrovy dovoz a prodej opalovacich pfipravkd s obsahem BP-3 a
oktinoxatu (EHMC) z divodu jejich prokazané toxicity na moisky ekosystém. Tento zakaz
vzesel v platnost v roce 2021 (Abou-Dahech et al., 2022). Nutno podotknout, ze tyto UV filtry
jsou obsazeny v 70-80 % opalovacich ptipravki na trhu (Raffa et al., 2019).

Obrazek 3. Zména limitu povolenych koncentraci benzofenonu-3 a oktokrylenu
v kosmetickych ptipravcich. Upraveno pro ucely predkladané prace (Priloha Narizeni Komise

(EU) & 1176/2022).

V piiloze VI nafizeni (ES) €. 12232009 se polozky 4 a 10 nahrazuji timto:

Identifikace Litky Podminky
Ih:it:?:n{:ni Nizev v seznamu Nri\)"':'i:'iih!ﬂ:zii:trm Zm':m'. plx]n.u'm:la': poutitl
tislo Chemicky ndzev(INN | piisad podle spoleiné | Cislo CAS Cislo ES Diruh virobku, ¢dst téla prpave Jiné & upozornem
nomenklatry prpravencm
! k pougiti
i b c d e f G h i
4 2-Hydroxy- Benzophenone-3 [131-57-7 |205-031-5 |a) Pfipravky na oblicej, na |a) @ Pro a) a b) ne vice nez 0,5 % | Pro a) a b):
4-methoxybenzo- ruce ana rty, kromé pii- za ticelem ochrany sloZeni | obsahuje
fenon| pravkii ve formé sprejo- piipravku Benzophenone-3 (**)

Oxybenzon (%) vehorozstiikovaceapu-
mpickového spreje

a) pouzije-li se v mnozstvi

0,5 % za ucelem
b) Piipravky na télo, b ochrany slozeni pii-
viemé pipravki ve pravku, nesmi drovné
formé sprejového roz- pouzité jako filtr ultra-
stfikovace a pumpicko- fialového zdfeni pres-
veho spreje dhnout 5,5 %.
) Jiné piipravky b} pouiije-li se v mnozstvi
0,5 % za ucelem
ochrany sloZeni pfi-
pravku, nesmi drovné
pouzité jako filtr ultra-
fialového zdfeni pres-
dhnout 1,7 %.
g—
10 2-Ethylhex- Octocrylene 6197-30-4 |228-250-8 |a) Pripravky ve sprejovém a‘ 9% ,
yi-3,3-difenyl- rozstiikovaci
2-kyanoprop-
2-enodt|
Yerokrvlen (#, (++*
Oktokrylen (*), (***) b) Jiné piipravky bJ

(%) Kosmetické pripravky, keeré tuto litku obsahuji a jsou v souladu s omezenimi stanovenymi v nafizeni (ES) & 1223(2009 ve znéni platném ke dni 27. éervence 2022, viak mohou byt uvidény na trh Unie do
28 ledna 2023 a mohou byt dodédviny na trh Unie do 28. éervence 2023,

(**)  Mevyizaduje se, je-li koncentrace 0,5 % nebo nizéi a je-li litka poufita pouze pro déely ochrany virobku.

(*** Benzofenon jako netistota afnebo produkt rozkladu okrokrylenu se zachovd na stopové drovni”




3.1.2 Spotieba UV filtri ve svété

Vzhledem K prokazanym karcinogennim uéinkim UV zafeni, se poptavka po
produktech na ochranu proti skodlivym UV paprskiim stale zvysSuje. V neposledni fad¢ se vSak
zohlediuji vysledky nejnovéjsich toxikologickych studii a seznam povolenych UV filtri
podléha supervizi a poté aktualizaci. V EU je dban zietel na to, aby kosmetické produkty
obsahovaly ucinnou UV ochranu, ovSem ani Svétovd zdravotnickd organizace (WHO)
nezustava pozadu a dohlizi na edukaci ohledn¢ Skodlivosti slunecniho zafeni, a to predevsim u
déti. Dle WHO jsou pravé déti nejzranitelnéjsi skupinou, nebot’” spaleni sluncem v détském

veku zvysuje riziko vzniku rakoviny kiize a poSkozeni o¢i v dospélosti (WHO, 2003).

Jak uz bylo uvedeno, UV filtry pouzivané v kosmetickych ptipravcich se vyskytuji bud’
v organické, anebo anorganické form¢. Dle vysledkl studie provadéné v roce 2021, ktera se
zamé&fila na analyzu nej€astéji pouzitych UV filtri v komeréné dostupnych opalovacich
ptipravcich v EU, prevladaji na evropském trhu 3 druhy organickych UV filtri — butyl
methoxydibenzoylmethan OC a UV filtr ze zastupct triazini — bis-ethylhexyloxyphenol
methoxyphenyl, a to v ¢etnosti pouziti mezi 45 az 75 %. Jednou z moznosti, aby se docililo
pozadované UV ochrany, bezpeénosti a fotostability, je pouziti vice druhtt UV filtrG v jednom
kosmetickém pftipravku. Naptiklad UV filtr butyl methoxydibenzoylmethan zajistuje ochranu
proti UVA zéfeni, které je povazovano za nejSkodlivéjsi. OvSem tento UV filtr podléha
fotodegradaci, a tudiZz je vzhledem ke své nedostatecné fotostabilité cCasto pouzivan
v kombinaci s jinym UV filtrem, ktery ho dokaze stabilizovat. Jedna se konkrétné o OC, ktery
nejenom ze butyl methoxydibenzoylmethan stabilizuje, ale zaroven chrani proti UVB zafeni,
¢imz pokryje ucinky v rozsdhlejsSim UV spektru. Dle vysledkll zminéné studie muzeme
pozorovat u détskych opalovacich prostfedkt trend spoleéného pouziti organickych a
anorganickych UV filtri (napf. oxid titanicity). Tato kombinace zajiStuje zvySeni sily
ochranné¢ho faktoru proti UV zafeni (SPF) a minimalizuje alergickou reakci. Navic se
vSeobecné zvysSuje hranice UV ochrany u détskych opalovacich ptipravki na SPF 50+, coz
znaci snahu vyrobct zajistit co nejvyssi protekci proti UV zatfeni. Tudiz by se dalo konstatovat,
ze povédomi o rizicich jak UV zafeni, tak i1 jednotlivych UV filtri stoupa a vyrobci
kosmetickych produktl se snazi ochranit jak lidské zdravi, tak i Zivotni prostfedi. V poslednich
letech zaznamenavame vSeobecné znatelny trend sniZovani pouzivani anorganickych UV filtr
V nanoformé, ziejmé v disledku osvéty ohledné negativnich ucinki téchto UV filtrG na vodni

ekosystém a necilové organismy. Na druhou stranu se dle provedeného priizkumu pouzivani



anorganického oxidu titanic¢itého, jako tc¢inného UV filtru, ¢im dal vic zvySuje (Jesus et al.,

2022).

3.1.3 Vyskyt UV filtri v Zivotnim prostiedi

Problematika emergentnich polutanti a jejich detekce v zivotnim prostfedi se da
hodnotit z riznych pohledi. Vstup téchto latek do zivotniho prostiedi je slozité
kontrolovatelny, nebot’ jsou tyto latky pouZivany dennodenné a také celosvétové. Radime mezi
né také UV filtry. UV filtry v PCPs jsou Vv naSich podminkach pouZzivany pfedev§im sezonné,
béhem rekreacnich aktivit, ovsem v jinych podnebnych pasech, kde panuje obecnéji teplejsi a
dilezité zduraznit, ze nezévisle na rocnim obdobi se UV filtry ve své podstaté vyskytuji

Vv zivotnim prostifedi béhem celého roku.

Dalsim dulezitym aspektem je detekce jak ptivodnich forem sloucenin emergentnich
polutantli, tak 1 jejich degradacnich produkti. Nékteré UV filtry podléhaji biologické a
chemické degradaci a do vodniho ekosystému vstupuji nejen matefské slouCeniny, ale také
jejich transformacni produkty (Jentzsch et al., 2019; Zhou et al., 2019). UV filtry se do
zivotniho prostfedi dostdvaji dvéma zékladnimi cestami a) pFimo, béhem rekreacnich aktivit
v disledku omyvani pokoZzky téla v bazénech, jezerech, moiské vode¢ a b) neprimo, v disledku
nedostatecné eliminace v Cistirnach odpadnich vod (Schneider and Lim, 2019). Soucasné
Cistirny odpadnich vod nejsou specidlné navrzeny pro eliminaci mikropolutanti. Mnoho
z téchto latek neni eliminovano procesy €isténi, a tudiZ jsou vytoky z téchto Cistiren jednim
Z hlavnich zdroji znecisténi povrchovych vod a emergentni polutanty poté mohou kolovat
celym ekosystémem (Bell et al., 2011; Luo et al., 2014). UV filtry jsou povaZzovany za latky
lipofilni povahy se silnym sorpénim potencidlem. Béhem procesu cisténi odpadnich vod
ulpivaji a adsorbuji se na Casticich kalu (Kos$nat et al., 2021). Kontaminovany kal mize

potencialné $kodit necilovym organismiim (Haj$lova a Setkova, 2004; Liu et al., 2021).

Zajimavym tématem je vyskyt téchto polutantii v lidské adipdzni tkani, matefském
mléce ¢i v moc¢i déti. Mateiské mléko a adip6zni tkan jsou Casto pouzivanym bioindikatorem
lipofilnich perzistentnich polutantli, kdy hlavnim vstupem téchto polutantti do organismu je
pfedev§im kozni absorpce. UV filtry jsou obsazeny v kosmetickych produktech, které
dennodenné pouzivame, tudiZ je nase pokozka v nepfetrzitém kontaktu s témito latkami. Je
navic prokazano, ze UV filtry jsou v organismu metabolizovany a vyluCovany predev§im moci,

tudiz detekci v této matrici Ize odrazit miru expozice témito polutanty (Li et al., 2019).

9



Diskutovanym tématem je také vystaveni déti negativnimu plisobeni organickych UV filtrt.
Dé&ti maji mensi schopnost metabolizovat a vyluCovat xenobiotika. Navic maji relativn¢ vétsi
povrch téla vzhledem ke své hmotnosti v porovnani s dospelym, a tudiz mohou byt citlivéjsi

vvvvv

téchto polutanti (Manova et al., 2013).

Jak uz bylo uvedeno, hlavnim zdrojem vyskytu UV filtrGi v zivotnim prostiedi je
predevs$im antropogenni Cinnost. Dalo by se konstatovat, ze v oblastech s vysokou hustotou
obyvatelstva je mira detekce téchto polutantii vyssi nez v mistech, kde je obyvatelstva znatelné
méné. Logicky Ize také ocekéavat minoritni néalezy v oblastech pokrytych ledem. Navzdory
snaze ochranit arktické oblasti od znecisténi cizorodymi latkami, se v poslednich desetiletich
nedafi zprostit tyto oblasti od disledk antropogenni Cinnosti. Jednim z hlavnich divodi
znecisténi jak ,starymi“, tak ,,novymi“ polutanty jsou rizné pozemni operace, likvidace
odpadnich vod ¢i nartist cestovniho ruchu. Neopomenutelnym faktem je také dalkovy vzdusny
transport. Nejnovéjsi studie zaméefené na vyskyt hojné pouzivaného UV filtru EHMC prokazuji,
ze je tento UV filtr pfitomen v atmosféie jak v plynné, tak i pevné Casticové fazi, coz
umoziuje vzdusny transport z mista zdroje znecisténi. Vyskyt této slouceniny byl prokazan
nejen v povrchové vodé Severniho ledového oceanu, ale také ve snéhu arktickych oblasti a

V mistech, kde jiz snih roztal (D’ Amico et al., 2022).

V tabulce €. 2 jsou uvedeny koncentrace vybranych UV filtrl, které byly predmétem
naseho vyzkumu. Z tabulky je patrné, Ze tyto béZzné pouzivané UV filtry se staly soucasti

zivotniho prostfedi, a tudiZ je 1ze detekovat jak v biotickych, tak abiotickych matricich.
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Tabulka 2. Koncentrace vybranych UV filtri v a/biotickych matricich.

Zemé Matrice Koncentrace/analyt Reference
Havaj moiské voda 4 043 ng/l EHMC Mitchelmore et al. (2019)
pitna voda 2,2-9,9 ng/l EHMC Wu et al. (2019)
. 5,91 ng/l EHMC
C ’
na dstské mog 68,4 ng/l BP-3
16,5 ng/l 4-MBC Lietal. (2019)
itnd voda 0,19 ng/l EHMC
p 11,0 ng/l BP-3
Korea ryby 9,82 ng/g l.w. EHMC Wang et al. (2022)
sediment 15,0 ng/g lw EHMC
sediment 82,4 ng/g d.w. EHMC Gago-Ferrero et al. (2015)
5 odpadni voda 0,20 pg/l PBSA Rodil et al. (2012)
Spanélsko 241,7 ng/g d.w. EHMC Gago-Ferrero et al. (2015)

rybi tkan-parma

24,3 ng/g d.w. BP-3
2,7ng/g d.w. 4-MBC
25,7 ng/g d.w. OC

Baltské more

sediment

feka
moiska voda

0,32 ng/g d.w. EHMC
1,3 ng/g d.w. OC
0,54-2,7 ng/g dw OC
5,5 ng/l PBSA

Apel et al. (2018)

Fisch et al. (2017)

Cistirensky kal

2 5014 689 ng/g d.w. EHMC
26 823-41 610 ng/g d.w. OC

824-2 116 ng/g d.w. BP-3

Langford et al. (2015)

Norsko -
sediment 9,9-19,8 ng/g d.w. EHMC
rybi tkan-treska  30-30,9 ng/g EHMC
36,3 ng/g d.w. EHMC
Portugalsko musle 622,1 ng/g d.w. BP-3 Castro et al. (2018)
40,8-88,3 ng/g d.w. 4-MBC
musle 1765 ng/g d.w. EHMC Picot Groz et al. (2014)
Vychodni sttedomoii  sediment 45 ng/g d.w. EHMC Amine et al. (2012)

25-83 ng/l EHMC

Nguyen et al. (2011)

Italie moiska voda 25 216 ng/l BP-3
Brazilie ryba-sval 33,3 ng/g d.w. EHMC Molins-Delgado et al. (2018)
Antarktida polarni snih 0,4-3,1 ng/l EHMC D’Amico et al. (2022)

Pozn.: d.w. — hmotnost susiny; L.w. — hmotnost tukii, 4-MBC — 4-methylbenzyliden kafr; PBSA - 2-fenylbenzimmidazol-5-sulfonova kyselina;
BP- 3 benzofenon-3; EHMC — oktinoxat;; OC— oktokrylen.

3.1.4 Toxicita UV filtru

3.1.4.1 Vliv UV filtrii na hematologické a biochemické parametry

Ryby jsou velice citlivym ukazatelem kvality vodniho ekosystému a mohou vypovidat

o stavu zivotniho prostiedi a jeho znecisténi cizorodymi latkami. Jednim z ¢asto vyuZzivanych

biologickych materialii pro hodnoceni zdravi organismu slouzi krev a jeji derivaty. Krvi je
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pienaSeno mnoho dilezitych latek, jako jsou plyny, Ziviny, mineraly, hormony, toxiny a
odpadni produkty. Parametry, které jsou analyzované v krvi, jsou bézné¢ vyuzivané
k diagnostice zdravi organismu ryb. Kombinace hematologicko-biochemického vysetieni
slouzi jako indikator naruSeni homeostazy organismu, kterd koreluje se zménami Zivotniho
prostiedi také v souvislosti s expozici mikropolutanty, mezi které tfadime i UV filtry.
K posouzeni hematologickych parametra se vyuziva stanoveni krevniho obrazu. Mezi
nejcasteji hodnocené parametry patii pocet cervenych a bilych krvinek, diferencidlni rozpocet
leukocytt, jednotlivé erytrocytarni indexy, koncentrace hemoglobinu, hematokrit nebo pocet
trombocytd. Stanoveni biochemickych parametri slouzi k doplnéni hematologického
vySetfeni a ma nemalou diagnostickou hodnotu pii posouzeni stavu zdravi. Mezi zakladni
ukazatele fadime  koncentraci glukozy, laktatu, celkového proteinu, triacylglycerold,
cholesterolu a rliznych enzymi souvisejicich s metabolismem celého organismu. Jakékoli
zmény ve zminovanych parametrech krve se odrazeji na fyziologii ryb a mohou slouzit

k diagnostice vaznych alteraci organismu (Islam et al., 2020; Shahjahan et al., 2022).

Pocet publikaci zamétujicich se na hematologicko-biochemicky profil ryb po expozici
UV filtry je pomérné limitni. Nicméné, z vysledkli provedenych experimentl je patrné, Ze
expozice UV filtry ma negativni vliv na zdravi a welfare ryb. Po expozici organickymi UV
filtry byly zaznamenany zmény v hematologicko-biochemickém profilu u ryb. Po 42-denni
expozici 2-fenylbenzimmidazol-5-sulfonovou kyselinou (PBSA) byla zjisténa zvySena
koncentrace glukozy v krvi pstruha duhového (Oncorhynchus mykiss), coz miize poukazovat
na rozvoj metabolického stresu. Dale byly zaznamenany zmény V aktivit¢ enzymu
kreatinkindzy, kterd stoupala se zvySujici se testovanou koncentraci. Nicméné po vystaveni
tomuto UV filtru nebyla béhem celého experimentu zaznamenana statisticky vyznamnd zména
V krevnim obrazu (Grabicova et al., 2013). Po expozici dalSim vyznamnym zéstupcem
organickych UV filtrd, latkou OC, bylo prok4zano naruSeni hematopoezi u dospé€lct dania

pruhovaného (Danio rerio) (Bliithgen et al., 2014).

3.1.4.2 Naruseni antioxidacni ochrany ryb

V navaznosti na vyskyt UV filtri ve vodnim prostiedi, se zvySuje pocet védeckych praci
zabyvajicich se toxicitou téchto latek pro vodni organismy. Nasledujici kapitola se vénuje
jednomu z hodnoticich faktort toxicity cizorodych latek, a to je posouzenim antioxidacni

obrany organismu. Nas experiment se zabyval problematikou naruSeni antioxidaéni obrany a
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nastoleni oxidativniho stresu po expozici EHMC, a tudiz je i dal$i text vénovan tomuto UV

filtru.

Oxidativni stres je definovany jako nerovnovdha mezi produkci reaktivnich forem
kysliku a dusiku a antioxidacni ochranou organismu. Z reaktivnich forem kysliku jsou nejvice
sledované predevsim volné radikéaly (napt. hydroxylovy radikal), které obsahuji neparovy
elektron a z toho diivodu jsou velmi nestabilni. Oxidativni stres mize spustit sled reakci, které
mohou vést k oxidaci mastnych kyselin, coZ méa za nasledek peroxidaci lipidii a poSkozeni
membranovych struktur bunék. Malondialdehyd (MDA) je jednim ze sekundarnich produktt
oxidace nenasycenych mastnych kyselin a slouzi jako biomarker peroxidace lipida. K tomuto
prikazu se vyuziva reakce s kyselinou thiobarbiturovou, tzv TBARS testu, kdy vznikaji

barevné komplexy, které je mozné stanovit spektrofotometricky (Birben et al., 2012).

Organismus je vybaven riznymi antioxidacnimi systémy, které zmiriiuji nebo eliminuji
pusobeni reaktivnich forem kysliku a dusiku. Pro zhodnoceni miry oxidativniho stresu lze
vyuzit stanoveni specifickych parametrt v krevni plazmé nebo tkénich. V plazmé lze sledovat
napiiklad redukéni potencial plazmy (FRAP), ktery reprezentuje schopnost plazmy redukovat
zelezité ionty a pusobit jako antioxidant. Dal§im vyznamnym parametrem hodnoceni naruSeni
antioxidacni ochrany je analyza ceruloplazminu. Ceruloplazmin je plazmaticka bilkovina
syntetizovana jatry a rdznymi nehepatalnimi tkdnémi vcetné plic. Diky své schopnosti
inhibovat peroxidaci lipidi a Fentonovu reakci pusobi jako cirkulujici ,,vychytavac®
superoxidovych aniontovych radikalt a chrani bunky a tkané pted Skodlivymi G¢inky téchto
reaktivnich latek (Landi et al., 2021). Z tkani se jako indikatoru oxidativniho stresu vyuziva
dale stanoveni aktivit enzymu, které jsou schopny vychytavat vytvorené volné radikély nebo se
ucastnit riznych opravnych procesii poskozenych struktur. Mezi tyto fadime naptiklad:
superoxidismutdzu (SOD), katalazu (KAT), glutathionperoxidazu (GPx), glutathionreduktazu
(GR), ptipadné i detoxikacni enzym glutathion-S-transferazu (GST).

Enzym SOD reguluje hladinu volnych radikali katalyzaci premény superoxidovych
radikald na peroxid vodiku. Peroxid vodiku je poté pfemeénén ptisobenim enzymu KAT na vodu
a kyslik. Enzym GPx katalyzuje pfeménu peroxidi vzniklych béhem procesu lipoperoxidace
nenasycenych mastnych kyselin za soucasné¢ pfemény redukovaného glutathionu na jeho
oxidovanou formu. Enzym GR katalyzuje regeneraci oxidovaného glutathionu na redukovany
glutathion. Jednotlivé mechanismy na sebe navazuji a vzdjemné spolupracuji na udrzeni

rovnovazného stavu organismu (Birben et al., 2012). VySe uvedené parametry se vyuZzivaji jako
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vhodné¢ indikatory oxidativniho stresu, ktery mize v kone¢ném diisledku poskodit bilkoviny a

strukturu DNA (Blahova et al., 2018).

Nejnovéjsi studie potvrzuji naruseni antioxidacni ochrany po expozici EHMC jak u
bezobratlych, tak i u vysSich zivocichti. Cuccaro et al. (2022) detekovali zvySenou lipidni
peroxidaci u australského krouzkovce (Ficopomatus enigmaticus) po expozici 0,5 mg/l EHMC.
Signifikantni down-regulaci exprese gent odpoveédnych za antioxida¢ni ochranu prokazali také
Nataraj et al. (2022) béhem experimentu s dospé€lci dania pruhovaného (Danio rerio) po
expozici environmentalné relevantni koncentraci EHMC (3 ug/1). Zhou et al. (2019) studovali
parenteralni pfenos uc¢inkit EHMC u dania pruhovaného (Danio rerio). Perzistentni polutanty,
které mohou pienaset toxické ucinky z rodici na potomky, se vyznacuji tzv. parenterdlnim
pfenosem (Kaiser et al., 2012). V experimentu realizovaném kolektivem autortt Zhou et al.
(2019) byla generace FO vystavena G¢inklim 1, 10 a 100 pg/l EHMC az do doby sexuélni
maturace (120 dni). U nasledujici generace F1 byla detekovéana ptitomnost EHMC, coz
dokazuje parenteralni pienos tohoto UV filtru. U generace FO byla zaroven stanovena zvySena
aktivita SOD, KAT, GR, koncentrace MDA a glutathionu. Generace F1 navic vykazovala

vvvvvvvvvv

na vystaveni organismu oxidativnimu stresu a naruseni jeho antioxida¢ni ochrany.

3.1.4.3 Histologické zmény organii po expozici UV filtry

Expozice organickymi UV filtry miZe mit dopad nejen na zménu parametrii krve, ale
mize ve svém dusledku ovlivnit strukturdlni zmény jednotlivych organt. Histologicko-
patologické vySetfeni umoziiuje hodnoceni zmén tkani na mikroskopické trovni. Dostupné
vysledky histologicko-patologickych vySetfeni po expozici organickymi UV filtry se pomérné
1i81 v zavislosti na druhu zkoumané latky a testovaného jedince. Zhou et al. (2019) uvadéji, Ze
expozice EHMC zptisobila vyznamné apoptické zmény jaternich bun¢k u dania pruhovaného
(Danio rerio), které byly pravdépodobné zptisobené rozvojem oxidativniho stresu a naslednym
poskozenim struktur jaternich bun€k volnymi radikaly. Nataraj et al. (2020) poukazuji u embryi
dania pruhovaného (Danio rerio) na poskozeni svalovych bunék po 96 hodinové expozici
EHMC. Christen et al. (2011) uvad¢ji negativni ovlivnéni bunék ovarii a varlat u jelecka
velkohlavého (Pimephales pormelas) po expozici EHMC, doprovazenou snizenym mnozstvim
spermatocytll a oocytil. Oproti tomu po expozici jinym organickym UV filtrem — BP-3
nezaznamenali Bliithgen et al. (2012) zmény na varlatech dospélcti dania pruhovaného (Danio

rerio).
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3.1.4.4 Endokrinni disrupce thyroidnich hormonii

V nasem experimentu bylo jednim z hodnoticich bodt negativnich uc¢inkt EHMC jeho
posouzeni jako potencidlniho endokrinniho disruptora. V naSem vyzkumu jsme se zaméfili na
naruseni fyziologické funkce hormont §titné Zlazy po expozici EHMC. Thyroidni zlaza ryb se
na rozdil od sav¢i §titné zlazy sklada z difuzné rozptylenych folikuli ve ventralni oblasti hltanu
a podél ventralni aorty. Heterotopické folikuly Stitné Zlazy byly u ryb pozorovany i v riznych
tkanich véetné ptedni ledviny, srdce, sleziny, jater, jicnu a mozku. J6d je nepostradatelnym
prvkem pro spravnou funkci §titné zldzy. Nedostatkem jodu trpi piedevSim suchozemsti
obratlovci, nebot’ piida a potrava neobsahuje dostate¢né mnozstvi tohoto prvku. Opacny trend
zaznamenavame u ryb. Tito zivoCichové vstiebavaji jod nejen potravou, ale také zabry z vody.
Tento zplisob suplementace zaujima dominantni roli v pfijmu dostate¢ného mnozstvi jodu,

a tudiz deplece jodu u ryb neni tak castd (Eales and Brown, 2005).

Osa hypotalamus-hypofyza-stitna zlaza zastituje centralni kontrolu produkce a
metabolismu hormont §titné zlazy (Obr. 4). Folikuly $titné zlazy jsou zodpoveédné za zachyceni
jodu zvody a z potravy prostiednictvim sodikovo-jodidového symportu. Pomoci enzymu
thyreoperoxidéazy se jod inkorporuje do thyreoglobulinu, glykoproteinu, ktery se ptimo ucastni
produkce thyroidnich hormont. Hormon stimulujici Stitnou zlazu neboli thyrotropin (TSH) je
produkovan hypofyzou a koriguje syntézu a uvoliiovani hormonu thyroxinu (T4) a
trijodthyroninu (T3) ve folikulech stitné Zlazy. Biologicky aktivni formou hormonu §titné Zlazy
je T3. V zavislosti na druhu ryb je hormon uvoliujici thyrotropin a hormon uvolfiujici
kortikotropin hlavnim regulatorem TSH. Pfednimi vazebnymi proteiny thyroidnich hormoni
jsou transtyretin (TTR) a albumin, ale také monokarboxylatovy ptfenase¢ 8 a lipoproteiny
(Babin, 1992). Aktivaci a deaktivaci hormont §titné zlazy maji na starosti enzymy dejodazy
(DIO), které jsou ptitomny v organech, jako jsou mozek, ledviny, Zabry a jatra. Hormony Stitné
zlazy se poté vazou na receptory hormont §titné zlazy (THr) v cilovych organech (plynovy

méchyt, oko a reprodukéni organy), kde se aktivuje jejich funkce (Dang et al., 2021).
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Obrazek 4. Nastin osy hypotalamus-hypofyza-stitna zldza u ryb. Upraveno pro ucely
predkladané prace dle Dang et al. (2021).
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Thyroidni hormony hraji velice dilezitou roli v mnoha dulezitych fazich vyvoje
obratlovcl. Tyto hormony jsou nepostradatelné béhem embryogeneze a brzkého vyvoje ryb,
vyvoje reprodukénich organti a v neposledni fad¢ se ucastni regulace celého metabolismu. U
obojzivelniki, platysit a ploutvonozci bylo prokazano, ze metamorfoéza (pfeména larvy
V juvenilniho jedince) je zcela zdvislda na hormonech Sstitné Zlazy a da se blokovat

thyreoidektomii (Power et al., 2001; Shi, 2013; Ferraris et al., 2020).

Thyroidni hormony jsou také schopny interagovat s bunikami imunitniho sytému a
mohou ovlivnit mnohé zanétlivé procesy jako je napi. chemotaxe, fagocytéza a produkce
cytokinid. Zmény v koncentracich thyroidnich hormont se tedy mohou odrazit na schopnosti

organismu bojovat s infektem (Jara et al., 2017).

Studium uc¢inkl xenobiotik na endokrinni systém, konkrétné na hormony §titné zlazy je
zcela zdsadni. Chemikalie, které mohou ovlivnit fyziologickou funkci hormont §titné Zlazy,
mohou nésledné negativné postihnout metabolické procesy, imunitni systém a taktéz celkovy
vyvoj ryb. V poslednich letech se rozSifuji studie zkoumajici vliv UV filtri na naruSeni
fyziologické funkce thyroidnich hormonii. VétSina toxikologickych studii je zamétfena na

savce, pouze minimum se vénuje problematice naruseni hormont §titné zlazy u ryb. Ferraris et
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al. (2020) studovali vliv EHMC na imunitni systém a na endokrinni disrupci u mysi, a to jak u
generace FO, tak nasledné i u generace F1. Tato latka byla poddvana samicim béhem obdobi
laktace v koncentraci 1 000 mg/kg/den. Nasledné byla u jejich potomki prokazéana snizena
koncentrace hormonu T4, s priikaznym opozdénim otevirani o¢i a niz§im ptirtstkem hmotnosti,

¢imz byl potvrzen parenteralni pfenos EHMC z matek na potomky.

Pokud se zamétime na vodni zivocichy, EHMC signifikantné snizil koncentraci T3 u
dospélct danii pruhovanych (Danio rerio) po 21-denni expozici. Navic byla snizena mRNA
exprese genu souvisejici s thyroidnimi hormony v mozku, jatrech a stitné zlaze exponovanych
jedinct (Chu et al., 2021). Lee et al. (2019) prokazali snizeni T3 a T4 v plazm¢ medaky
japonské (Oryzias latipes) po 5-ti m&si¢ni expozici EHMC ve vod¢. Ve stejném experimentu
byla navic odhalena down-regulace exprese genu pro dejodazu 2, dio2, a stejné tak up-regulace

exprese genu pro hormon uvoliiyjici thyrotropin, ktery je pfrednim regulatorem TSH.

Analyzy provadéné in vitro, které se zamé&fily na agonistické ¢i antagonistické chovani
EHMC, odhalily agonistické¢ chovani EHMC v mikromoléarnich koncentracich pro thyroidni
receptory. Ve stejné studii in vitro analyza poukazuje na inhibici inkorporace jodidového iontu
do bunék Stitné Zlazy (tyreocytil), které byly vystaveny ucinkim EHMC. Jodidovy iont je
dilezity pro spravnou funkci S$titné zlazy, nebot je naslednymi metabolickymi drahami
pfeménén na jod, ktery je nepostradatelny pro produkci thyroidnich hormonti (Schmutzler et
al., 2007). Vyse zminéné analyzy naznacuji potencial EHMC jakozto disruptora thyroidnich

hormona.

3.1.4.5 Embryotoxicita vybranych UV filtrii

Dal$im tématem, kterému jsme se béhem naseho vyzkumu vénovali, bylo hodnoceni
embryotoxicity vybranych UV filtrG. NaruSeni embryonalniho vyvoje miiZe mit pro jedince
fatdlni nasledky. Pokud dojde k malformacim béhem raného vyvoje, nedokaZe se dany
organismus uplatnit v potravnim fetézci, ani jako plnohodnotny reproduk¢ni partner. Jakékoliv

odchylky v raném vyvoji (napf. pozdgjsi lihnuti ¢i vyvojové malformace), mohou tedy ohrozit

zivotaschopnost organismu a pozd¢ji vést az ke smrti jedince (Balasz et al., 2016).

V experimentu vedeném Zhou et al. (2019) byla generace F0O dania pruhovaného (Danio
rerio) vystavena uc¢inkim 1, 10 a 100 pg/l koncentrace EHMC po dobu 4 mé&sict. Studie se
navic mimo jiné zaméfila i na parenteralni pfenos U€inkti tohoto UV filtru. Testovana latka byla
detekovana jak u rodict, tak u potomki, coz dokazuje akumulaci a reprodukéni prenos EHMC
na potomky. Po expozici nejvyssi koncentraci EHMC byla u testovanych embryi prokazana
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snizena mira lihnuti a zvySena incidence malformaci. U vSech testovanych skupin generace FO
navic doSlo k naruSeni antioxida¢ni ochrany, u potomku byla detekovana podobna nebo

dokonce i vyrazné¢jsi mira oxidativniho stresu.

Toxicky efekt na embryonalni vyvoj jedince byl prokazan i u jinych zastupca
organickych UV filtri. Embyoroxicita byla sledovana také po expozici UV filtrem BP-3. Tento
organicky UV filtr zpisobil snizenou miru lihnuti, zvySeny vyskyt deformaci ocasu a hlavové
¢asti po 96 hodinové expozici (Balasz et al., 2016). Dale bylo prokazéano, ze dalsi zastupce UV
filtri OC muZe negativné ovlivnit transkripci genli souvisejicich s vyvojovymi procesy
Vv mozku a jatrech. Stejné tak expozice timto UV filtrem muze mit dopad na hematopoézu a
vyvoj cévniho systému u dania pruhovaného (Danio rerio) (Bliithgen et al., 2012). Quintaneiro
et al. (2019) prokazali negativni efekt UV filtru 4-methylbenzyliden kafr (4-MBC) na embrya
dania pruhovaného (Danio rerio), kdy byl po 48 hodinové expozici pozorovan signifikantné
snizeny srde¢ni tep. Dale byla zaznamenana snizend mira lihnuti, edém perikardu a opozdéné

vstifebavani zloutkového vaku.

3.1.5 Charakteristika testovanych UV filtrt

Do studii, které jsou soucasti predkladané disertacni prace, byli vybrani bézné pouzivani
zastupci organickych UV filtrhi. Pro subchronicky test toxicity na juvenilnich jedincich pstruha
duhového (Oncorhynchus mykiss) byl zvolen UV filtr EHMC. Latka EHMC je pomérné
diskutovanou slouceninou pro své potencidlné negativni G€inky na necilové organismy. Navic
je znamo, Ze po ucincich UV zéfeni podléha izomerizaci a jeji trans-forma se po vystaveni
slune¢nim paprskim muze preménit v méné stabilni cis-formu. Vysledky studie vedené
kolektivem autorii Necasova et al. (2017) odhalily, ze izomerizace mize mit vliv na toxicitu
latky, kdy se po fotoizomerizaci projevily genotoxické ucinky cis-formy EHMC. Na zakladé
vysledku nejnovéjsich studii je EHMC pro své nezadouci G¢inky soucasti ,,Watch listu* v ramci
EU. Tento seznam latek shromaZzd'uje sledované potencialni polutanty vodniho prostiedi podle
Smérnice Evropského parlamentu a Rady 2008/105/ES Smérnice o normach environmentalni
kvality v oblasti vodni politiky. Obsahem této smérnice je mimo jiné doporuc¢eni monitorovani

EHMC nejenom ve vode¢, jak je tomu doposud, ale také v sedimentech (Apel et al., 2018).

V embryonalnim testu toxicity jsme posuzovali potencidlné negativni efekty vybranych
UV filtra (EHMC, 4-MBC, BP-3, PBSA a OC) na embrya dania pruhovaného (Danio rerio).
Hodnoceny byly jak ucinky jednotlivych latek, tak jejich kombinaci. Zastupci UV filtrii

vybranych pro realizované experimenty se fadi mezi béZzné pouzivané UV filtry v PCPs.
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V dusledku jejich hojné spotieby se dostavaji do zivotniho prosttedi a nasledné jsou detekované
Vv riznych matricich vodniho ekosystému. V tabulce ¢. 3 jsou uvedeny fyzikdlné-chemické
charakteristiky jednotlivych testovanych UV filtri. Velka ¢ast nami testovanych UV filtri
pokryva oblast UVB spektra, které ma spojitost s rozvojem rakoviny klize a poSkozenim DNA
bunék. Vétsina téchto UV filtrti disponuje vyssim rozdélovacim koeficientem oktanol/voda (log
Kow). Tento rozde€lovaci koeficient hraje klicovou roli pfi urCovani hydrofobnosti latek a je
jednim z rozhodujicich faktorti pti ur€ovani osudu organickych polutantii v Zivotnim prostiedi.
Latky s vyssi hodnotou log Kow jsou posuzovany jako hydrofobni a maji tedy vétsi potencial
k adsorbovani do slozek sedimentt, k bioakumulaci a v neposledni fadé souvisi také s obtiznou

degradaci v zivotnim prostredi (Kang et al., 2022).

Tabulka 3. Zakladni charakteristika a fyzikalné-chemické vlastnosti testovanych UV filtru.

Zkraceno a upraveno pro ucely disertacni prdce dle Santos et al., 2012.

Rozpustnost ve vodé Molarni hmotnost
Nazev UV spektrum Log Kow
(9/) (g/mol)

EHMC UVB 0,15 290,4 5,8
4-MBC UVB 51x10° 254,37 4,95
BP-3 UVA/UVB 0,21 228,24 3,79
PBSA UVvB 0,26 274,30 0,01
oC UVvB 2,0x10* 361,49 7,35

Pozn.: EHMC — oktinoxat,; 4-MBC — 4-methylbenzyliden kafr; BP-3 — benzofenon-3; PBSA - 2-fenylbenzimmidazol-5-sulfonova kyselina; OC
— oktokrylen.

3.2 Musk slouceniny
3.2.1 Zakladni charakteristika musk sloucenin

Ptirodni pizmo je ziskdvané z bfiSni Zldzy samci kabarti pizmovych. Tato Zlaza
produkuje tmavou, voskovitou a pronikavé Stiplavou latku neboli pizmo, které je cenéno pro
své vynikajici schopnosti coby nosi¢ viné pouzivany piedevSim v luxusnich parfémech.
Poptavka po této cenné latce vSak prevySuje svoji nabidku, a tak bylo nutné, i z hlediska
ochrany tohoto zivoc¢isného druhu, pfistoupit k vyrobé syntetickych nahrazek pizma. Musk
slouceniny jsou syntetické analogy pizma a pouzivaji se jako vonné slozky v Siroké skale PCPs.

Jejich obliba vzrostla ptedev§im v poslednich desetiletich, kdy byly vyrobeny jako nahrada
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drahych a obtizné ziskatelnych piirodnich esenci (Nakata et al., 2015; Wong et al., 2019). Jejich
vyhody spocivaji predev§im v nizsich finan¢nich nakladech, lepsi vini a vétsi stabilité (Chen
et al., 2010). Musk slouceniny se déli do ¢tyi skupin: nitromusk slouceniny, polycyklické musk

slouc¢eniny, makrocyklické musk slouceniny a alicyklické musk slouceniny (Wong et al., 2019).

Nitromusk slouceniny se staly prvnimi svého druhu a sestavaji se piedevsim z alkylem
substituovanych nitrobenzenovych sloucenin. Ackoli maji syntetické nitro musk slouceniny
zcela odliSnou strukturu od své piirodni ptredlohy, disponuji typickym pizmovym zapachem.
Mezi nitromusk slouceniny patii pfedev§im musk xylen, musk keton, musk tibeten, musk
ambrette a musk mosken. Tyto latky se jako prvni ndhrazky ptirodniho pizma dostaly do
hleda¢ku védeckych studii a na zaklad¢ prokazanych negativnich u¢inkd, jako je neurotoxicita
(musk ambrette) nebo karcinogenita (musk xylen), se Evropska Komise rozhodla zakazat
pouzivani téchto syntetickych musk sloucenin v kosmetickych piipravcich (Nafizeni
Evropského parlamentu a Rady (ES) ¢. 1907/2006). Produkce nitromusk sloucenin nadale
klesala a trzni podil byl postupné nahrazovan piedevsim polycyklickymi musk slouc¢eninami

(Lietal., 2018a).

Polycyklické musk slouéeniny jsou tvofeny z vice nez jedné cyklické struktury a ve
své molekule neobsahuji Zzadnou nitroskupinu. Do této skupiny fadime musk phantolid,
cashmeran, celestolid, traseolid a nejvyznamnéjSimi zastupci jsou galaxolid a tonalid (AHTN).
Polycyklické musk slouceniny patii k nejéastéji pouzivanym zastupcim syntetickych musk

sloucenin.

Vzhledem k zavérim toxikologickych studii tykajicich se nepfiznivého plsobeni na
necilové organismy, se v poslednich letech stale castéji vyuZivaji zastupci ze skupiny
makrocyklickych a alicyklickych musk sloucenin. Makrocyklické musk slouceniny jsou
vyrobeny z ptirodnich zvifecich a rostlinnych slozek a vyznacuji se vyrazng€j$im odérem, diky

c¢emuz staci pro stejny efekt pouzit mensi mnozstvi téchto latek. OvSem vyroba téchto slouc¢enin
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predpokladat jejich Castéjsi pouziti v budoucnosti.

Alicyklické musk slouéeniny jsou pomérné novou kategorii syntetickych pizem. Jejich
chemicka struktura sestdva z alkylovanych esteri. Vzhledem k tomu, Ze se jedna o nov¢jsi
skupinu syntetickych musk slouc¢enin, nestavaji se tak casto predmétem vyzkumu, a tudiz je i
jejich pouziti v PCPs pomérné limitované. Nicméné vzhledem k jejich nizké ¢i prozatim
neprokazané toxicité v kombinaci s jejich stabilitou a lehce dispergovanym aroma, mohou mit
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Vv blizké budoucnosti Siroké uplatnéni v rozli¢nych praimyslovych odvétvich (Li et al., 2018a).
Je ovSem nutné zdliraznit, ze je jeste stale tfeba pokraovat ve vyzkumu toxicity téchto latek,
nez by mohly zcela nahradit nejpouzivanéj$i skupinu polycyklickych musk sloucenin

(Abramsson-Zetterberg and Slanina, 2002).

3.2.2 Spotieba musk sloucenin ve svéte

Produkce musk sloucenin se v poslednich desetiletich rapidné zvysovala. Od roku 1987,
kdy jejich produkce byla pfiblizn€ 4 500 tun ro¢né, se v roce 1997 jejich produkce zvysila na 5
600 tun/rok (Rimkus, 1999). V roce 2004 se vyprodukovalo az 6 000 tun musk sloucenin
(konkrétné galaxolid 1 000 tun, tonalid 5 000 tun). Nejnové&jsi data odhaduji, Ze se polycyklické
musk slou¢eniny vyrabi nebo dovazi do EU v mnozstvi 1 000 az 10 000 tun/rok (Aminot et al.,
2021). Polycyklické musk slouceniny pokryly spotiebu evropského trhu z 95 %, v ptipadé
amerického trhu je uvadéno az 90 % (Tumova et al., 2019). Tyto slouceniny se na americkém
trhu zacaly postupné regulovat a galaxolid a tonalid jsou uvedeny na seznamu latek s vysokou
produkci na trhu, ktery zastituje US EPA (USEPA, 2006). V EU se vySe zminéné musk
slouCeniny staly soucasti Seznamu latek s vysokym objemem vyroby (OECD, 2007), ve kterém
jsouuvedeny latky, které byly importovany nebo vyrobeny v mnozstvi vétsim nez 1 000 tun/rok
alespont v jednom clenském staté. Latky, které jsou uvedeny na téchto seznamech, jsou
povazovany jako prioritni pro posouzeni jejich vlastnosti a s nimi spojenych rizik pro Zivotni

prostredi.

Vzhledem k Siroce rozsifenému pouZzivani musk sloucenin a nasledné detekci téchto
latek v Zivotnim prostiedi, jsou tyto slouc¢eniny podrobovany stale CastéjSimu vyzkumu pro
zhodnoceni toxického u¢inku na necilovych organismech. V navaznosti na vysledky studii a
prokazani neurotoxického ucinku musk slouéeniny versalid, byla tato latka v 80. letech 20.
stoleti zakazana (Heberer et al., 2002). Navic byly nitromusk slouc¢eniny z diivodu prokazani
karcinogennich a neurotoxickych ucinkd nahrazeny polycyklickymi musk slouceninami

(Brausch et al., 2011).

Pfredmétem naSeho vyzkumu byl jeden znejCastéji pouzivanych zastupct
polycyklickych musk slouc¢enin — tonalid. Jeho pfitomnost byla potvrzena napii¢ akvatickym
ekosystémem, a tudiz mize mit potencialn€ negativni vliv na vodni organismy. Pro evropsky
trh je legislativni pouziti tonalidu upraveno v Natizeni Evropského parlamentu a rady (ES)
1223/2009 o kosmetickych piipravcich v Ptiloze I1I. Tonalid se smi pouzivat v kosmetickych

ptipravcich, pokud jsou dodrzena stanovend omezeni. Ta se konkrétné tykaji piipravki, které
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se neoplachuji. Zde mize byt tonalid pouzit v koncentraci 0,1% s vyjimkou vodné-
alkoholickych pfipravki, ve kterych smi byt pouzit v koncentraci 1%, v parfémech o
koncentraci 2,5% a ve vonnych krémech v koncentraci 0,5%. V ptipravcich, které se oplachuyji,

mize byt tonalid obsazen v koncentraci 0,2 %.

3.2.3 Vyskyt musk slouc¢enin v zivotnim prostiedi

Musk slouceniny jsou soucasti kazdodenné pouzivanych PCPs (mydla, sprchové gely,
parfémy apod.), ale také rtiznych Cisticich prostfedku, pesticidi a navnad. Antropogenni ¢innost
tvofi majoritni podil na vstupu musk sloucenin do vodniho ekosystému. Odpadni vody jsou
hlavnim zdrojem zneci§téni Zzivotniho prostfedi musk slouceninami, na rozdil od jinych
perzistentnich organickych polutanti (Aminot et al., 2021). Po jejich pouziti v PCPs, jich je
ptiblizne 77 % splachnuto do kanalizace a nésledn€ jsou odstrafiovany v Cistirnach odpadnich
vod (Reiner et al., 2007). Do toku odpadnich vod se tedy dostavaji v disledku ptimého
vypousténi z domacnosti nebo primyslové vyroby (Kosnar et al., 2021). Uvadi se, ze ucinnost
jejich odstranéni z odpadnich vod se pohybuje kolem 90 % (Fang et al., 2017). Vzhledem
k tomu, Ze jsou tyto latky ptevazné lipofilni povahy, ulpivaji podobné jako hydrofobni UV filtry
na Casteckach Ccistirenského kalu a persistuji v celém ekosystému, s nemalym podilem
akumulace v zivych organismech (Castro et al., 2019). Tyto slouéeniny jsou vyznamnym
rizikem 1 pro bentické organismy, nebot’ jejich lipofilni povaha usnadiiuje absorbovani a

kumulaci v sedimentech (Huang et al., 2016).

Musk slouceniny jsou zneéistujici latky moderni doby a vzhledem k jejich
celosvétovému naduzivani se s témito polutanty setkdvame napti¢ celym ekosystémem. Jelikoz
jsou musk slouceniny ,,evolu¢né novymi znecist'ujicimi latkami, biota ani mikroorganismy se
jesté nezvladli adaptovat na jejich metabolizaci a degradaci. TudiZ se tyto latky nadale kumuluji
Vv Zivotnim prostiedi a predstavuji vyznamné riziko. Jejich rezistence souvisi také s jejich
lipofilnim charakterem, ktery je ptedurCuje k akumulaci v nepolarni tukové tkani, coz
napfi¢ potravnim fetézcem ohrozuje nejen ZivociSnou {isi, ale mize znacit riziko i pro lidskou

populaci (Zeng et al., 2005; Cavalheiro et al., 2013; Raineri et al., 2017)

V tabulce ¢. 4 jsou uvedeny detekované koncentrace musk slouceniny tonalid
Vv biotickych a abiotickych matricich. Jak je patrné, tonalid byl identifikovan nejen
v povrchovych vodach, ale také v sedimentech, v odpadnich vodach a Cistirenskych kalech.

Ptitomnost tohoto polutantu byla prokazana také v Zivocisné fi$i napfi¢ potravnim fetézcem a
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V neposledni fad¢ také u lidi. Nutno podotknout, ze syntetické vonné esence jsou obsazeny i ve
vypraném obleceni, které dennodenné nosime, ¢imz expozici témito polutanty jesté
podporujeme (Hajslova a Setkova, 2004). V neposledni fadé byl tonalid zaznamenan i ve

vzduchu a v prachovych ¢asticich vnitinich prostor (Balci et al., 2020).

Tabulka 4. Koncentrace musk slou¢eniny tonalidu v a/biotickych matricich.

Zemé Matrice Koncentrace tonalidu  Reference
Texas, USA ptitok COV 509-2 337 ng/l Chase et al. (2012)
odtok COV 328-1754 ngl/l Chase et al. (2012)
Cina sediment 99,75 ug/kg Sang et al. (2012)
Korea ¢lovek (tukova tkan) 9,9 ng/g l.w. Moon et al. (2012)
pobiezi Asie a
USA musle 37-860 ng/g d.w. Nakata et al. (2012)
Italie povrchova voda 0,25-364,42 ng/l Villa et al. (2012)
sediment 100 ng/g d.w. Villa et al. (2012)
Portugalsko musle 31,7 nglg Castro et al. (2018)
Spanglsko chobotnice 15,2 ng/g d.w. Trabalon et al. (2015)
Jizni Evropa motské plody 6,85 ng/g Saraiva et al. (2016)
Némecko ryby 382 ng/g l.w Subedi et al. (2012)
Nizozemi COV — odpadni kal 12 890 ng/I Artola-Garicano et al. (2003)
CR odpadni kal 245,7-1 980 pg/kg d.w.  Kosnar et al. (2021)
matetské mléko 112 pg/kg l.w. Hajslové a Setkova (2004)

Pozn.: d.w. — hmotnost susiny; L.w. — hmotnost tukii; COV — ¢istirna odpadnich vod.

3.2.5 Toxicita musk slou¢enin

V poslednich desetiletich 1ze zaznamenat zvySujici se pocet védeckych publikaci, které
se veénuji negativnimu pusobeni musk sloucCenin. Vzhledem k tomu, Ze jejich vyskyt je
ubikvitadrni a jedna se o lipofilni a pomérné stabilni latky, je jejich pfitomnost Gzce spjata
s prokazatelnymi negativnimi uc€inky, které zahrnuji jak kratkodobou, tak i dlouhodobou
toxicitu ¢i endokrinni disrupci (Rainieri et al., 2017; Abou-Dahech et al., 2022; Zicarelli et al.,
2022).

3.2.5.1 Vliv musk sloucenin na hematologicke a biochemicke parametry

Parametry analyzované v krvi jsou uzite¢nym indikatorem naruSeni rovnovahy a zdravi
organismu. Hodnocenim zmén v hematologicko-biochemickém profilu po expozici tonalidem
se zabyvali také Ehiguese et al. (2021), ktefi sledovali zmény téchto hodnot v navaznosti na

vytvofeny stres v organismu. Uvadéji, Ze v disledku boje s volnymi radikaly mize dojit ke
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snizeni €1 uplnému vycerpani energetickych zasob pro organismus. Jako hodnotici parametr
byla vybrana koncentrace celkovych lipidii v gonddach. U dosp€lct skeble venusky filipinské
(Ruditapes philippinarum) bylo zaznamenano snizeni celkovych lipidi po 21-denni expozici
tonalidem. Vyzkum vedeny Peng et al. (2019) poukdzal na negativni efekt galaxolidu na
organismy sedimentu. Tato latka se fadi mezi nejvyznamnéjsi zastupce polycyklickych musk
sloucenin. Jako testovaci organismus byl zvolen pidni bezobratly niténka (Branchiura
sowerbyi). Po 28-denni expozici galaxolidem byl prokdzan negativni efekt predevs§im na
metabolismus proteind, polysacharidi a fosfolipidi. Testy toxicity na vysSSich organismech
prokézaly negativni dopad isoamyl salicylatu, ktery patii mezi alicyklické musk slouc¢eniny. Po
oralni davce této latky (46 mg/kg a vyssi) doslo u potkanid ke snizenému poctu erytrocytli
(Drake et al., 1975). Po oralni aplikaci tonalidu v environmentalné relevantnich koncentracich
byla u potkanli zaznamenéana pfedevsim anémie, naproti tomu ve vysSich koncentracich se
zadné zmény v hematologicko-biochemickém profilu neobjevily. Tento jev byl vysvétlovan

adaptaci organismu na vzniklé neptiznivé podminky (Api et al., 2004).

3.2.5.2 Naruseni antioxidacni ochrany ryb

Ackoli se tonalid vyskytuje v Zivotnim prostfedi pfedevSim v nizkych koncentracich, je
prokdzéno, Ze diky svym fyzikalné-chemickym vlastnostem mitize pietrvavat v zivotnim
prostiedi, a tudiZ se v poslednich letech dba na sledovani jeho mozného toxického ucinku. Dle
vysledkli nejnovéjsich studii bylo naruseni antioxidacni ochrany pozorovano po expozici
tonalidem nejen u bezobratlych, ale také u ryb. Nicméné studie zabirajici se naruSenim
antioxida¢ni rovnovahy u ryb jsou stale limitni. Napiiklad u $kebli druhu Ruditapes
philippinarum doslo ke zvySeni markerti oxidativniho stresu po 21-denni expozici tonalidem
jiz v environmentalné relevantni koncentraci (Ehiguese et al., 2020). K podobnym zavérim
dosli také Li et al. (2020) po vystaveni ucinkim tonalidu u krevet druhu Macrobrachium
nipponense. Parolini et al. (2015) prokazali zvySenou karbonylaci proteint, u slavicky
mnohotvarné (Dreissena polymorha). Naru$eni antioxida¢ni obrany bylo prokazano i u vyssich
zivocichl. Signifikantni zvySeni aktivity detoxifika¢nich enzyml a naruSeni antioxidacni
ochrany bylo zaznamenano také u juvenilnich danii pruhovanych (Danio rerio) po 28-denni

expozici tonalidem (Blahova et al., 2018).
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3.2.5.3 Histologické zmeny organii po expozici musk slouceninami

Zmény organi na tkanové urovni dokazi pfiblizit miru a zavaznost poSkozeni
organismu. Nicméné pouze omezené mnozstvi veédeckych praci se zabyva konkrétnim
poskozenim tkani na mikroskopické trovni. Experimenty vedené Carlsson et al. (2000)
poukazuji na edém vznikly u dosp€lct danii pruhovanych (Danio rerio) po 8-tydenni expozici
musk ketonem. Navic byl v histologickych preparatech pozorovan snizeny pocet zralych ovarii
oproti kontrole, ktery dokladal neptiznivy efekt musk ketonu na reprodukéni soustavu tohoto
druhu ryb. Oproti tomu, na zakladé histologicko-patologického vysetieni nebyla u juvenilnich
jedinct danii (Danio rerio) prokazana zadna statisticky vyznamna zména po 28-denni expozici
tonalidem (Blahova et al., 2018). Expozice tonalidem vyvolala u vy$$ich druhii Zivocichii
histologicko-patologické zmény jaternich bunék. U potkanti byly zaznamenany rozsiteni a
nekroza jaternich bunék po 7 dnech po intraperitonealni aplikaci tonalidu v davce 100 mg/kg
hmotnosti, coZ by mohlo vypovidat o zanétu jater a hepatotoxickych ucincich tonalidu
(Steinberg et al., 1999). Hypotéze hepatatoxicity tonalidu pozdéji oponovali Api et al. (2004),
kteti nepotvrdili po dietdrni expozici tonalidem zmény v jaterni tkani jak z biochemického, tak

1 histopatologického profilu testovanych potkanti.

3.2.5.4 Hodnoceni xenoestrogenniho potencialu tonalidu

Jelikoz je tonalid posuzovan jako potencidlni endokrinni disruptor, vénovali jsme se
vV naSem vyzkumu hodnoceni jeho xenoestrogenniho u¢inku. K hodnoceni xenoestrogenniho
potencialu cizorodych latek ve vodnim prostiedi je ¢asto vyuZzivano stanoveni vitellogeninu,
nebot’ latky s xenoestrogennim uc¢inkem maji schopnost napodobovat funkce estrogenu
v reprodukénim systému (Yamaguchi et al., 2005). Vitellogenin je prekurzorem Zloutkového
proteinu, jedna se o fosfolipoprotein, ktery je fyziologicky syntetizovany pfedevsim dospélymi
samicemi. Pokud se ov§em organismus dostane do kontaktu s xenoestrogenni latkou, mize byt
vitellogenin produkovan dospélymi samci a juvenilnimi jedinci. Syntéza vitellogeninu je
spusténa aktivaci hypothalamo-hypofyzo-ovarialni osy. Aktivace této osy zacina produkci
gonadotropin-uvoliujiciho hormonu v hypotalamu. Na zaklad¢ uvolnéni tohoto hormonu zacne
hypofyza produkovat folikuly stimulujici hormon, ktery indukuje tvorbu 17f-estradiolu
Vv ovaridlnich folikulech. Hormon 17-estradiol nasledné spusti syntézu vitellogeninu v jatrech,
ktery je poté transportovan do krevniho fecisté. Z krevniho fecisté se vitellogenin dostava pies
receptory do oocytl a poté je inkorporovéan do vaje¢ného Zloutku. Hlavni funkci vitellogeninu

je vyzivovat a zasobovat energii embryo béhem embryogeneze (Koutkova et al., 2020). Ackoli
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je vitellogenin pouzivan jako spolehlivy biomarker znecisténi xenoestrogennimi latkami, jeho
zvySeni nemusi byt nutn¢ spjato s poruchou reprodukénich organt. Nékteré studie pfimo
nepotvrzuji pii zvySené produkci vitellogeninu zmény v reprodukénim systému, jako jsou
napiiklad poruchy plodnosti (Ishibashi et al., 2005). Nicméné¢ je zména v syntéze vitellogeninu
u samci nebo juvenilnich jedinci vhodnym biomarkerem pro stanoveni pfitomnosti
estrogennich polutantii v zivotnim prostiedi (Yamauchi et al., 2008; Hara et al., 2016; Ehiguese
et al., 2021). Yamauchi et al. (2008) uvad¢ji, ze tonalid prokazateln¢ zvysil expresi jaterniho
vitellogeninu u samci medaky japonské (Oryzias latipes). U jiného druhu ryb, konkrétné u
danii pruhovanych (Danio rerio), byl prokazan antiestrogenni efekt po expozici tonalidem
(Schreurs et al., 2004). Dale byla u halanc¢ikovce diamantového (Cyprinodon variegatus)
signifikantné snizend exprese genu vtgl v zloutkovém vacku po expozici stejnou latkou

(Ehiguese et al., 2021).

3.2.6 Charakteristika tonalidu

Tonalid je vyznamnym zastupcem polycyklickych musk sloucenin. Chemicky se jedna
0 7-acetyl-1,1,3,4,4,6-hexamethyltetrahydronaftalen. Tonalid se sklada z aromatickych struktur
sestavajicich z acetylovanych a methylovanych pyranovych a tetralinovych bazi. Podobné jako
EHMC, i tonalid disponuje vysokou hodnotou log Kow, tudiz ma podobné fyzikalné-chemické
vlastnosti (Obr. 5). Jedna se o lipofilni latku, kterd je relativné stabilni a ma potencial

bioakumulace v Zivotnim prostiedi (Rimkus, 1999).

Obrazek 5. Zakladni fyzikalné-chemické vlastnosti tonalidu. Upravemo dle Rimkus, 1999.

Nazev CAS dislo Rozpustnost ve vodé Molarni hmotnost (g/mol) Log Kow

Tonalid 21145-7-7 1,25 258,4 5,7
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4 MATERIAL A METODIKA

V nasledujici kapitole jsou uvedeny metodiky stanoveni negativnich u€inkti vybranych
emergentnich polutantl. Ze zastupct UV filtri byly pro ucely piedkladané prace vybrany bézné
pouzivané organické UV filtry, konktrétné EHMC, BP-3, OC, 4-MBC a PBSA. Zastupce
musk sloucenin reprezentoval tonalid. Experiment byl zaméfen na hodnoceni negativnich
ucinkit pro ryby, nebot’ jsou piirozené v piimém kontaktu s testovanymi polutanty. Jako
testovaci organismy byli zvoleni pstruh duhovy (Oncorhynchus mykiss) a danio pruhované
(Danio rerio), které jsou bézn¢ vyuzivanymi organismy pro stanoveni toxicity
environmentalnich polutantti podle norem OECD (Grabicova et al. 2013; Jang et al., 2016;
Plhalova et al., 2018; Li et al., 2018b; Zicarelli et al., 2022).

Pstruh duhovy (Oncorhynchus mykiss) je sladkovodni ryba z ¢eledi Salmonidae, ktera
se vyskytuje i v nasich vodach. Ma své nezastupitelné misto jako bioindikator znecisténi vod,
nebot’ lososovité ryby jsou velice citlivé na zmény podminek vodniho prostiedi (Svobodova et
al., 1995). Tento druh byl vybran jako testovaci organismus také z divodu, Ze se jedna o dravou
rybu, kterd ochotné pfijimd krmivo. Rybam byla zkoumana latka podavand jako soucast
krmnych pelet. Dietarni expozice byla zvolena za ucelem simulovani pfirozenych podminek

expozice dravych ryb.

Danio pruhované (Danio rerio) je sladkovodni ryba z ¢eledi Cyprinidae, Ptirozenymi
podminkami D. rerio jsou vody jizni Asie, nicméné vzhledem k velké toleranci podminek
vodniho prostfedi nasel tento druh uplatnéni jako jeden z modelovych organismil pro testy
toxicity. Tento druh se navic vyznacuje vysokou fertilitou, jeden par je schopen vyprodukovat
az 500 embryi tydné. Navic jsou tato embrya prithlednd, ¢ehoZ Ize vyuzit pfi posuzovani jejich
vyvoje pod mikroskopem. Organogeneze D. rerio probiha jiz 24 hodin po oplodnéni a po 72
hodinach se z embryi lihnou larvy (Khan and Alhewairini, 2019). V neposledni fadé D. rerio
disponuje strukturdlné podobnymi organy jako savci (napf. dvoukomorové srdce, struktura
jater) vcetné metabolickych drah, a tudiz Ize vysledky experimentii ¢astecné reprodukovat i do

vvvvv

SavcCi rise.
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4.1 Zhodnoceni negativniho vlivu oktinoxatu
4.1.1 Subchronicky in vivo test na pstruhu duhovém

Hodnoceni negativniho vlivu organického UV filtru EHMC bylo realizovano na pstruhu
duhovém (Oncorhynchus mykiss) po dobu $esti tydni. K testovani bylo pouzito celkem 80 kust
ryb, které byly vystaveny ucinkim EHMC ve tfech koncentracich, kazda testovaci skupina
obsahovala 20 jedinci. Nejniz8i testovana koncentrace (6,9 upg/kg) reprezentovala
environmentalni koncentraci a vyssi davky (96,0 pg/kg a 395,6 ng/kg) odrazely vztah mezi
toxickym uc¢inkem a zvySujici se koncentraci EHMC. Testované skupiny byly doplnény
kontrolni skupinou bez pfidavku EHMC. Unikatnost dané studie spocivala také v typu expozice
EHMC, kdy testovana latka byla podavana jako soucast krmnych pelet. Jelikoz se jedna o
dravou rybu, reprezentovala dietarni expozice pfirozené podminky vystaveni tomuto polutantu.
Hodnoticimi parametry toxického u¢inku EHMC bylo sledovani zmén biochemickych a
hematologickych parametri, doprovazenych analyzou vybranych ukazatel oxidativniho
stresu. Jednotlivé analyzy byly doplnény o histopatologické vySetieni k blizSimu prozkoumani
ptipadnych zmén na tkdnové trovni. Jelikoz je testovany UV filtr povaZzovan za potencialniho
endokrinniho disruptora, zaméfili jsme se mimo jiné na hodnoceni naruSeni fyziologické funkce
hormon §titné zlazy. Analyza byla realizovana stanovenim koncentraci thyroidnich hormonti
v plazmé¢. K posouzeni endokrinni disrupce také slouzilo hodnoceni exprese genti souvisejicich
s produkci a regulaci hormont $titné zlazy pomoci reverzni transkripce a kvantitativni real-time

polymerazové fetézové reakce (RT-qPCR).

Podrobné metodiky jednotlivych testli vyuzitych v experimentu jsou detailné popsany
V publikacich Cahova et al. (2021a) a Cahova et al. (2023a).

4.1.2 In vitro analyza endokrinni disrupce oktinoxatu

Na zakladé in vitro analyzy byla posouzena agonistickd a antagonisticka aktivita
EHMC. Spole¢né s hodnocenim koncentraci plazmatickych hormoni §titné zlazy slouzi tato
analyza k doplnéni in vivo testovani ovlivnéni drahy hypotalamus-hypofyza-stitna zlaza po
expozici EHMC u pstruha duhového (Oncorhynchus mykiss). Pomoci in vitro biotesti (TRp-
CALUX, anti-TRB-CALUX) zalozenych na expresi reportérového genu (svétluséi luciferazy)
byla méfena agonistickd a antagonistickd aktivita EHMC na beta izoform¢ thyroidniho
hormonalniho receptoru (TR). Dale byl zjistovan pomoci testu TTR-TRB-CALUX potencial

EHMC, zda je vkompetici sthyroxinem o vazebnda mista na transportnim proteinu
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transthyretinu (TTR; zndmém také jako prealbumin). Jako referencni latky byl pro agonismus
na TRP vyuzit trijodthyronin, pro antagonismus na TR byl pouzit deoxynivalenol a pro test
vazby na TTR se pouzil tetrabromobisfenol A. Tato analyza byla doplnéna o stanoveni
potencialniho cytotoxického uc¢inku EHMC za vyuziti testu redukce resazurinu. Detailni
popsani metodik jednotlivych in vitro analyz jsou uvedeny v publikaci Cahova et al. (2023a),

ktera je soucasti této disertacni prace.

4.2 Posouzeni embryotoxicity vybranych UV filtra

Pro stanoveni embryotoxicity UV filtrti a jejich smési byl vyuzit modifikovany Fish
Embryo Acute Toxicity Test (FET) dle metodiky OECD 236 (OECD, 2013). Testované¢ UV
filtry byly vybrany ze zastupcii bézné pouzivanych UV filtrt v PCPs. Zaroven bylo piihlizeno
I k jejich vyskytu ve vodnim prostiedi, aby byli zvoleni ti zastupci, kteti se bézné ve vodnim
ekosystému vyskytuji. Konkrétné bylo provedeno hodnoceni nasledujicich zastupcti: EHMC,
BP-3, OC, PBSA a 4-MBC. Embryotoxicita UV filtri byla hodnocena jak po expozici
jednotlivymi substancemi, tak po ptsobeni latek ve smésich. Smési UV filtri byly vybrany na
zéakladé svych fyzikalné-chemickych vlastnosti a rozpustnosti. Jako modelovy organismus byla

pouzita embrya dania pruhovaného (Danio rerio).

Testované koncentrace byly pro kazdy UV filtr vybrany na zéklad¢ jeho vyskytu

V Zivotnim prostiedi a vyssi koncentrace odrazely efekt se stoupajici davkou UV filtru.
Testované koncentrace jednotlivych UV filtrii byly néasledujici:

e PBSA-0,1;1; 10; 100; 500; 1000 a 2 000 pg/l;

e EHMC-0,1; 1; 10; 50; 100; 500; 1 000 a 2 000 pg/l;

e OC-0,1;1; 10; 50; 100 a 250 pg/l;

e 4-MBC-0,1; 1; 10; 50; 100 a 250 pg/l;

e BP-3-0,1;1; 10; 50; 100; 5 000; 1 000 a 2 000 pg/l.

Smési UV filtri byly rozdéleny do 3 skupin. Prvni skupina obsahovala OC a 4-MBC, druha

byla kombinaci PBSA, EHMC a BP-3 a posledni se skladala z kombinace vSech péti UV
filtra. Koncentrace pouzité po jednotlivé smési byly 0,1; 10 a 100 pg/l.

Jednotliva embrya byla vystavena testovanym koncentracim po dobu 96 hodin. Pro
kazdou testovaci skupinu bylo pouzito 24 embryi, cely test byl proveden v duplikéatu. Zaroven

byla provedena kontrola s fedici vodou a kontrola s prislusnym fedicim roztokem. Embrya byla
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sledovéana pomoci stereomikroskopu 24, 48, 72 a 96 hodin po oplozeni (hpf) a nasledné byly
zaznamenavany a vyhodnoceny jednotlivé zmény. Sledované parametry zahrnovaly mortalitu
a subletalni zmény jako jsou koagulace oplozenych jiker, absence somitli, nedostate¢né
odd¢€leni ocasu od Zloutkového vaku a aktivni srdecni ¢innost embryi. Detailni popsani
metodiky experimentu je uvedeno V publikaci Cahova et al. (2021b), ktera je soucasti

predkladané prace.

4.3 Zhodnoceni negativniho vlivu tonalidu pro pstruha duhového

Pro hodnoceni negativniho U¢inku musk slou¢eniny tonalidu byl jako modelovy
organismus zvolen pstruh duhovy (Oncorhynchus mykiss). Pstruzi byli vystaveni G¢inkim této
latky po dobu 6 tydnd. Podobn¢ jako EHMC, byl tonalid inkorporovan do krmnych pelet, aby
se simulovaly podminky pfirozené expozice timto polutantem. K experimentu bylo vyuzito 60
jedincii samc¢iho pohlavi, testovana latka byla aplikovana ve dvou koncentracich. Prvni, nizka
koncentrace (854 ng/kg) reprezentovala environmentalni koncentraci a druhd, stokrat vyssi (8
699 ng/kg), slouzila k posouzeni ucinku se zvySujici se koncentraci. Naruseni fyziologickych
funkci bylo hodnoceno z pohledu zmén biochemickych a hematologickych parametra, aktivit
detoxifikacnich enzymil spolecné s posouzenim narusenim antioxidac¢ni ochrany a markert
oxidativniho stresu. Jelikoz je tonalid povaZzovan za endokrinniho disruptora, byly analyzy
doplnény o hodnoceni jeho xenoestrogenniho potencialu pro pstruha duhového (Oncorhynchus
mykiss). K této analyze slouzilo stanoveni koncentrace vitellogeninu v plazmé ryb. Cely
experiment byl doplnén histologicko-patologickym vySetfenim k posouzeni zmén jednotlivych
tkani po expozici testovanym polutantem. Jednotlivé metodiky jsou uvedeny v publikaci

Hodkovicova et al. (2020), ktera je soucasti pfedkladané disertacni prace.

4.4 Zhodnoceni negativniho vlivu tonalidu pro danio pruhované

Pro nasledujici experiment byl vybran jako testovany organismus danio pruhované
(Danio rerio), jakozto vyznamny zastupce modelovych organismi pro testy toxicity.
Experiment trval 2 mésice, tato doba umoznila ndhled na vyvoj zmén sledovanych parametri
béhem dlouhodobé expozice tomuto polutantu. Subchronicky test toxicity byl veden podle
metodiky Juvenilniho ristového testu OECD ¢. 215 (OECD, 2000). Testované latce bylo
vystaveno celkem 600 jedinct dania pruhovaného (Danio rerio) v juvenilnim stadiu vyvoje.

Tonalid davkovany ve vodé byl testovan ve 4 koncentracich, kdy nejnizsi z nich (50 ng/l)
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reprezentovala environmentalni koncentraci v povrchové vode a vyssi hodnoty (500; 5 000;
50 000 ng/l) pak odrazely vztah mezi toxickym U¢inkem a zvysujici se koncentraci. Cely
experiment byl doplnén o dvé kontrolni skupiny. Jedna obsahovala aceton, ktery byl pouzit jako

rozpoustédlo tonalidu, a druha kontrolni skupina byla pouze s vodou.

Sledovanymi parametry byly ukazatele oxidativniho stresu doplnéné o histologicko-
patologické vysetfeni pro zhodnoceni miry poskozeni organti na tkanové urovni. DalSim
dilezitym hodnoticim bodem bylo ureni xenoestrogenniho potencialu tonalidu. K tomuto
ucelu bylo vyuzito stanoveni koncentrace vitellogeninu v celotélnim homogenatu. VSechny
metodiky jsou podrobné popsany v publikaci Cahova et al. (2023b), ktera je soucasti

predkladané disertacni prace.
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5 VYSLEDKY

Obsahem této kapitoly jsou jednotlivé védecké prace tykajici se tématu predkladané
disertaéni prace. Uvodem kazdé kapitoly je kratké shrnuti cilt a vysledkd experimentu, dale
jsou vlozeny vlastni védecké prace, které byly publikovany ve védeckych casopisech s impakt

faktorem.

5.1 Zhodnoceni negativniho vlivu oktinoxatu
5.1.1 Subchronicky in vivo test na pstruhu duhovém

Hlavnim cilem experimentu bylo zhodnoceni negativniho u¢inku EHMC na necilovy
organismus se zaméfenim na stanoveni vybranych biochemickych parametrii, naruSeni
antioxidacni ochrany a hematologického profilu ryb. Soucasti vyzkumu bylo také

histopatologické vySetieni vybranych tkani k posouzeni poskozeni na mikroskopické trovni.

Vysledky tohoto experimentu zahrnuji zmény jak v hematologickém, tak i
biochemickém profilu ryb s prokdzanym naruSenim antioxidacni ochrany. Na zaklad¢
hematologického vysetieni byl sledovan snizeny pocet leukocytl u testované skupiny s nejvyssi
koncentraci EHMC (395,6 ng/kg), coz mize znacit potencialni naruSeni obranyschopnosti
organismu s naslednym postizenim imunitniho systému. Biochemicky profil byl zménén po
expozici sttedni (96,0 pg/kg) a nejvyssi davky (395,6 pg/kg) testované latky, jednalo se o
signifikantni zmény v koncentracich glukozy, laktatu, celkového proteinu, albuminu,
cholesterolu, triacylglyceroli a amoniaku. Ackoli na zdklad¢ zjiSténych vysledkil bylo
prokdzano naruSeni sacharidového, lipidového a proteinového metabolismu, zmény
biochemickych parametrii nemély dopad na zménu chovani, ptijem krmiva a v prubéhu celého
experimentu nebyla zaznamenana mortalita. Stfedni (96,0 pg/kg) a nejvyssi koncentrace
EHMC (395,6 ng/kg) vyvolaly také zmény v aktivitdch detoxifikacnich enzymi a parametrech
souvisejicich s hodnocenim oxidativniho stresu. Konkrétné se jednalo o nasledujici parametry
— GPx, GST, TBARS, a FRAP. Aktivita enzymu GPx byla statisticky zvySend v jatrech po
expozici nejnizsi (6,9 pg/kg) a sttedni davky EHMC (96,0 pg/kg). V zabrech byla zaznamenana
snizend aktivita GST, a to pro stfedni koncentraci EHMC (96,0 pg/kg). Hodnoty TBARS
Vv ledvinach byly taktéz signifikantné zvySeny pro nejvyssi (395,6 ng/kg) koncentraci EHMC a
pro nejnizsi (6,9 pg/kg) koncentraci EHMC vzhledem ke koncentraci nejvyssi. Ve vsech

testovanych koncentracich byla detekovana snizena schopnost plazmy redukovat zelezit¢ ionty,
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jejimz ukazatelem byla hodnota FRAP. Sledovany parametr poukazuje na oslabenou
antioxida¢ni ochranu, coz v kombinaci s dalsimi vysledky mtize znacit zvySeny oxidativni stres

vyvolany $estitydenni expozici EHMC u pstruha duhového (Oncorhynchus mykiss).

Jednim z dalsich cili této studie bylo posouzeni potencialt EHMC jakoZzto endokrinniho
disruptora thyroidnich hormond u pstruha duhového (Oncorhynchus mykiss). Sledovanymi
biomarkery v in vivo pokusu byla plazmatickd hladina hormont $titné zlazy. K doplnéni
analyzy disrupce hormoni S§titné Zlazy slouzila metoda RT-qPCR, pomoci které byla
hodnocena mRNA exprese genti pro dio2, paired box proteinu pax-8 (pax8a) a gent thyroidnich

receptoru thra a thrp.

Po ukonceni in vivo experimentu byla zaznamenana zvySena koncentrace hormonu T4
V plazmé po expozici nejvyssi ddvkou EHMC, tj. 395,6 ng/kg. Vysetieni tkani pomoci PCR
metody odhalilo down-regulaci exprese genu dio2 v nejvyssi pouzité koncentraci (tj. 395,6
pg/kg) a genu pax8a u stiedni (96 pg/kg) a nejvyssi davky EHMC (395, 6 ng/kg).

33



5.1.2 In vitro analyza endokrinni disrupce oktinoxatu

Soucasti naseho experimentu byla také in vitro analyza, ktera se skladala z metody RGA
(Reporter Gene Bioassay) a testu cytotoxicity. Data ziskana zin vivo experimentu se
porovnavala s daty z in vitro testu, aby se objasnil mechanismus toxického u¢inku EHMC na
urovni ovlivnéni hormoni §titné zlazy.

In vitro analyza neprokazala anti-thyroidni aktivitu EHMC pomoci THRP. Tento UV
filtr se také neprojevil jako ligand TTR. Na zakladé zhodnoceni vysledkd in vivo a in vitro
testl toxicity mize byt EHMC povazovan za potencialniho endokrinniho disruptora. Nicméné
je tfeba realizovat dalsi analyzy, aby se tato hypotéza mohla potvrdit a aby se zaroven mohly

radné popsat jednotlivé kroky celého toxického mechanismu ucinku.

Provedeni in vivo a in vitro experimentu spole¢né s vysledky je uvedeno v nasledujicich

publikacich — Cahova et al. (2021a) a Cahova et al. (2023a).

. Cahova, J., Blahova, J., Marsalek, P., Doubkova, V., Franc, A., Garajova, M.,
Tichy, F., Mares, J., & Svobodova, Z. (2021a). The biological activity of the organic UV filter
ethylhexyl methoxycinnamate in rainbow trout (Oncorhynchus mykiss). Science of The Total
Environment, 774, 145570. 1F2021 = 10,754; Q1

o Cahova, J., Blahova, J., Mares, J., Hodkovicova, N., Sauer, P., Kroupova, H.
K., & Svobodova, Z. (2023a). Octinoxate as a potential thyroid hormone disruptor — A
combination of in vivo and in vitro data. Science of The Total Environment, 856, 159074.
IF2021=10,754; Q1
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ABSTRACT

UV filters are able to enter the aquatic environment and negatively affect non-target organisms. The aim of this
study was to evaluate subchronic exposure to ethylhexyl methoxycinnamate (EHMC) in rainbow trout. The
tested EHMC concentrations of 6.9 (low), 96.0 (medium) and 395.6 pg/kg (high) were used. The lowest concen-
tration was based on environmentally relevant concentrations. The higher concentrations were chosen as a mul-
tiple of the lowest one to determine the dose-response relationship. EHMC was incorporated into feed pellets.
The experiment was conducted for six weeks in a semi-static system. Haematological, biochemical and oxidative
stress indices were determined at the end of the experiment and supplemented by histological examination. Sig-
nificant changes were proven at medium and high concentrations of EHMC. Specifically, increases of glucose, lac-
tate and decrease of albumin and total protein in plasma indicate a stress ethology. Moreover, a decrease of
plasma cholesterol, triacylglycerols and ammonia were observed even in the experimental group exposed to
the lowest concentration of EHMC, perceived as an environmentally relevant concentration. The ferric reducing
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glutathione peroxidase; GR, glutathione reductase; GST, glutathione-S-transferase; HMS, homosalate; HIS, hepatosomatic index; LC/MS, liquid chromatography-electrospray
ionization-tandem mass spectrometry; LDH, lactate dehydrogenase; LOQ, limit of quantification; 4-DHB, 4-dihydroxybenzophenone; 4-HB, 4-hydroxybenzophenone; 4-MBC, 4-
methylbenzylidene camphor; ME, matrix effect; MCH, mean corpuscular haemoglobin; MCHC, mean corpuscular haemoglobin concentration; MCV, mean corpuscular volume; MDA,
malondialdehyde; OC, octocrylene; OD-PABA, octyl dimethyl p-aminobenzoate; PABA, p-aminobenzoic acid; PBSA, 2-phenylbenzimidazole-5-sulfonic acid; PE, process efficiency; OS,
octisalate; PAHs, polycyclic aromatic hydrocarbons; RE, extraction recovery; SEM, standard error of mean; SOD, superoxide dismutase; TAG, triacylglycerols; TBARS, thiobarbituric acid
reactive substances; UV, ultraviolet; UVs, UV filters.
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ability of plasma was decreased in all tested concentrations. Exposure to the highest concentration of EHMC re-
sulted in a decrease in leukocyte counts. Increased activity of glutathione peroxidase in liver was recorded for the
medium and the highest concentration of EHMC. The level of the thiobarbituric acid reactive substances in kidney

was elevated for the highest concentration. Decrease of the activity of glutathione-S-transferase in gills for me-
dium concentration of EHMC was registered. Histopathological examination revealed massive destruction of he-
patic parenchyma at the highest concentration of EHMC. All these results support the finding of a stress load on
the fish organism. In summary, although subchronic exposure to EHMC had no effect on behaviour, mortality or
feed intake, this exposure resulted in the alteration of saccharide, lipid and protein metabolism and weakened

antioxidant capacity.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Ultraviolet (UV) radiation is a known carcinogen and the main
source of this radiation is the sun. UV radiation is divided into three
types (UV A, UV B, UV C) according to its wavelength and effect. UV fil-
ters (UVs) are able to alleviate the damage caused by UV radiation and
are nowadays well known as significant pollutants of the environment
(Fent et al., 2010).

Chemically, UVs are organic or inorganic substances. Representa-
tives of inorganic UVs are zinc oxide nanoparticles and titanium dioxide.
Organic UVs belong to the group of aminobenzoates, benzophenones,
derivates of camphor and acid cinnamate, salicylates, benzimidazoles,
etc. UVs are often used in common cosmetic products (skin products
and haircare products). Twenty-eight UVs allowed in cosmetic products
in the EU are listed in Annex VI to the EU Cosmetic Products Regulation
(EC) No. 1223/2009.

Due to the huge consumption of these products, especially during
recreational activity in the summer, these compounds are released in
the water ecosystem by two possible pathways. Directly, UVs enter
into the aquatic environment by washing off the skin. Indirectly, they
become part of our environment after insufficient purification at waste-
water treatment plants and can negatively affect non-target aquatic or-
ganisms (i.e. organism other than the one for which are UV sintend).
These compounds are detected worldwide due to their poor degradabil-
ity in the environment. Many UVs are characterised by lipophilic prop-
erties that could lead to resistance in the environment and results in
bioaccumulation in organisms (Fent et al., 2010).

The occurrence of UVs has been confirmed in a huge range of biotic
and abiotic matrices. The derivate of cinnamic acid - ethylhexyl
methoxycinnamate (EHMC) - has been detected in fresh water at a con-
centration of 7552 ng/l (Sousa et al., 2019). Surface seawater contained
diverse representatives of UVs - benzophenone-3 (BP-3), octocrylene
(0C), homosalate (HMS), octisalate (OS) at concentrations of tens to
hundreds ng/l (Mitchelmore et al., 2019). The greatest concentration
found in drinking water was 17.8 ng/l for BP-3 (Li et al., 2019), tap
water in Spain was found to have concentrations of 260 ng/l for
EHMC, 290 ng/l for BP-3, 35 ng/I for 4-methylbenzylidene camphor
(4-MBC), 110 ng/l for octyl dimethyl p-aminobenzoate (OD-PABA)
and 170 ng/1 for OC (Diaz-Cruz et al., 2012), while UVs have been de-
tected at levels of between 0.27 and 8.9 pg/I in untreated municipal
wastewater in different countries (Fent et al. 2009; Langford et al.,
2015; O'Malley et al., 2019). OC, EHMC and BP-3 are lipophilic sub-
stances with low water solubility and high octanol-water partition coef-
ficients, for which reason these compounds tend to persist in sediments
in a range of concentrations of between 5.6 and 322.2 ng/g dry weight
(DW) (Apel et al., 2018; Mizukawa et al., 2017). Samples of beach
sand contained 4-MBC, EHMC and BP at concentrations from 0.03 to
373 ng/g DW (Capela et al.,, 2019).

Due to their presence in the water environment and the chemical
properties of UVs, these compounds are also found in biotic matrices.
UVs have been detected in blue mussels (Mytilus sp.), an organism suit-
able as a bioindicator for monitoring water pollution (Beyer et al., 2017).
Sunscreens, with the most prevalent being ethylhexyl salicylate (EHS)

and EHMC, have been detected in mussels at average total concentra-
tions of 1155.8 ng/g (Castro et al., 2018). Fish are one of the non-
target organisms most exposed to sunscreens. The most frequent UVs
detected in the Lebranche mullet (Mugil liza) were BP-3 and its
metabolites  4-dihydroxybenzophenone  (4-DHB) and 4-
hydroxybenzophenone (4-HB). The UVs 4-MBC, EHMC and OC ranged
at concentrations of between 4.42 and 98.8 ng/g DW. Liver was the
most contaminated tissue, with the gills and muscles less affected in
comparison (Molins-Delgado et al., 2018b). Pico et al. (2019) detected
EHMC in whole fish homogenate at a concentration of 242 ng/g DW,
the occurrence of other sunscreens (BP-3, OC) ranged from non-
detected to 31 ng/g DW. Fent et al. (2010) revealed the food-chain accu-
mulation trend of EHMC in biota. In their study, EHMC was detected at
concentrations of between 22 and 150 ng/g lipids in mussels (Dreissena
polymorpha), at concentrations of 337 ng/g lipids in barb (Barbus
barbus) and in a range of 16 to 701 ng/g lipids in cormorants
(Phalacrocorax sp.). Due to their lipophilic properties, metabolites of
sunscreens have been detected in breast milk at a concentration of
779.9 ng/g (Molins-Delgado et al., 2018a) and in human urine (Bury
et al., 2019). The concentration of BPs (benzophenone-1, BP-1;
benzophenone-2, BP-2; benzophenone-3, BP-3; benzophenone-4, BP-
4) detected in children's urine ranged from 43.0 to 76.7 ng/ml (Li
etal, 2019).

Organic UVs do not generally cause acute toxicity for fish. However,
on the base of the recent studies, was proved that UVs can cause some
damage for invertebrates, e.g. corals (Corinaldesi et al., 2018; Tsui
et al,, 2017). Moreover, for some UVs has been proven embryotoxicity.
The UV filter BP-3 negatively affects the development of zebrafish em-
bryos (Jang et al.,, 2016). Quintaneiro et al. (2019) conducted a fish em-
bryo toxicity test with Danio rerio. Notochord curvature of embryos,
delayed absorption of the yolk sac and pericardial oedema were proven
after exposure to 4-MBC. Moreover, 4-MBC induced the detoxification
system by activating glutathione-S-transferase (GST). In the study per-
formed by Zhou et al. (2019a) EHMC weakened antioxidant capacity
in zebrafish (D. rerio). Recent studies have shown that the UVs EHMC,
0C, benzophenone-8 (BP-8) and BP-1 negatively influence the marine
ecosystem and are responsible for coral bleaching (He et al., 2019a;
He et al., 2019b). The State of Hawaii has introduced restrictions on
the usage of sunscreens containing these compounds (Hawaii State
Legislature. S.B. No. 2571, 2018).

We decided to research the impact of the organic UV filter EHMC on
rainbow trout (Oncorhynchus mykiss) in view of the ubiquitous occur-
rence of UVs in the environment. EHMC (Table 1) is a common compo-
nent of various personal care products as a UVB blocker (lip balm,
creams, sunscreen lotion, shampoo, etc.) to protect skin from the malign
effects of UV rays. This organic UV filter is listed in “The Watch List” of
contaminants of emerging concern (CECs). “The Watch List” is pub-
lished as part of Directive 39/2013/EU in Decision 2015/495/EU
(2015). Substances on this list are monitored all over the EU and data
are gathered to help secure preventive measures if needed. UVs are
now of particular interest because of their ability to disrupt the endo-
crine system (Christen et al.,, 2011; Inui, 2003). EHMC is considered as
an endocrine disruptor with different scales of effect. Christen et al.
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Table 1
Chemical structure and basic physical and chemical characteristics of EHMC (Diaz-Cruz
etal, 2012).

O
N o/\(\/\c}g
H,CO CHs
Name CAS No Molecular weight (g/mol) Log Kow Solubility (g/1)
EHMC  5466-77-3 2904 5.8 0.15

(2011) proved the estrogenic and antiandrogenic effect of EHMC on fat-
head minnows (Pimephales promelas). In vitro testing pointed to
antiestrogenic, antiandrogenic and weak androgenic activity (Kunz
and Fent, 2006). Disruption of the thyroid hormonal balance was ob-
served in Japanese medaka (Oryzias latipes) after 5 months of exposure
to EHMC; specifically, a significant decrease was seen in triiodothyro-
nine and thyroxine hormones (Lee et al., 2019).

The aim of this study was to evaluate the influence of EHMC on non-
target aquatic organisms. Due to the detection of EHMC in the aquatic
environment, we chose the rainbow trout (Oncorhynchus mykiss) as
the experimental organism. EHMC was incorporated into feed pellets
to simulate dietary exposure. Evaluation of the toxicological effect was
defined by changes to haematological and biochemical indices and al-
terations to the antioxidant defence system. In addition, part of our ex-
periment also focused on histopathological changes to selected tissues
after EHMC exposure.

2. Materials and methods
2.1. Animals and design of the experiment

All experimental procedures were approved by the institutional eth-
ical committee and carried out in compliance with the national legisla-
tion - Act No. 246/1992 Coll., on the Protection of Animals against
Cruelty and Decree No. 419/2012 Coll., on the Protection, Breeding
and Use of Experimental Animals. Juvenile rainbow trouts (0. mykiss)
were obtained as an experimental fish organism from Mendel Univer-
sity in Brno, Czech Republic. The total number of 80 fish was divided
into eight 200 1 aquaria with dechlorinated tap water. During an accli-
matisation period of two weeks, the fish were fed with pellets with no
EHMLC content. After this time, the fish were divided into 3 experimental
groups (n = 20 in each group) with EHMC concentrations of 6.9 pg/kg
(low), 96 pg/kg (medium) and 395.6 pg/kg (high) and 1 control group
(n = 20) without EHMC. The lowest concentration represented an en-
vironmental concentration and its multiples should reflect the effect
of increasing concentrations. All the fish were weighed at the beginning
of the experiment to determine the feed dose for each experimental
group. Checkweighing was performed at a frequency of two weeks dur-
ing the experiment. The feeding was performed daily, twice a day. The
consumed amount was checked and recorded. The experiment was per-
formed in a semi-static system for six weeks. The water in the aquaria
was changed daily, at 12-h intervals and water parameters (oxygen;
pH; temperature; concentration of nitrite nitrogen, ammoniac nitrogen
and chlorides) were checked at the same time. The exact water param-
eters are shown in Table S1.

2.2. Preparation of fish pellets

EHMC was obtained from Merck, Germany; Eudragit® E 100
(dimethylaminoethyl methacrylate) from Evonik Industries, Germany;
Aerosil® 200 (colloidal silicon dioxide) from Evonik Industries,
Germany; 96% ethanol from Dr. Kulich Pharma, Hradec Kréalové. Fish
pellets were obtained from Biomar, Denmark. Feed premixes were
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prepared by dry coating technology in three different EHMC concentra-
tions of 6.9 pg/kg, 96.0 pg/kg and 395.6 pg/kg and the weight of each
sample was 4 kg. A 9 kg control sample (without EHMC) was also pre-
pared. Three solutions of EHMC in ethanol were prepared: A (0.5 mg/
ml); B (0.05 mg/ml); C (0.005 mg/ml). D was an ethanolic solution of
Eudragit® E 100 (14.5%). The preparation of each concentration was
the same: 1976.6 g of pellets and 10.4 g of Aerosil® 200 were mixed
in a cubic blender (Erweka KB 5 I, Germany) for 5 min at 40 rpm.
6.0 ml of solution A, B or C was mixed with 89.67 g of solution D, poured
into pellets and mixed again for 5 min at 40 rpm. The mixture was dried
in a HORO-048B hot-air oven (Dr. Ing. A. Hoffmann, Germany) for 4 h at
50 °C. This procedure was repeated two times. The amount of EHMC is
50% higher because of the loss factor as obtained from previous studies
(Vaclavik et al., 2020; Modra et al., 2018). 2964.9 g of pellets, 15.6 g of
Aerosil® 200 and 134.5 g of solution D with the same parameters
were used to prepare a control sample. This procedure was repeated
three times. Prepared pellets were tested for physicochemical proper-
ties (Table S2). The friability, which indicates the quality of the coating
level was evaluated according to Ph. Eur. [2.9.7.]; the resistance to
crushing, which is necessary for the assessment of the mechanical resis-
tance during the transport of the feed mixture, was evaluated according
to Ph. Eur. [2.9.8]; bulk density and taped density, which indicate
changes in the volume of the feed mixture during transport and storage,
were evaluated according to Ph. Eur. [2.9.34.]; mass uniformity, which
declares the uniformity of the coating level was evaluated according
to Ph. Eur. [2.9.27.]; pycnometric density, which relates to the density
of the pellet core and coating level, was evaluated using a Pycnomatic-
ATC helium pycnometer (POROTEC GmbH, Germany) according to Ph.
Eur. [2.9.23.]. The electrostatic charge characterizing the change in elec-
tric charge after coating was determined using a JCI 150 Faraday cage
and a JCI 178 charge measuring unit (Chilworth Technology Ltd., UK)
and moisture content was evaluated using a halogen moisture analyzer
(HX204, Mettler Toledo, Switzerland) according to Svacinova et al.
(2019). Dimensions of pellet cores and coated pellets were determined
using a Nikon SZM 1500 optical microscope (Nikon, Japan). The mor-
phology of samples was assessed by SEM using MIRA 3 (Tescan Orsay
Holding, Czech Republic). The exact procedures of above-mentioned
tests are described in detail in the individual cited articles of European
Pharmacopoeia and the cited literature. The units of measurement are
listed in Table S2.

2.3. Determination of EHMC in fish pellets

The determination of EHMC was conducted using liquid chromatog-
raphy - electrospray ionization - tandem mass spectrometry (LC/MS). A
sample of feed (0.5 g) was vortexed in glass test tube with acetonitrile
(2 ml) for 2 min. After extraction, sample was centrifuged at 800 xg
for 15 min at 20 °C, supernatant was filtered through a 0.2 mm nylon fil-
ter (Millipore, USA) and used for LC/MS analysis. A Thermo Scientific
UHPLC Accela 1250 chromatographic pump was connected to a Thermo
Scientific TSQ Quantum Access MAX Triple Quadrupole Instrument
(Thermo Scientific, USA) equipped with heated electrospray ionization
probe. A Titan C18 (2.1 mm x 100 mm, 1.7 um) column (Merck,
Germany) was used at a constant flow rate of 300 pl/min. Mobile
phase consisted of water containing 0.1% formic acid (v/v) (solvent
A) and methanol (solvent B). The gradient used was: 0-2.0 min linear
gradient from 50 to 95% B; 2.0-7.5 min held at 95% B; 7.5-8.0 min
from 95 to 50% B and 8.0-8.5 min held at 50% B. The full loop injection
volume of the sample was set at 10 pl. The heated electrospray ioniza-
tion was operated in the positive mode under the following conditions:
Capillary Temperature: 325.0 oC; Vaporizer Temperature 300.0 oC;
Sheath Gas Pressure 35.0 psi; Auxiliary (drying) gas 10 a.u.; Spray Volt-
age 3300 V. The instrument was calibrated daily with multi-level
matrix-matched calibration curves. The retention time of EHMC was
5.75 min + 0.03 min. Procedural blank was analysed for every set of
10 samples. To evaluate method process efficiency (PE), extraction
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recovery (RE) and matrix effect (ME), ten feed samples and ten feed ex-
tracts were spiked with standard solution at target level 100 ng/g. The
matrix effect was calculated as ME (%) = (B/A- 1) x 100, where A is
the peak area of the standard solution and B is the peak area of the
post-extraction standard addition. The extraction recovery was calcu-
lated as RE (%) = C/B x 100, where C is the peak area of the pre-
extraction standard addition and the process efficiency was calculated
as PE (%) = C/A x 100. The method process efficiency was 85.4%; extrac-
tion recovery was 90.2% and matrix effect was —5.3%. The inter-day
precision expressed as a relative standard deviation was 5.6% and the
inter-day accuracy was 4.1%. The limit of detection determined as 3:1
signal versus noise value was 0.63 ng/g. The limit of quantification
(LOQ) was defined as the lowest concentration level of calibration
curve (2.5 ng/g) with the corresponding signal/noise ratio greater
than 10. Standard of EHMC and formic acid were purchased from
Sigma-Aldrich (St. Louis, USA). All solvents were residual analysis purity
(Chromservis, Czech Republic).

Fourteen samples from each group were tested. The tested concen-
trations of EHMC were 6.9 + 0.8 pg/kg (low), 96 & 1.8 ug/kg (medium),
395.6 £ 18.5 pg/kg (high), and the control group did not contain
any EHMC.

2.4. Sampling

At the end of the experiment, peripheral blood was taken from the
tail vessel of each fish for further analysis. Blood for biochemical (n =
10) and haematological (n = 10) analysis for every concentration was
placed in tubes containing lithium heparin (10 pl of anticoagulant and
1 ml of blood) and then chilled. All the fish were measured for morpho-
logical parameters (body length; body weight; liver weight) for Fulton's
condition factor (FCF) and hepatosomatic index (HSI). FCF was calcu-
lated according to the formula FCF = (body weight x body length®) x 100
and HSI was calculated according to the formula HSI = (liver weight/
body weight) x 100 (n = 20 in each group). The fish were sacrificed by
stunning with the blow to the back of the head, immediately followed
by spinal cord transection to minimalize the stress. Samples of spleen,
liver, cranial and caudal kidney, skin and gill were taken representatively
for each group for histological examination (n = 6). Samples of caudal
kidney, liver and gills for oxidative stress analysis for every concentration
(n = 20) were frozen and stored at —80 °C. Measurement was performed
on the same tissue sample in triplicate because of the small amount of the
biological material.

2.5. Haematological and biochemical profile

Parameters for the red blood profile (count of erythrocytes,
haematocrits and haemoglobin) and white blood profile (count of leu-
kocytes), corpuscular volume (MCV), mean corpuscular haemoglobin
(MCH) and mean corpuscular haemoglobin concentration (MCHC)
were determined for haematological analysis. Methods for haematolog-
ical examination were executed by the unified method for the haemato-
logical examination of fish by the authors Svobodova et al. (2012).
Erythrocyte and leucocyte counting was performed by a manual
method in a Biirker chamber with the use of a microscope. Natt-
Herricks Stain Solution was used as a diluent solution. Haematocrit
was determined by centrifugation with the use of microhaematocrit
capillaries. Quantitative determination of haemoglobin was performed
spectrophotometrically by the cyanohaemoglobin method. Blood was
centrifuged for biochemical analysis (10 min, 4 °C, 800 xg) and the sep-
arated plasma was stored at —80 °C. Biochemical indices in plasma
were determined spectrophotometrically, including concentration of
glucose, lactate, total protein, albumin, cholesterol, triacylglycerols
(TAG), ammonia, creatinine, calcium and phosphorus. The enzymes ex-
amined were alkaline phosphatase (ALP), alanine aminotransferase
(ALT), aspartate aminotransferase (AST) and lactate dehydrogenase
(LDH). These parameters were determined using a Konelab 20i
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biochemical analyzer and commercial test kits (BioVendor, Czech
Republic).

2.6. Oxidative stress indices and detoxifying enzyme

The quantification of oxidative stress was conducted in plasma (fer-
ric reducing ability of plasma, FRAP; ceruloplasmin) and in various tis-
sues (liver, caudal kidney and gill). The ferric reducing ability of
plasma was measured by reducing ferric to ferrous ions at low pH
using a Konelab 20i biochemical analyzer. The activity of plasma cerulo-
plasmin was determined using p-phenylenediamine and the concentra-
tion was expressed by the absorbance increase per minute x 10,000
(Haluzova et al,, 2010). Samples of tissues were spectrophotometrically
analysed for the activity of enzymes such as catalase (CAT), glutathione
reductase (GR), glutathione peroxidase (GPx) and glutathione-S-trans-
ferase (GST) and lipid peroxidation using the concentration of thiobar-
bituric acid reactive substances (TBARS). First, the tissue samples
(liver, caudal kidney and gill) were homogenised (1:10 w/v) with the
use of phosphate buffer containing antioxidant ethylenediaminetetra-
acetic acid (EDTA) for a compliance pH of 7.2. One part of the samples
was used for the analysis of lipid peroxidation and the results were
expressed as nmol of TBARS per gram of tissue of wet weight. The sec-
ond part of the samples was centrifuged (10,500 xg, 4 °C, 20 min) and
the supernatant fraction was examined for enzyme activities (Habig
et al., 1974; Carlberg and Mannervik, 1975; Aebi, 1984; Flohe and
Gunzler, 1984). The final enzyme activities were normalised to protein
concentration determined using bicinchoninic acid (Smith et al., 1985).

2.7. Histopathological examination

Six samples of each tissue (gills, skin, cranial and caudal kidney, liver
and spleen) were examined for histopathological analysis. Tissue sam-
ples were fixed in buffered 10% neutral formalin, dehydrated, placed
in paraffin wax and sectioned on a microtome (thickness of 4 um).
The sections were stained with haematoxylin and eosin and examined
using light microscopy.

2.8. Statistical analysis

The statistical program Unistat for Excel 6.5. was used for statistical
evaluation, All data were first checked for normality of distribution by
the Shapiro-Wilk test. If the data met the condition of normal distribu-
tion, a parametric Tukey-HSD test was used for further testing. If the
data did not meet the condition of normality, a nonparametric multi-
selective median test was used. Statistical evaluation was performed
among all groups. Statistical significance was accepted at p < 0.05. All
results are reported as mean <+ standard error of mean (SEM).

3. Results and discussion
3.1. Behaviour and biometric indices

No alterations of behaviour, abnormal feed intake or mortality were
detected during the entire experiment. No significant differences were
observed in body length, body weight or liver weight between the con-
trol and the experimental groups. FCF and HSI were determined for each
group for evaluation of morphological parameters. No significant
changes were evaluated in any tested group (Table 2).

3.2. Haematological examination

Haematological data are presented in Table 3. No significant changes
were observed in the red blood cell profile. The only altered parameter
was seen in the white blood cell profile. The leukocyte count was de-
creased at the highest concentration of EHMC. An altered haematologi-
cal profile could disrupt the function of the immune system. The study
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by Muona and Soivio (1992) focused on the correlation between
smoltification and alteration of immune response in Atlantic salmon
(Salmo salar L.) and sea trout (Salmo trutta L.). Their results demon-
strated a decrease of total white blood cells, which could correlate
with an increase of corticosteroid during stressful situations and could
lead to impaired resistance to disease. The effect of polycyclic aromatic
hydrocarbons (PAHs), as another substance that adversely affects the
environment, on sea bass (Dicentrarchus labrax L.) was investigated by
Danion et al. (2011). This study revealed a decrease in the white blood
cell profile caused by the cytotoxicity of PAHs. Other environmental pol-
lutants are also able to alter the immune system. [heanacho and Odo
(2020) focused on the influence of polyvinyl chloride microparticles
on African catfish (Clarias gariepinus). The results of the haematological
profile showed a decrease in the leukocyte count with no effect on the
red blood cell count. Similarly, the final data in our experiment showed
adecrease in white blood cells, statistically significant at the higher con-
centration, that could lead to alteration of the defence of the organism.

3.3. Plasma biochemical profile

Biochemical examination showed that the whole metabolism was
disrupted, despite the lack of any alterations in behaviour or feed intake
during the experiment. The results for biochemical parameters are
shown in Table 4. Briefly, the greatest effect was recorded at medium
and high concentrations of EHMC. Statistically significant changes of
concentration were registered for glucose, lactate, total protein, albu-
min, cholesterol, TAG and ammonia. Elevation of the glucose plasma
concentration could be relevant to a stressful situation since saccharides
are the primary source of energy during stressful situations. The authors
Nakano et al. (2014) explained the increase of glucose plasma concen-
tration in Coho salmon (Oncorhynchus kisutch) after cortisol and cate-
cholamine stimulation caused by stressful conditions. An increase in
lactate concentration could also be related to stress ethology. When de-
pletion of carbohydrate resources occurs, the organism induces anaero-
bic glycolysis and subsequently the concentration of plasma lactate
increases (Yang et al., 2019). Furthermore, if the stress situation con-
tinues, the organism needs more energy to fight the stressor. Proteins
and lipids conceal a huge energy pool relatively easily to utilise. The
most extensive changes after EHMC exposure were recorded for lipid
metabolism. A significant decrease in the plasma concentration of TAG
and cholesterol at all tested concentrations indicates the fight of the

Table 2

Morphological parameters of rainbow trout after EHMC exposure (mean + SEM). No
significant changes were observed between control and experimental groups. Fulton's
condition factor - FCF, hepatosomatic index — HSI.

Indices Group Mean + SEM
Control 182.2 + 4.2
Low 1843 + 2.8
Body length (cm) Medium 1848 + 20
High 184.8 4+ 3.2
Control 1133 + 8.1
. . Low 1142 + 5.7
Liver weight (g) Medium 1121 + 38
High 113.7 £ 5.8
Control 1269 + 9.0
. Low 128.0 4+ 6.4
Body weight (g) Medium 1266 + 42
High 1284 + 66
Control 2.02 + 0.13
FCF Low 2.02 4+ 0.11
Medium 2.00 + 0.10
High 2.00 £ 0.17
Control 0.85 4+ 0.15
HsI Low 0.83 £+ 0.12
Medium 0.92 4+ 0.20
High 0.95 4+ 0.26
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Table 3

Results of haematological examination (mean 4+ SEM) in rainbow trout after EHMC expo-
sure (n = 10 in each group). Significant differences between control and experimental
groups (p < 0.05) are indicated by different alphabetical superscripts and bold font. Mean
corpuscular volume - MCV, mean corpuscular haemoglobin - MCH, mean corpuscular
haemoglobin concentration - MCHC.

Indices Group Mean + SEM
Control 49.06 + 4.84°
Low 47.20 + 3.14°
9
Leukocytes (10°/) Medium 4130 % 3.00°
High 35.06 + 2.34°
Control 1.53 + 0.14*
Low 1.52 + 0.13°
12
Erythrocytes (107/1) Medium 148 + 0.10°
High 1.25 + 0.06°
Control 34.55 + 0.80°
o Low 3240 + 0.76°
Haematocrit (%) Medium 33.00 + 1.26°
High 31.70 + 0.86°
Control 62.90 + 3.30°
. Low 60.15 + 1.54°
Haemoglobin (g/1) Medium 56.20 + 1.34°
High 62.55 + 3.50%
Control 241.13 £ 1.99°
Low 225.24 + 1.60°
Mcv () Medium 229.24 + 1.42°
High 261.58 + 1.42°
Control 39.01 + 6.19%
Low 41.88 + 3.27°
MCH (pg) Medium 3946 + 2.73°
High 51.76 + 3.96%
Control 1.63 + 0.20*
Low 1.87 + 0.07°
MCHC (1) Medium 1.72 + 0.07°
High 1.97 + 0.09°

organism with the stressor. In our experiment, a decrease in the total
protein and albumin concentration indicated a huge consumption of
the energy pool. In addition, free radicals generated during oxidative
stress damage protein molecules and lesions could be manifested as a
decrease of these substances in plasma (Yang et al.,, 2020). Another pa-
rameter that was significantly changed in all tested groups was the con-
centration of ammonia. The authors Eom et al. (2020) explained the
decrease of plasma ammonia as a reaction of the organism to stress by
increasing ventilation and elimination of ammonia through the gills.
The concentrations of creatinine, calcium, phosphorus and enzyme ac-
tivities (ALP, AST, ALP and LDH) were not detected as statistically signif-
icant as compared to the control.

3.4. Oxidative stress indices and detoxifying enzyme activity

The study of biochemical and oxidative stress markers induced by
pollutants have been a point of interest in recent research. The stress
condition would be manifested by changes of oxidative stress indices
in fish. Zhou et al. (2019a, 2019b) pointed out the disruption of biolog-
ical antioxidant defence in four-month-old zebrafish after EHMC expo-
sure. In our experiment, the activities of antioxidant enzymes and lipid
peroxidation were determined in caudal kidney, liver and gills. The re-
sults are shown in Figs. 1-3 and Figs. S1-S3. Low and medium concen-
trations of EHMC caused a significant increase of GPx activity in the
liver. In the same tissue, other antioxidant enzymes (GST, GR, CAT)
and TBARS were not changed. The previous study by Huang et al.
(2020) revealed alteration of the antioxidant response in zebrafish em-
bryos (D. rerio) after BP-4, PABA and 2-phenylbenzimidazole-5-sulfonic
acid (PBSA) exposure. The activity of GST was significantly increased in
the liver after 7 days of exposure. This enzyme plays a crucial role in the
detoxification of pollutants. The same study also focused on markers of
lipid peroxidation, particularly the evaluation of malondialdehyde
(MDA) by the TBARS method in zebrafish embryos. The concentration
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Table 4
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Results of biochemical examination (mean 4 SEM) of rainbow trout after EHMC exposure (n = 10 in each group). Significant differences between control and experimental groups
(p < 0.05) are indicated by different alphabetic superscripts and bold font. ALP - alkaline phosphatase, ALT - alanine aminotransferase, AST - aspartate aminotransferase, LDH - lactate

dehydrogenase, TAG - triacylglycerols.

Parameter Group

Control Low Medium High
ALP (ukat/1) 1.8 + 0.1° 19 + 0.2° 14 + 0.1° 14 + 0.1°
ALT (ukat/1) 03 £ 0.0 0.3 £ 0.0 03 £ 0.0 03 £ 0.0
AST (ukat/1) 5.7 + 0.5° 6.7 £ 0.4° 5.7 + 0.4° 73 + 0.6°
LDH (pkat;/1) 34 £ 7.0° 32.3 + 3.3° 34.6 + 3.6° 453 + 512
Total protein (g/1) 375 + 0.7% 34.7 + 0.9* 333 + 1.1° 316 + 1.1°
Albumin (g/1) 12.8 + 04° 10.6 + 0.5*" 10.3 + 0.7° 9.8 + 0.7°
Ammonia (umol/l) 513.3 + 21.6° 418.0 + 26.2° 371.0 + 16.6° 376.8 + 13.3°
Creatinine (umol/l) 258 + 1.7 28.0 + 1.2 252 4+ 1.8° 23.0 + 1.9°
Cholesterol (mmol/l) 8.7 + 0.2° 73 + 04° 7.1 + 03° 6.7 + 04°
TAG (mmol/l) 2.9 + 0.2° 21 + 02° 20 + 02° 2.0 + 02"
Glucose (mmol/1) 43 + 0.2% 4.8 + 0.2%¢ 5.2 + 0.2°¢ 5.8 + 0.3°
Lactate(mmol/l) 3.1+ 04° 41 + 0.5° 40 + 04° 5.0 + 05"
Phosphorus (mmol/1) 35+ 012 3.7 £02° 34 +02° 3.7 + 022
Calcium (mmol/1) 2.8 +£ 0.17 3.0 +£ 0.17 2.8 + 0.1? 29 4+ 0.1

of MDA in the liver increased after PBSA exposure, though in contrast it
decreased after BP-4 and PABA exposure. An increase of lipid
peroxidation products causes increased production of free oxygen
radicals that could lead to damage to the cell membrane and weaken
the whole antioxidant defence of the organism. In crucian carp
(Carassius auratus), a mixture of the organic UVs OD-PABA and butyl
methoxydibenzoylmethane (DM-DBM) resulted in a significant in-
crease in the activity of superoxide dismutase (SOD) and GR, while
inhibiting the activity of catalase (Ma et al., 2017). Quintaneiro et al.
(2019) reached similar conclusions. An early life stage of D. rerio em-
bryos was exposed to the organic UV filter 4-MBC in their study. The re-
sults showed increasing production of free oxidative radicals
consequently activating the detoxification system by increasing GST to
protect the organism against oxidative damage.

In our study, TBARS in the kidney were the only increased parameter
for the highest concentration of EHMC and for low concentration com-
pared to the highest, other indices were not changed (GPx, GST and GR).

The only significantly decreased parameter in the gills was the activ-
ity of GST, specifically for the medium concentration of EHMC. The ac-
tivity of GR, GPx and TBARS was not changed.

A statistically significant decrease of the ferric reducing ability of
plasma (FRAP) was detected in plasma at all tested concentrations
(Fig. 4). FRAP is a non-specific assay that measures the reduction of ferric
to ferrous ion. This transformation as enabled by non-protein antioxi-
dants. FRAP was also decreased in rainbow trout (O. mykiss) after
10 days of exposure to cyanobacteria (Kopp et al., 2018). After EHMC ex-
posure, the plasma concentration of ceruloplasmin did not change in any
experimental group (Fig. S4). The elevated activity of GPx in the liver and
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Fig. 1. Activity of glutathione peroxidase (GPx) in liver (mean 4 SEM) of rainbow trout
after EHMC exposure (n = 20 in each group). Significant differences between control
and experimental groups (p < 0.05) are indicated by different alphabetic superscripts.

the increase of TBARs in the kidneys, as well as the decrease of GST activ-
ity in the gills, points to the stress load on the fish organism.

3.5. Histopathological examination

The results of histopathological examination revealed extensive
damage to the hepatic parenchyma with the increasing concentration
of the tested UV filter. Hepatodystrophy with a multifocal district of
parenchymal destruction was recorded at the lowest concentration, dis-
tricts of steatosis dystrophy were detected at the medium concentration
of EHMC, and obvious massive destruction of parenchyma was found at
the highest concentration (Fig. 5). Zhou et al. (2019b) came to a similar
conclusion. In their study, apoptosis of liver cells caused by oxidative
stress was detected in zebrafish after EHMC exposure. Other histological
damage caused by EHMC was also proven in the recent study by Nataraj
etal. (2020). Severe muscle damage was observed in zebrafish embryos
after 96 h of exposure to EHMC. Histological changes were also observed
in fathead minnows (Pimephales promelas) after EHMC exposure, spe-
cifically alteration of cells in the testes and ovaries manifested as a de-
crease in spermatocytes and oocytes (Christen et al., 2011). In our
experiment, histopathological examination performed in the spleen,
cranial and caudal kidney, skin and gills was evaluated without signifi-
cant changes between the control and the test groups. It is obvious
from our results that biochemical parameters were negatively affected
due to widespread destruction of the liver, particularly for carbohy-
drates and ammonia, and these lesions could be responsible for the dis-
ruption of metabolic pathways.
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Fig. 2. Concentration of thiobarbituric acid reactive substances (TBARS) in caudal kidney
(mean 4 SEM) of rainbow trout after EHMC exposure (n = 20 in each group).
Significant differences between control and experimental groups (p < 0.05) are
indicated by different alphabetic superscripts.
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Fig. 3. Activity of glutathione-S-transferase (GST) in gills (mean 4 SEM) of rainbow trout
after EHMC exposure (n = 20 in each group). Significant differences between control and
experimental groups (p < 0.05) are indicated by different alphabetic superscripts.
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Fig. 4. Ferric reducing ability of plasma (FRAP) in rainbow trout after EHMC exposure
(mean 4 SEM, n = 10 in each group). Significant differences between control and
experimental groups (p < 0.05) are indicated by different alphabetic superscripts.
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4. Conclusion

Organic UVs are used excessively in personal care products to pro-
tect the skin from damaging UV radiation. Worldwide consumption of
sunscreens may lead to contamination of the aquatic environment. Re-
search is needed considering that sunscreen is a potential toxicological
agent. Although EHMC is considered one of the proven organic UVs, it
is still a subject of interest in research because of its potential risk to
non-target organisms. Extensive changes of indices for the metabolic
pathways disruption and increase in white blood cells were identified
after subchronic exposure to EHMC, even at an environmentally rele-
vant concentration. Moreover, the extensive destruction of hepatic pa-
renchyma at all concentrations of EHMC would imply a dose-
dependent effect on the liver histology. The antioxidant defence of the
organism was, not surprisingly, disrupted by oxidative stress and
EHMC could be indicated as a stress trigger.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.145570.
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Fig. 5. a) Histological section of the intact hepatic parenchyma in control group rainbow trout; b) histological section of hepatic parenchyma (hepatodystrophy) in rainbow trout exposed
to the low concentration of EHMC; c) histological section of massive dystrophy of hepatic parenchyma with loci of destruction in rainbow trout exposed to the highest concentration of
EHMC.
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ABSTRACT

Ultraviolet filters are commonly used in various cosmetic products. Due to their huge consumption ultraviolet filters
become a part of the environment. Octinoxate is a commonly used ultraviolet filter that is widely detected in the
aquatic environment. In our study, we investigated whether this ultraviolet filter is able to disrupt thyroid hormone
regulation after six weeks of exposure in rainbow trout (Oncorhynchus mykiss). Thyroid hormones play crucial role
in development and regulation of the organism and its disruption could cause the whole-body imbalance. Our study
includes a compilation of in vivo and in vitro tests. The results of the in vivo experiment revealed a significant increase
in thyroxine hormone in plasma for the highest tested dose of octinoxate (i.e. 395.6 pg/kg). We examined selected

tissues (liver and cranial kidney) to determine the mRNA expression of genes involved in thyroid hormones regulation.
The analysis confirmed downregulation of deiodinase 2 mRNA expression for the highest tested dose (i.e. 395.6 pg/kg)
and downregulation of paired box 8 mRNA for medium (96 pg/kg) and the highest octinoxate dose (395.6 pg/kg.)
only in cranial kidney. In vitro analysis indicated that octinoxate does not elicit (anti-)thyroid activity via thr3 and
does not behave as a transthyretin ligand. Based on our results, octinoxate has a potential to act as a thyroid hormone
disruptor, but further research required to better understand the entire regulatory mechanism.

Abbreviations: 3,5DCI2HAcP, 3,5-dichloro-2-hydroxyacetophenone; 60s, 60s ribosomal protein; 4-MBC, 4-methylbenzylidene camphor; BP-3, benzophenone-3; cDNA, complementary DNA;
dio2, iodothyronine 5-deiodinase; d.w., dry weight; GOI, gene of interest; HPT axis, hypothalamic—pituitary—thyroid axis; mRNA, messenger RNA; PAX8a, paired box gene 8a; PCR, polymerase
chain reaction; RT-qPCR, reverse transcription-quantitative real-time polymerase chain reaction; SEM, standard error of mean; T3, triiodothyronine; T4, thyroxine; thra, thyroid hormone receptor
a; thr, thyroid hormone receptor 3; TRH, thyrotropin-releasing hormone; TTR, transthyretin; UV, ultraviolet; UVs, UV filters.
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1. Introduction

Octinoxate, also known as an ethylhexyl methoxycinnamate, is one of
the most commonly used organic ultraviolet (UV) filter in sunscreens.
Basic physico-chemical properties of this substance are listed in Table 1.
Octinoxate as a UVB blocker is one of 28 proven UV filters (UVs) listed in
Annex VI to the EU Cosmetic Products Regulation (EC) No, 1223/2009.
This compound could be used in cosmetic products in the European
Union at a maximum permissible concentration of 10 % (Gilbert et al.,
2013) and in the USA at a maximum concentration of 7.5 % (Janjua
et al., 2008). This lipophilic compound to be absorbed through the skin
and enter the circulation without being metabolized by the liver. On the
other hand, compared to other UVs (e.g. benzophenone-3 — BP-3), it
shows lower dermal penetration and systematic absorption. Thus,
octinoxate could be considered a safer UV blocker (Suh et al., 2020).

In general, UVs are used in many personal care products (e.g. sunscreens,
lotions, shampoos, decorative cosmetics, etc.). They are present in the envi-
ronment due to their huge consumption (Mitchelmore et al., 2019). They be-
come part of the aquatic environment in two different ways — (a) directly by
the washing off from the skin, especially during recreational activities or (b)
indirectly via the insufficient elimination in wastewater plants. Many of
UVs are lipophilic substances, so they tend to persist in the environment.
UVs are reported worldwide in various compartments of the environment
(Fent et al., 2010; Kameda et al., 2011a, 2011b; Langford et al., 2015;
Mizukawa et al., 2017; Apel et al., 2018). If we focused solely on octinoxate,
this substance was detected in wastewater in Greece at concentration of
4.1 ng/1 (Giokas et al., 2004) and in China in waste water reclamation
plant at concentrations of 54-116 ng/l in influent (Li et al., 2007).
Ekpeghere et al. (2016) detected octinoxate at the level of 120-849 ng/1 in
treated waste water in Korea. In the river water in China octinoxate was
detected at concentration of 2.2 to 9.9 ng/1 (Wu et al., 2019), up to 56 ng/1
in the sea water and 79 ng/1 in the surface water (Tsui et al., 2019). In
Japan, octinoxate was detected in the surface water at concentration of
125-1040 ng/1 (Kameda et al., 2011a, 2011b). Fent et al. (2010) detected
octinoxate in the river water in Switzerland at concentration of 6 ng/1,
while Negreira et al. (2010) found this UV in the river water in Spain at con-
centration of 813 ng/1. Moreover, the presence of octinoxate was revealed in
the tap water at a concentration of 126 ng/l (Romén et al., 2011). UVs were
also detected in another type of abiotic matrices, i.e. sediments. In Lebanon,
river sediments contained octinoxate at a concentration of 35.8 ng/g dry
weight (d.w.) (Amine et al., 2012). Octinoxate was found at concentrations
of 2.2-9.6 ng/g d.w. in river sediments in Japan (Kameda et al., 2011a,
2011b). Due to lipophilic properties of octinoxate, we can also detect this
UV in biota, especially in fish, often in tens of ng/g d.w. (Gago-Ferrero
et al., 2015; Langford et al., 2015; Peng et al., 2015). Pico et al. (2019)
revealed octinoxate at a concentration of 242 ng/g d.w. in fish from four
Spain Mediterranean river basins. Moreover, octinoxate is known for its
food-chain accumulation in biota. Fent et al. (2010) revealed octinoxate at
concentrations of between 22 and 150 ng/g lipids in mussels (Dreissena
polymorpha), at a concentration of 337 ng/g lipids in barb (Barbus barbus)

Table 1
Physico-chemical properties of the octinoxate.

Trivial names Ethylhexyl methoxycinnamate, octyl methoxycinnamate,

octinoxate

Acronyms EHMC, OMC
Molar mass (g/mol) 290.403
Molecular formula C18H2603
CAS number 5466-77-3
log Kow® 5.8
Water solubility 0.16

(mg/D?
Structure”

2 USEPA (2010).
b USEPA (2020).
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and in the range of 16 to 701 ng/g lipids in cormorants (Phalacrocorax sp.).
Thus, the data suggest food-chain accumulation. Octinoxate was one of the
predominant UVs detected in marine matrices, i.e. sediment and seawater
and also in biota in South Korea (Wang et al., 2022).

Toxicological risk or adverse health effects on humans have not been
confirmed yet (Lorigo et al., 2018; Suh et al., 2020). However, there are
some studies investigating the negative effects of UVs on animals. In our
previous study (Cahova et al., 2021b), toxic effects of octinoxate on rain-
bow trout (Oncorhychus mykiss) were observed, including impaired antiox-
idant defence, changes in white blood cell counts, adverse effects on various
metabolic pathways, and even histopathological changes, especially in liver
cells. The ability of UVs to disrupt the hormonal system is also a current
topic (Ghazipura et al., 2017; Zhou et al., 2019). Moreover, octinoxate is
considered as an endocrine disruptor and listed in “The Watch List” of
contaminants of emerging concern (CECs). “The Watch List” was published
as part of the Directive 39/2013/EU in Decision 2015/495/EU (2013) to
monitor selected substances all over the EU and gather data to help secure
preventive measures if needed.

Toxicological studies in various organisms have confirmed (anti-)estro-
genic or (anti-)androgenic effects after UVs exposure. The commonly used
UVs, such as BP-3, 4-methylbenzylidene camphor (4-MBC), homosalate
and octinoxate, showed a significant dose-dependent estrogenic activity
in vitro with MCF-7 breast cancer cell, and also after oral administration
of 4-MBC, octinoxate and BP-3 mixture, the estrogenic effect was demon-
strated by an increase in uterine weight gain in juvenile rats (Schlumpf
et al., 2001). Octinoxate and its main metabolic product 3,5-dichloro-2-
hydroxyacetophenone (3,5DCI2HAcP) were tested for estrogenic and
androgenic effects in four-month-old zebrafish (Danio rerio) after 21-days
exposure in water. Octinoxate tested separately caused a decrease in estra-
diol concentration and increased testosterone level. These data indicate
that octinoxate can produce anti-estrogenic and androgenic effects.
3,5DCI2HACP caused a complex androgenic and estrogenic effect. The
results in the group exposed to octinoxate and 3,5DCI2HAcP in mixture
showed that 3,5DCI2HACcP might weaken the estrogenic effect and stimu-
late the androgenic effect of octinoxate (Zhou et al., 2019). The exposure
of fathead minnows (Pimephales promelas) to octinoxate (37.5 pg/l;
244.5 pg/l; 394 pg/1) led to changes in the mRNA expression of genes
involved in hormonal pathways (androgen receptor, 33-hydroxysteroid
dehydrogenase) and an increase of vitellogenin plasma concentration in
males. Histological changes in gonads (i.e. reduced number of primary
oocytes, decrease in spermatocytes) also pointed to the estrogenic and the
antiandrogenic activities (Christen et al., 2011). Concentration of plasma
vitellogenin increased after octinoxate exposure in male medaka (Oryzias
latipes). This exposure also caused increasing mRNA expression levels of
vitellogenin and choriogenin subtypes, complemented by increasing
mRNA expression of sex hormone receptors and estrogen receptor a.
These results suggest the estrogenic effect of octinoxate (Inui, 2003).

Thyroid hormones play a crucial role in regulating childbirth, stimula-
tion and development of various tissues during the growth and, last but
not least, regulate the metabolism of the whole body (Ferraris et al.,
2020). Thyroid hormones are also able to activate responses in various
immune cells (e.g. monocytes, macrophages, natural killer cells, and
lymphocytes), and affect several inflammation-related processes (chemo-
taxis, phagocytosis, reactive oxygen species generation, cytokines produc-
tion). These interactions are related to pathological conditions, including
sepsis, inflammation, autoimmune diseases, and viral infections (Jara
et al., 2017). Thus, chemicals that are able to disrupt the normal function
of the thyroid gland could adversely affect the development, immune
system and metabolism of the whole body.

Ferraris et al. (2020) pointed out the role of thyroid hormones in the
mouse immune system and subsequent thyroid dysregulation after octinoxate
administration to female mice during the lactational period. Thyroxine (T4)
concentration in mouse pup blood was decreased after indirect exposure to
octinoxate (1000 mg/kg/day), this effect was associated with delayed eye-
opening and weight gain. Moreover, the number of lymphocytes increased
in the spleen after octinoxate exposure. Axelstad et al. (2011) reported
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changes in thyroid hormone levels (reduction of T4 in plasma) after
octinoxate exposure which could be related to reproductive and neurological
development of rat offspring. In males, a reduction in sperm count and a dose-
dependent reduction in testosterone levels in 8-month-old males were
observed. Lower motor activity was observed in offspring of exposed females.
Klammer et al. (2007) investigated the effect of octinoxate in rats. They
focused on thyroid hormone regulation within the hypothalamic-pituitary—
thyroid (HPT) axis related to the reproductive system. Ovariectomised rats
were treated with octinoxate or 17[3-estradiol. While estradiol treatment
did not change any of the tested thyroid hormones, in the octinoxate exposure
group, the levels of serum thyroid hormones decreased and the activity of T3-
responsive hepatic type I-5-deiodinase was reduced. These results point to
non-estrogenic interference of octinoxate within the rodent HPT axis.

In experiment on adult zebrafish, plasma triiodothyronine (T3) was sig-
nificantly reduced after 21 days of octinoxate exposure. In addition, mRNA
expression of genes related to thyroid hormone regulation were downregu-
lated in the brain, thyroid and liver tissues (Chu et al., 2021). Lee et al.
(2019) observed a decrease in the blood levels of thyroid hormones (T3,
T4) in Japanese medaka (Oryzias latipes) after a 5-months-long octinoxate
exposure in water. Based on these results, octinoxate could be considered
as a UV filter with multiple hormonal activities. Nevertheless, octinoxate
and its hormonal effects still need to be studied to better understand the
mechanism of its action on the organism.

Recent studies pointing to the importance of the interaction between het-
erogeneous mixtures of substances and the aquatic organisms. These
chemicals could have an additional toxic effect when interacting with each
other, and consequently these mixtures could be more dangerous to non-
target organisms (Spurgeon et al., 2010; Jang et al., 2016; Park et al., 2017;
Cahova et al., 2021a). Li et al., 2018 study impact of UVs mixture to embryo
development and their impact on the next generation. The development of
zebrafish embryos was effected after 47 days of exposure to the mixture of
UVs (BP-3, octinoxate, octocrylene); embryo mortality increased and the
hatching rate decreased in the F1 generation. This effect was not observed
in the parental experimental group; nevertheless, negative effect was reported
in the next generation even in the environmentally relevant concentration.

To our knowledge, very few articles have been published on the effects
of octinoxate on fish HPT axis. There are a number of ecotoxicological stud-
ies in the scientific literature to monitor endocrine disruption in fish, but
most are focused to the issue of sex hormones. Due to the huge presence
of this UV filter in the aquatic environment, we believe that it is necessary
to raise awareness of its impact on the fish hormonal system. The aim of this
study was to investigate the thyroid hormone disrupting properties after di-
etary exposure to octinoxate. We examined plasma thyroid hormones in
combination with the analysis of gene expression related to thyroid hor-
mone regulation in the cranial kidney and liver. This study is supplemented
by in vitro analysis to identify three specific modes of action of octinoxate
on endpoints crucially affecting HPT axis-mediated signalling. They partic-
ularly involve thyroid agonistic and antagonistic activities and its potential
to compete with T4 for binding to transport protein transthyretin (TTR).
The results of this study will expand knowledge about the toxicological po-
tential of octinoxate and obtain more comprehensive information about the
effect of octinoxate on the regulation of thyroid hormones.

2. Materials and methods
2.1. In vivo toxicity test

2.1.1. Design of the experiment

Toxicity test was conducted on female rainbow trout (O. mykiss) in a
semistatic system for six weeks. The experiment was approved by the insti-
tutional ethical committee and carried out in compliance with the national
legislation — Act No. 246,/1992 Coll., on the Protection of Animals against
Cruelty and Decree No. 419/2012 Coll., on the Protection, Breeding and
Use of Experimental Animals. A total number of 80 fish was obtained
from Mendel University in Brno (Czech Republic). The fish were randomly
distributed into eight aquaria (10 fish in each aquarium) with a total
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volume 200 1. The aquaria were filled with dechlorinated water. At first,
the acclimatization occurred over a period of two weeks and the fish
were fed with pellets with no octinoxate content. After the acclimatization
fish were randomly allocated into three experimental groups (n = 20 in
each group) — with low (6.9 pg/kg), medium (96.0 pg/kg) or high
(395.6 pg/kg) dose of octinoxate and one control group without octinoxate.
The lowest dose represented an environmental concentration and its multi-
ples should reflect the effect of increasing dose. Octinoxate (CAS number —
5466-77-3, 98 %, Merck, Germany) was incorporated into fish pellets to
simulate dietary exposure. The methodology of fish pellet preparation
and verification of the content of the active substance in the feed are
described in our previous paper (Cahova et al., 2021b).

At the beginning of the experiment, all fish were weighed to determine
the feed dose. After two weeks, fish were weighed to consider the weight
gain and regulate the feed dose, weighing was repeated every two weeks.
Fish were fed twice a day, and the daily feeding rate was determined as
2 % of the actual fish weight. The amount consumed was checked and re-
corded. The daily photoperiod consisted of 12 h of light and 12 h of darkness.
Aquarium water quality was checked daily in 12-h intervals (concentration of
nitrite nitrogen: 0.2 mg/l, ammonia nitrogen: 1.3-1.4 mg/l; chlorides:
115.5-116.5 mg/l; oxygen: 93.1-94.1 %; pH: 8.0-8.1; temperature:
16.1-16.2 °C) and the most part of the water was changed at the same time.

After six weeks of exposure, peripheral blood of each individual fish was
taken from the tail vessel. Whole heparinized blood samples were centri-
fuged (800 x g, 10 min, 4 °C) for obtaining plasma. Plasma samples were
stored for analysis of thyroid hormone at —80 °C. The fish were sacrificed
by stunning with the blow to the back of the head, immediately followed by
spinal cord transection to minimalize the stress. Further, selected tissues
(cranial kidney and liver) were sampled for further reverse transcription-
quantitative real-time polymerase chain reaction (RT-qPCR). After sam-
pling, tissues were immediately fixed in RNA later (Thermo Fisher Scientific,
Czech Republic), left for one day at 4 °C and then stored at —80 °C.

2.1.2. Analysis of thyroid hormones in plasma

Plasma thyroid hormones (T3, T4) were analysed using commercial com-
petitive Enzyme-Linked ImmunoSorbent Assay kits according to the manu-
facturer's instructions (MyBioSource, USA, MBS2000107 for T4 and
MBS1601698 for T3). For each microplate desk, five-point calibration curves
for T4 or T3 were prepared at concentrations from 3.7 to 300 ng/ml and from
2 to 32 ng/ml, respectively. The plates have been pre-coated with specific an-
tibodies. Thyroid hormones present in plasma samples were added and
bound to antibodies coated on the wells. Next, biotinylated antibody was
added and bound to hormone in the sample. Then streptavidin-horseradish
peroxidase was added to each well and bound to the biotinylated antibody.
After incubation unbound streptavidin-horseradish peroxidase was washed
away, substrate solution was added and optical density at 450 nm was read
using a Varioskan Flash Reader (Thermo Fisher Scientific, USA). The concen-
trations of T3 and T4 were expressed as ng/ml.

2.1.3. RT-gPCR analysis

Samples of the cranial kidney and liver in each tested group were indi-
vidually homogenised on the MagNaLyser (Roche, Germany) in TRI
Reagent RT (Molecular Research Center, USA). The total RNA was
extracted with the RNeasy Mini kit (Qiagen, Germany) according to the
manufacturer's protocol. RNA concentrations, purity and total amounts
were verified spectrophotometrically using the 260,/280 and 230/280 ra-
tios quantified with DeNovix DS-11 FX (Lab Mark Ltd., Czech Republic); pu-
rity of all samples was kept between 1.8 and 2. The messenger RNA was
reversely transcribed to complementary RNA using the LunaScript RT
SuperMix Kit (New England BioLabs Inc., USA) according to manufacturer's
instructions. The reverse transcription, dilution of samples, qPCR and gene
expression analysis were performed as described in detail by Hodkovicova
et al. (2021). The normalised expression of the target genes is presented as
the mean # standard error of mean (SEM) relative to the control.

Sequences for primers of iodothyronine deiodinase 2 (dio2), paired box
protein pax-8-like (pax8a) (only in kidney), thyroid hormone receptor
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alpha (thra) and thyroid hormone receptor beta (thrf3) were designed using
the NCBI primer-blast design tool available online at https://ncbi.nlm.nih.
gov/tools/primer-blast/. The expression of these genes was analysed using
the 60S ribosomal protein (60s) as a reference gene for normalisation of
data. The specific primer data are given in Table 2.

2.2. Invitro toxicity test

2.2.1. Chemicals and material

Octinoxate (98 % pure), triiodothyronine (T3; =95 % pure, CAS num-
ber — 6893-02-3), thyroxine (T4; =98 % pure, CAS number — 51-48-9),
transthyretin (TTR, =95 % pure, CAS number - 87090-18-4),
tetrabromobisphenol A (=97 % pure, CAS number —.

79-94-7), acetic acid (=99.8 % pure, CAS number — 64-19-7), and
in vitro toxicology assay kit (for resazurin reduction assay) were purchased
from Sigma-Aldrich (Czech Republic). Pierce™ BCA Protein Assay Kit was
purchased from Fischer Scientific (Czech Republic). TRB-CALUX cells,
deoxynivalenol calibration standard prepared in dimethyl sulfoxide, illumi-
nate mix, and lysis mix were obtained from BioDetection Systems (the
Netherlands). Stock solution for in vitro bioassays was prepared in dimethyl
sulfoxide at a concentration of 1 x 10~ > pmol/l and stored at —20 °C. It
was further serially diluted to construct a concentration row. The working
solutions of octinoxate tested in in vitro bioassays were in the range of
1x1078%to1 x 1073 pmol/1.

2.2.2. In vitro reporter gene bioasssays and cytotoxicity testing

To determine thyroid agonistic and antagonistic activities of octinoxate
through thrf3, we carried out in vitro TR3-CALUX and anti-TR(-CALUX
reporter gene assays, respectively. The (anti-) TRB-CALUX assays are
based on transgenic U2-OS cells which specifically respond to TR} ligands.
Furthermore, we investigated whether octinoxate can compete with natural
thyroid hormone T4 for binding to transport protein TTR, using the TTR-
TRB-CALUX assay. All assays were performed according to the manufactur-
er's (BioDetection Systems, the Netherlands) instructions and as described
elsewhere (Collet et al., 2020; Sonneveld et al., 2005).

Briefly, growth medium used for cell culture contained the pH indicator
phenol red, while phenol red-free assay medium was used for testing and
did not contain dextran-coated charcoal-stripped fetal calf serum (DCC
FCS). The medium used for antagonism testing contained the additional
reference agonist T3 to reach its ECsq (7.9 X 10~1° umol/1) in the wells
of 96-well microtiter plates (Corning, the Netherlands) during exposure.
Reference compounds for thyroid receptor agonism, antagonism, and bind-
ing to TTR were T3, deoxynivalenol, and tetrabromobisphenol A, respec-
tively. Full calibration row of each respective reference compound was
included in each experiment. After the exposure, the cells were lysed and
the luciferase activity was measured with a luminometer equipped with
injectors (M200 Infinite Plus, Tecan, Switzerland) after reaction of illumi-
nate mix (containing D-luciferin) with firefly's (Photinus pyralis) luciferase
expressed by the cells. More detail information is listed in supplementary
material Chapter S1.

Table 2
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The cells were routinely visually inspected under a microscope for signs
of cytotoxicity. In order to reveal potential effect of the samples on cell
viability, we performed the resazurin reduction assay according to
O'Brien et al. (2000) and the results were evaluated as described in detail
in Sauer et al. (2018). More detailed information is listed in the supplemen-
tary material Chapter S2.

2.3. Data analysis

2.3.1. Data analysis for in vivo test

The statistical software Unistat for Excel 6.5. (Unistat Ltd., England) was
used for statistical evaluation. Firstly, all results of in vivo studies were
examined for normal distribution by the Shapiro-Wilk test. The data with
normal distribution were tested by one-way analysis of variance and the
post hoc test Tukey-HSD. Data with not a condition of normality were eval-
uated by nonparametric multi-selective median test. Statistical significance
was accepted at a level of p < 0.05. All results are reported as mean + stan-
dard error of mean (SEM).

2.3.2. Data analysis for in vitro test

Data from the reporter gene bioassays were evaluated as according to
the manufacturer's (BioDetection Systems, Amsterdam, the Netherlands)
instructions and as described in detail by Sonneveld et al. (2005) and
Sauer et al. (2021). In short, the luciferase signal in in vitro reporter gene
bioassays has been quantified as relative light units and the background sig-
nal from solvent control was subtracted. The maximal induction produced
by T3 (TRB-CALUX assay) or ECsq of T3 (anti-TR3-CALUX assay) or ECsq
of T4 (TTR-TRB-CALUX assay) has been set at 100 %. The relative light
units were converted into the percentage of the maximal response (relative
induction in the case of the tested compound). Then, the data points were
fitted with non-linear robust regression with four parameters using Prism
7 program (GraphPad, USA). Octinoxate was considered as biologically
active if at least its two non-cytotoxic consecutive dilutions displayed rela-
tive induction higher than 10 % in TR3-CALUX assay or <80 % in anti-TRf3-
CALUX and TTR-TRB-CALUX assays.

3. Results
3.1. In vivo toxicity test

3.1.1. Behaviour mortality and biometric indices

No alterations of behaviour, abnormal feed intake or mortality were
observed during the exposure time. No significant differences were
observed in body weight or liver weight, even in body length between the
control and the experimental groups. More detailed morphological param-
eters are listed in our previous study (Cahova et al., 2021b).

3.1.2. Analysis of plasma thyroid hormones
Results of T4 in plasma are presented in Fig. 1. They showed an increas-
ing trend with the increasing dose of octinoxate. A statistically significant

List of target genes and their accession numbers, primer sequences, melting temperatures (T,,) and product sizes in base pair (bp).

Gene name Primer F/R Sequence (5-3") Tm (CC) Product size (bp)
Accession no.

60S ribosomal protein 60s F AGCCACCAGTATGCTAACCAGT 62.67 147
NM_001165047.2 R TGTGATTGCACATTGACAAAAA 62.43

Iodothyronine deiodinase 2 dio2 F GTCCTTCAGTCTGCCATCTCAGT 61.94 128
NM_001124268.1 R CTCCAAGGTAGGCGATCTTCCTC 62.11

Paired box protein Pax-8-like pax8a F CATTTCCCCCATGCCTTCAACTC 62.00 96
XM_021602384.1 R GCTAACCATGTCCCTTCCTGCTA 62.02

Thyroid hormone receptor a thra F TGGGAGCTGATCCGCATG 61.97 136
AF302245 R CCTTGTCTCCGTCCGAC 62.01

Thyroid hormone receptor thr F TGGGAGCTGATCCGCATG 61.89 160
AF302246 R GCTCCCTTCAGGTGCATTTATG 61.93

XM_021599796.1 R TCTTGCCATAATAGCAGCCTGGA 61.78
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Fig. 1. Thyroxine (T4) concentration in plasma of rainbow trout after six weeks
exposure to octinoxate (n = 8 in each group). Data is presented as mean +
standard error of mean. Significant differences among groups (p < 0.05) are
indicated by different alphabetic superscripts.

low - 6.9 pg/kg of octinoxate, medium — 96 pg/kg of octinoxate, high — 395.6 ug/kg
of octinoxate.

increase (p < 0.05) compared to the control was reported only for the
highest tested dose of octinoxate (i.e. 395.6 pg/kg). Plasma T3 concentra-
tion was below the limit of quantification (2 ng/ml) in all samples.

3.1.3. PCR analysis

The results for mRNA expression in cranial kidney are shown in
Fig. 2. The mRNA expression of dio2 gene was statistically significantly
(p < 0.05) downregulated in the tested group exposed to the highest
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octinoxate dose (i.e. 395.6 pg/kg). The mRNA expression of pax8a was
significantly (p < 0.05) downregulated in the tested group with the me-
dium (96 pg/kg) and the highest octinoxate dose (i.e. 395.6 ng/kg).
Otherwise, the mRNA expression of thra and thrf3 was not altered in
the cranial kidney. The results of mRNA expression in the liver are
given in Fig. 3. This analysis did not reveal changes of thra and thrf3
mRNA expression in any tested group.

3.2. Invitro bioassays

Results of the resazurin reduction assay showed no effect of the tested
compound on cell viability in either agonistic (Fig. 4A) or antagonistic
(Fig. 4B) assay media. In in vitro reporter gene bioassays, each using the ref-
erence compounds (T3, deoxynivalenol, and tetrabromobisphenol
A) produced a full concentration-response curve. The reference agonist
T3 exhibited thyroid activity with ECso of 7.9 x 107'° yumol/l. The
reference antagonist, deoxynivalenol, had ICs, value as high as 5.1 x
107 pmol/1. The reference compound for competing with T4 to bind to
TTR, tetrabromobisphenol A, displayed ICs, of 3.8 X 10~ 8 pmol/l. Neither
thyroid agonistic (Fig. 5) and antagonistic (Fig. 6) activities were exhibited
by the tested compound, nor was it a ligand of TTR (Fig. 7).

4. Discussion

Thyroid hormones play a crucial role in the whole metabolism of verte-
brates. These hormones promote metamorphosis, development, reproduc-
tion, skin pigmentation and behaviour. Exposure to various pollutants has
led to hormonal imbalances in the thyroid gland, which could impair the
condition and survival of the fish (Nugegoda and Kibria, 2017). UVs as
known pollutants are able to disturb the balance of thyroid hormones not
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Fig. 3. Analysis of mRNA expression in rainbow trout liver after six weeks' exposure to octinoxate (n = 14 in each group). Data is presented as mean =+ standard error of

mean. No significant differences were found among groups (p > 0.05).

low — 6.9 pg/kg of octinoxate, medium — 96 pg/kg of octinoxate, high — 395.6 pg/kg of octinoxate.

only in mammals (Klammer et al., 2007; Axelstad et al., 2011; Ferraris
et al., 2020) but also in fish (Lee et al., 2019; Chu et al., 2021). However,
if we focus solely on aquatic animals, limited number of scientific publica-
tions have addressed the impact of octinoxate on fish thyroid function in
more detail.

In the present study, octinoxate exposure increased T4 levels in plasma
and disrupted transcription of several thyroid-hormone regulating genes in

rainbow trout after 6 weeks of octinoxate exposure. Several toxicological
studies carried out in aquatic animals have described thyroid hormone
changes after exposure to various pollutants. Our observations are compa-
rable, e.g. to the study dealing with polybrominated diphenyl ethers,
which are known pollutants of the environment. These chemicals have
similar physico-chemical properties as UVs, meaning low solubility in
water, adsorption on sediments and bioaccumulation (Khan et al., 2023).
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Fig. 4. Results from testing cell viability after exposure to octinoxate in resazurin reduction assay. Assay medium (A) and assay medium used for antagonism testing (B). No
statistically significant difference (p > 0.05) between the tested sample and solvent control was found and is denoted with the letter (a). Values are expressed as means =
standard error of the mean from three independent experiments and each calibration point was measured in triplicate.
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These substances could therefore have a similar effect on non-target organ-
isms as UVs. Exposure to these chemicals increased T4 plasma concentra-
tion and caused altered mRNA expression of corticotropin-releasing
hormone and thyrotropin B-subunit in zebrafish (Yu et al., 2011). In con-
trast, toxicological studies focusing on the effect of UV filters (especially
on octinoxate) on other animal species reported a decrease in T4 plasma
concentration. In mammals, i.e. rats, perinatal octinoxate exposure caused
a significant decrease in T4 and negatively affected the reproductive and
neurological development of the offspring (Axelstad et al., 2011). Similarly,
a decrease in T4 levels and the impairment in neurodevelopmental param-
eters were observed in pup mice after administration of octinoxate to
female mice during the lactation period (Klammer et al., 2007; Ferraris
et al., 2020). In fish, Lee et al. (2019) reported a decrease of thyroid
hormones (T3, T4) after a long-term octinoxate exposure in Japanese
medaka. In contrast to that, in our experiment, T4 concentration increased
significantly after the exposure to the highest dose tested. In addition, our
RT-gPCR analysis revealed a downregulation of mRNA expression of dio2.
We hypothesize that this downregulation could be related to higher plasma
T4 concentrations. The enzyme deiodinase is responsible for the conversion
of T4 to biologically active T3 in peripheral tissues and liver. In agreement
with our findings, the increased plasma levels of T4 were also observed in
dio2 gene-knock out mice, which resulted in decreased dio2 enzymatic
activity (Schneider et al., 2001). The increased levels of T4 in plasma and
downregulation of dio2 mRNA expression of together suggest a reduced
clearance of T4. The levels of T3 were measured only in plasma in this
study but considering the elevated levels of T4 and the likely reduced
dio2 enzymatic activity, we may hypothesize that there was a reduced
conversion of T4 into T3 in peripheral tissues. On the other hand, our exper-
iment lasted 6 weeks, so we assume that the length of exposure and fish
species are decisive factors.

In our experiments, we analysed mRNA expression of receptors thra and
thrf in the liver and cranial kidney. Thra and thr3 are two isoforms of thy-
roid receptors, the first-mentioned is more often expressed in immune
cells, the second one in nonimmune cells. In our experiment, we did not
observe any changes in the mRNA expression of these genes.

Pax8a plays a very important role in the formation of organs and tissues,
including the thyroid gland, during embryonic development. It is also
required for thyroid-stimulating hormone induced upregulation of the
mRNA expression of crucial genes involved in the HPT axis, including
dio2 (Katagiri et al., 2014; Jang et al., 2020). In the present study, downreg-
ulation of pax8a in the kidneys at the medium and even at the highest
octinoxate doses correlated well with the down-regulation of dio2 in the
same tissue. The results collectively indicate a disruption of the thyroid
hormone balance in exposed fish.

In the present study, octinoxate did not elicit (anti-)thyroid activity via
thrf in in vitro bioassays (Figs. 5 and 6). Schmutzler et al. (2007) reported
that octinoxate acts as a thyroid hormone receptor agonist. However, they
expressed the results semi-quantitatively and the thyroid agonistic activity
was observed at high pmol/I concentrations. The highest concentration of
octinoxate that we tested in TRB-CALUX assay was 1 pmol/1 and octinoxate
slightly increased the signal. Nevertheless, the response of octinoxate did
not exceed 10 % relative induction in two consecutive dilution points
and, therefore, such a response has not been considered as thyroid agonistic
activity. Given that the highest measured concentration of octinoxate in
surface waters (1 pg/l; 3.4 nmol/l; Kameda et al., 2011a, 2011b) is far
lower than the highest tested concentration in our study (290 pg/l;
1 umo/1), we anticipate that activation of the nuclear receptor thrf in the
present in vivo experiment with rainbow trout was unlikely. In our opinion,
this statement was confirmed by in vivo testing when mRNA expression of
thr was not significantly increased in exposed fish compared to the control.

To the best of our knowledge, this in vitro study is the first to determine
the potential of octinoxate to bind the TTR transporter. Octinoxate did not be-
have as a TTR ligand in our experiments. Therefore, interference of octinoxate
with T4-TTR binding is also unlikely to be a mechanism by which HPT axis
can be affected following exposure to octinoxate at environmental concentra-
tions. Thus, an increase of T4 in plasma has likely no connection with a TTR
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binding protein. It bears emphasizing that TTR (also known as prealbumin)
is not the only transporter of thyroid hormones. The other major binding pro-
tein in fish is albumin (Dang et al., 2021). We hypothesize that further inves-
tigation of albumin levels after octinoxate exposure would help to understand
the process of thyroid hormone regulation. In summary, the data from in vivo
and in vitro analyses support the hypothesis of thyroid hormone disruption
after octinoxate exposure in fish. However, the regulatory mechanism requires
further investigation in order to better understand the full mode of action.

5. Conclusion

Octinoxate is a commonly used UV filter that protect the skin from the
sunburn and prevents damage to the skin cells. Octinoxate is detected
throughout the aquatic environment and can negatively affect aquatic
animals. In last years, number of studies about effects of UVs in mixtures
and as a single component has been increasing. However, the comprehensive
information about effects of UVs as a significant micropollutant of aquatic
environment are still not available. The necessity of deeper research is also
proved by the fact of legislative restriction on some UVs. This study revealed
the effect of octinoxate on thyroid hormone disruption in fish after six weeks
of exposure. Plasma T4 levels were increased significantly only at the highest
dose of octinoxate tested (i.e. 395.6 pg/kg). The mRNA expression of genes
involved in regulation of thyroid hormones levels was also affected. Increased
plasma T4 levels, which was probably caused by downregulation of mRNA
expression of pax8 together with dio2, suggest a reduced clearance of T4
and potentially diminished rate of T4 to T3 conversion in peripheral tissues.
Based on these results, octinoxate could be considered a potential thyroid
disrupting compound. The combination of in vitro and in vivo data revealed
the part of the mechanisms by which HPT axis can be affected following
exposure to octinoxate in fish. However, the mechanism by which octinoxate
can affect thyroid hormone regulation appears to be more complex and
requires further study. To the best of our knowledge, this study is unique in
its type of field. Based on current toxicological trends, another interesting
purpose of this study could be investigation of UVs mixtures and their effect
on the hormonal system of fish to obtain more comprehensive information
on the extent of hormonal influence.
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5.2 Posouzeni embryotoxicity vybranych UV filtria

V nasledujici studii jsme se zaméfili na hodnoceni embryotoxického ucinku
jednotlivych UV filtrG na danio pruhované (Danio rerio). Abychom mohli posoudit potencialni
interakce mezi toxickymi ucinky testovanych latek, vystavili jsme embrya také plisobeni UV
filtrim ve smésich. K tomuto hodnoceni jsme vyuzili FET test dle metodiky OECD 236.
Embrya D. rerio byla exponovana organickymi UV filtry, které jsou bézné pouzivany v PCPs
a také detekovany ve vodnim ekosystému. Konkrétné se jednalo o latky PBSA, EHMC, OC, 4-
MBC a BP-3. Smési UV filtri byly vybrany na zakladé svych chemickych vlastnosti a
rozdéleny do skupin smési OC a 4-MBC; PBSA, EHMC a BP-3; tyto dvé skupiny byly
doplnény smési vSech péti UV filtr.

Vysledky studie odhalily zvySenou mortalitu embryi i larev, konkrétné pro smés UV
filtrd OC a 4-MBC v koncentraci 10 pg/l po 48, 72 a 96 hpf. Dale byly zaznamenany zmény
Vv lihnuti. Dfivéjsi lihnuti bylo zaznamenano ptedevsim ve smésich UV filtri OC a 4-MBC
v koncentraci 100 pg/l , dale ve smési PBSA, BP-3 a EHMC v koncentracich 10 a 100 ng/l a
také ve smési vSech péti UV filtrd v 0,1 a 10 pg/l koncentraci. Zrychlené lihnuti bylo
pozorovano také v testovaci skupiné s 0,1 pg/l OC. Na rozdil od téchto vysledkii bylo
zaznamenano zpomalené lihnuti ve skupinach s 4-MBC a BP-3, které byly testované jako
jednotlivé substance. Statisticky vysoce vyznamny rozdil opozdéného lihnuti (p < 0,01) byl
V porovnani s kontrolni skupinou pozorovan v experimentalnich skupinach vystavenych 10, 50,

100 a 250 pg/l 4-MBC, ptipadné 2 000 pg/l BP-3.

Béhem experimentu byly identifikovany také mnohé malformace embryi (edém
perikardu, zakfiveni patete, edém Zloutkového vacku), nicméné se nejednalo o statisticky

vyznamné zmény v porovnani s kontrolni skupinou.

Podrobné vysledky experimentu jsou uvedeny v publikaci Cahova et al. (2021b).

o Cahova, J., Blahova, J., Plhalova, L., Svobodova, Z., & Faggio, C. (2021b). Do
single-component and mixtures selected organic UV filters induce embryotoxic effects in
zebrafish (Danio rerio)? Water, 13(16), 2203. 1F2021=3,53, Q2
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Abstract: UVs are important ingredients in common cosmetic products (e.g., sunscreens, hairsprays,
soap). After their use, they can enter the aquatic ecosystem and negatively affect non-target aquatic
organisms. The aim of our study was to evaluate acute embryotoxicity of selected organic UVs
2-phenylbenzimidazole-5-sulfonic acid (PBSA), ethylhexyl methoxycinnamate (EHMC), octocrylene
(OC), 4-methylbenzylidene camphor (4-MBC) and benzophenone-3 (BP-3). The chemicals were tested
both as a single substance and their mixtures. The types of mixtures were chosen as follows: the
combination of OC and 4-MBC; the combination of PBSA, EHMC and BP-3 and the combination of
all five UV filters. The embryotoxicity was evaluated using a modified method of the Fish Embryo
Acute Toxicity Test-OECD guideline 236 and zebrafish (Danio rerio) was selected as a suitable fish
model organism. The toxic effects were studied by assessing mortality, hatching and the occurrence
of malformations at 24, 48, 72 and 96 h post fertilization. The obtained results indicate that especially
the mixture of OC and 4-MBC presents a potential risk of embryotoxicity for zebrafish due to a
significant increase in mortality, which was 41.7% in the experimental group exposed to 10 pug/L at
96 h post fertilization. Based on our results, the most effected sub-lethal endpoints were hatching and
malformation (e.g., edema of pericard, bent spine, yolk edema), but with no statistically significant
effect. These results differ within groups with single UVs and with their mixtures, suggesting the
interaction of these substances when they are exposed together.

Keywords: personal care products; embryotoxicity; mortality; hatching; sublethal endpoints

1. Introduction
1.1. Ultraviolet Radiation and Ultraviolet Filters

The exposure to the ultraviolet (UV) radiation has been related to the development
of skin cancer. The UV radiation is according to its wavelength and effect divided into
three types. UV A radiation (400 to 320 nm) enters skin cells and induces the production of
oxidative radicals that can lead to skin aging. UV B radiation (320 to 280 nm) influences the
epidermis and DNA cells. UV C radiation is the most dangerous and most absorbed by the
ozone layer [1,2]. UV filters (UVs) can minimalize the damage caused by the UV radiation.
The UV filters used in personal care products (PCPs) (shampoos, skin lotions, creams,
sunscreens, etc.) were developed for the protection of the skin against UV radiation [2,3].
In the Annex VI of EU Cosmetics Products Regulation (EC) No. 1223/2009, 28 UV filters
are listed that are allowed in cosmetic products in EU [4]. UVs are of an organic or
inorganic origin. Zinc oxide nanoparticles and titanium dioxide belong to inorganic UVs
and can reflect the UV radiation. Organic UVs protect skin cells by absorbing the UV rays
and their structure contains at least one benzene. Organic UVs belong to the group of
aminobenzoates, benzophenones, derivates of camphor and acid cinnamate, salicylates,
benzimidazoles, etc. [2].
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1.2. Literature Review

Due to a huge consumption of PCPs, UVs have become significant pollutants of the
environment [3]. The UVs can enter the aquatic ecosystem by two ways: (a) directly
by washing off the sunscreen from the skin, especially during recreational activities or
(b) indirectly via the wastewater plants that are not able to eliminate all the micropollutants.
Many UVs are lipophilic and due to their physicochemical properties can resist in the
aquatic environment. The occurrence of UVs is recorded worldwide, and the UVs are a
relevant group of ubiquitously present contaminants of the environment [5,6]. UVs were
detected in many biotic (e.g., animal tissues, corals) and abiotic matrices (e.g., surface
water, wastewater, beach sand). In surface water, containment of benzophenone-3 (BP-3),
octocrylene (OC), homosalate (HMS) and octisalate (OS) was recorded at concentrations
of tens to hundreds ng/L [5]. On the base of indirect entering the environment, UVs are
detected in municipal wastewater in different countries; in Norway in wastewater effluent
between 300 and 8900 ng/L of OC, BP-3 and ethylhexyl methoxycinnamate (EHMC);
however, the total concentration of UVs in the sludge was two orders of magnitude higher,
between 5 and 51 pg/g, predominantly OC and EHMC [7]. In Portugal, the tested beach
sand contained a huge range of UVs (4-methylbenzylidene camphor (4-MBC), EHMC and
BP-3) at concentrations of ng/g of the dry weight (DW) [6]. UVs are often detected even in
coastal and marine sediments. In the North and Baltic Sea surface sediments, OC was the
mainly recorded UV filter with the frequency detection of 79% and it was detected at the
concentration of up to 9.7 ng/g DW [8]. In Spain, residues of EHMC, BP-3, OC and 4-MBC
were detected in the tap water from metropolitan areas and the city of Barcelona [9].

The aquatic organisms are significant elements for monitoring persistent lipophilic
contaminants such as organic UVs. In invertebrates, e.g., corals [5] and mussels [10],
various representatives of organic UVs (HMS; OC; EHMC; BP-3) were detected. More-
over, many organic UVs (EHMC; OC; 4-MBC; BP-3) were detected in fish, confirmatory
ubiquitous presence of organic UVs in aquatic biota [11,12]. Fent et al. [3] monitored the
occurrence of UVs at different trophic levels. EHMC was detected at the concentrations
between 22 and 150 ng/g lipids in mussels (Dreissena polymorpha), at the concentrations
of 337 ng /g lipids in barb (Barbus barbus) and within a range of 16 to 701 ng/g lipids in
cormorants (Phalacrocorax sp.). This increasing concentration of EHMC suggests food-chain
accumulation. Many studies are focused on investigating the effect of UVs on non-target
organisms (i.e., organism other than the one for which are UVs intend). Recently it was
proved that UVs can impair biochemical processes and antioxidant and detoxifying system
of the organism. Nataraj et al. [13] proved an increase in lipid peroxidation and a decrease
in glutathione-S-transferase (GST) activity in zebrafish (Danio rerio) embryo after a 96-h
EHMC exposure. Benzophenones (BPs) can induce oxidative stress in liver of carp (Cypri-
nus carpio), especially by decreasing superoxide dismutase (SOD), catalase (CAT) and GST
activities. The level of reduced glutathione (GSH) was significantly induced. Induction
of oxidative damage and inhibition of CAT activity were observed after 4-MBC exposure
in Solea senegalensis [14]. All these results point on activating of detoxification process in
fish [15].

Due to their ability to impair hormonal pathways, some of the organic UVs are
considered as endocrine disruptors. Bliithgen et al. [16] proved an anti-androgenic effect
of BPs in adult male zebrafish (D. rerio) by the down-regulation of genes involved in
steroidogenesis. 4-MBC caused in zebrafish (D. rerio) embryo after 96 h of exposure a
downregulation of brain aromatase gene that is involved in normal functioning of the
hypothalamus-pituitary-gonadal axis [17]. EHMC showed anti-estrogen and androgen
effects on zebrafish (D. rerio) in FO generation after 40 d post fertilization; moreover,
this UV filter can accumulate in zebrafish (D. rerio) and transfer to the offspring through
reproduction and disrupt the nervous and weakened antioxidant capacity of FO parents and
F1 offspring via parental transfer [18]. The neurotoxic potential of EHMC was proved in
larval zebrafish by inducing of hypothyroidism [19]. Noteworthy is that recent papers point
out the negative influence of EHMC, OC, benzophenone-8 (BP-8) and benzophenone-1
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(BP-1) on the marine ecosystem and their responsibility for coral bleaching [20,21]. Based
on the recent studies, the State of Hawaii has introduced restrictions on the usage of
sunscreens containing EHMC, OC, BP-8 and BP-1 [22].

Some UVs reported an impairment of the embryo development and caused embry-
otoxicity. Balasz et al. [23] proved that the BP-3 decreases the number of hatched embryos
(D. rerio) and brings about tail and jaw deformation after a 96-h exposure. This delayed
hatching and impairment of the embryo development would later lead to the death of the
fish. Another representative of benzophenones family, benzophenone-2 (BP-2), causes heart
and yolk edema in 5 d after fertilization, reduces the heart rate, erupts blood circulation,
enlarges yolk by the accumulation of lipid droplets and disrupts the craniofacial develop-
ment [24]. The OC affected the transcription of genes related to developmental processes
in brain and liver in zebrafish embryo. Moreover, the OC has an impact on hematopoiesis,
the formation of blood vessels, blood circulation and fat cell differentiation [25]. The
4-MBC influences the neuronal and muscular development in D. rerio embryos after a
3-day exposure. Specifically, the 4-MBC caused abnormal axial curvature in embryos and
impaired mobility by disrupting the slow muscle fiber pattern [26]. Quintaneiro et al. [17]
studied the effect of the 4-MBC on hatching, heart rate and malformation in zebrafish
embryos. The results showed that the 4-MBC delayed the absorption of the yolk sac and
pericardial edema and decreased the heart and hatching rate after 48 h of exposure for
the highest tested concentration. Torres et al. [27] came to a similar conclusion that the
highest tested concentration of 4-MBC decreased the heart and hatching rate. They even
observed an abnormal involuntary muscular contraction that could signalize impaired
mobility of embryos.

Aquatic organisms are exposed to heterogeneous mixtures of substances, not only to
single pollutants [28,29]. These chemicals interact with each other and have potentially
additional toxic effect and subsequently could be more environmentally unfriendly when
are mixed together [30-32]. Li et al. [33] revealed an adverse effect of a mixture of UVs
(BP-3, EHMC, OC) on the development of zebrafish embryos and their impact on the next
generation. After 47 days of exposure, the embryo mortality increased and simultaneously
the hatching rate in the F1 generation decreased. A mixture of the mentioned UVs did not
exhibit any significant effect in the environmentally relevant concentration; however, a
negative impact was shown in the next generation even in the environmentally relevant
concentration. Worth mentioning is a fact that embryos exposed to UVs in water reported
a decreased heart rate in all tested groups.

1.3. Aims of Our Study

The objectives of our study were twofold: (i) to evaluate the effect of UVs as a single-
substance and selected organic UVs in mixture on the embryonic development of zebrafish;
(ii) due to the lack of literature focused on the interaction in mixtures of UVs we investigate
join toxic effect of tested UV filters.

2. Materials and Methods
2.1. Experimental Design and Description of Critical Methods

The embryotoxicity of single UV filters and their mixtures was evaluated using a
modified method of the Fish Embryo Acute Toxicity Test (FET)-OECD guideline 236 [34].
FET determines toxicity of chemicals on fish embryonic stages. Organisms were exposed to
tested pollutants in increasing concentrations for 96 h. During the test, indicated parameters
(coagulation of eggs, lack of somite formation, lack of detachment of the tail bud from
the yolk sac, changes in pigmentation, edema of pericard, etc.) were recorded every 24 h.
Zebrafish (D. rerio) is standard model for fish toxicity research and therefore this fish was
selected as a suitable model organism. Fertilized eggs were purchased from a commercial
producer (Mendel University in Brno, Czech Republic). At first, eggs were rinsed in water
and stereomicroscope (StereoBlue, Euromex) was used for checking of egg quality control
and the determination of the development stage as well. For a subsequent use in the
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embryonic toxicity test, only fertilized eggs of a maximal 16-cell stage without any obvious
irregularities during cleavage were selected.

The fertilized eggs were randomly distributed on 48-well microwell plates, one embryo
in each well. Tested eggs were filled up the tested concentrations of solutions with 1 mL.
Twenty-four eggs were used for each experimental group (test was performed in duplicate).
Simultaneously with the exposure to the tested substances, the control group (only dilution
water) and the control group with an appropriate solvent (dilution water with a solvent at
concentration 0.01%) were also tested. The test solution and dilution water in the control
group were renewed every 24 h by gently draining each chamber and adding a new
solution. The individual steps were performed very carefully to avoid potential disturbing
of the test embryos. The microwell plates with embryos were stored in the thermostat
with parameters set as follows: temperature 26 + 1 °C and photoperiod 12 h of light and
12 h of darkness. The embryos were monitored at 24, 48, 72 and 96 h post fertilization
(hpf). The toxicological impact was represented by the lethal endpoints and development
disorders. Mortality, hatching rate and the occurrence of malformations such as changes in
pigmentation, body deformation, edema etc. were recorded. The embryo was considered
dead if the embryo coagulation (Figure 1), a lack of somite formation, non-detachment of
the tail and a lack of heartbeat were detected. All observation was performed according to
Nagel [35].

Figure 1. Coagulation of embryo exposed to 10 pug/L of PBSA after 48 h post fertilization (hpf) (A).
Physiological development of embryo in the control group at 48 hpf (B).

2.2. Overview of Tested Chemicals

The selected eggs of zebrafish were exposed to a broad range of concentrations of
various organic UV filters 2-phenylbenzimidazole-5-sulfonic acid (PBSA), EHMC, OC,
4-MBC, BP-3, which can be commonly detected in surface water worldwide [5,8]. All
standards were obtained from Sigma-Aldrich (Czech Republic) with chemical purity >99%.
Because of pure solubility of the individual substances, suitable solvents were used for
preparing the stock solutions (dimethyl sulfoxide for the solution of PBSA, EHMC and
BP-3; ethanol for the solution of 4-MBC and OC). The total concentration of the solvents
was always 0.01% (10 pL in 100 mL). The stock solution was prepared daily in dilution
water in dark glass. The dilution water (pH = 7.8) was prepared according to ISO 7346 [36].
The tested concentrations of the individual UV filters were as follows: PBSA—0.1, 1, 10,
100, 500, 1000 and 2000 pg/L; EHMC—0.1, 1, 10, 50, 100, 500, 1000 and 2000 ug/L; OC—0.1,
1,10, 50, 100 and 250 pg/L; 4-MBC—0.1, 1, 10, 50, 100 and 250 ug/L; BP-3—0.1, 1, 10, 50,
100, 500, 1000 and 2000 pg/L. In addition to the individual substances, various mixtures of
these UV filters were tested. The types of mixtures were chosen as follows: the combination
of OC and 4-MBC; the combination of PBSA, EHMC and BP-3 and the combination of
all five UV filters. The used concentrations of these individual UV filters in mixtures
were 0.1; 10 and 100 pg/L. The lowest concentrations used in our embryonic toxicity test
corresponded to the environmentally relevant concentrations of these substances in surface
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water. Higher concentrations were chosen as a multiple of the lowest one to determine
the potential concentration-dependent relationship. A restriction in the choice of the used
concentrations was also the limited solubility of the selected UV filters.

2.3. Statistical Evaluation

The statistical analysis was carried out using statistical software Unistat for Excel 6.5.
(Czech Republic). The chi-square (x?) test of independence was used to determine it there
is a significant difference between monitored variables (mortality, hatching rate and occur-
rence of malformations). Pearson’s chi-squared test (contingecy table—k x m) and Yates
correction (contingency table—2 x 2) were used to determine whether is a statistically
significant difference between frequencies of monitored variables. The statistically signifi-
cant difference was considered when p < 0.05 (*) and p < 0.01 (**). All data are expressed
in percentage and the data of the hatching rate and the occurrence of malformations are
always based on the surviving embryos at a given time. Due to a non-significant difference
in all monitored indices between the control group and the control groups with a solvent,
for next evaluation only the control group was used.

3. Results
3.1. Mortality
The cumulative mortality of embryos after the exposure to single substances of UVs

and their mixtures was recorded at 24, 48, 72 and 96 hpf. Results including the statistical
evaluation are shown in Table 1 and in Supplementary Materials S1 and S2.

Table 1. Cumulative mortality (%) of zebrafish embryos exposed to various mixtures of UV filters during 96 h. The bold
font and asterisk indicate a significant difference (p < 0.05) between the control and experimental groups at the same time of
exposure. *—no mortality was observed in both control group and control groups with solvents.

Test Substance Group 24 hpf 48 hpf 72 hpf 96 hpf
- control * 0 0 0 0
0.1 ug/L 12.5 20.8 20.8 20.8
OC + 4-MBC 10 pg/L 20.8 29.2 * 33.3 * 41.7 *
100 ug/L 0 0 4.2 42
0.1 ug/L 4.2 4.2 4.2 4.2
PBSA + BP-3 +
EHMC 10 pg/L 0 0 0 0
100 ug/L 0 0 0 0
PBSA + EHMC + 0.1 ug/L 4.2 4.2 4.2 4.2
OC + 10 pug/L 0 0 0 0
4-MBC + BP-3 100 ug/L 8.3 8.3 8.3 8.3
Abbreviations:  BP-3—benzophenone-3; EHMC—ethylhexyl methoxycinnamate; hpf—hours post fertilization; 4-MBC—4-

methylbenzylidene camphor; OC—octocrylene; PBSA—2-phenylbenzimidazole-5-sulfonic acid.

No mortality was observed in both control group and control groups with solvents.
Similarly, no mortality was recorded in the embryonic toxicity test with BP-3 (data not
shown). Rare mortality was observed in other embryonic toxicity tests with single sub-
stances of organic UV filters. The highest mortality was found in the embryonic toxicity test
with 4-MBC in the experimental group exposed to 100 pug/L (12.5%). But this difference was
tested as non-significant compared to the control group. On the other hand, more frequent
mortality was found in the embryonic toxicity tests with mixtures of organic UV filters,
especially in the toxicity test with the combination of OC and 4-MBC in the experimental
group exposed to 10 ug/L. The statistical analysis revealed significant differences between
the control and this experimental group at 48, 72 and 96 hpf as well.
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3.2. Hatching

The results of the hatching rate (expressed in %) in the individual embryonic toxicity
tests are highlighted in Figures 2-7 and in Supplementary Materials S1 and S2.

In almost all experimental groups, hatching was recorded at 72 hpf. Earlier hatching
at 48 hpf was observed only in few experimental groups exposed to individual substances
of selected UV filters (4-MBC—50 pug/L; PBSA—10 pg/L and EHMC—2000 pg/L), but no
significant differences (p > 0.05) were found compared to the control group and experimen-
tal groups at this observation time. The first hatching in the control groups was recorded
at 72 hpf, but all control embryos were hatched at 96 hpf. Similarly, most embryos in the
groups exposed to single substances or mixtures of UV filters finished their hatching at
96 hpf. No significant differences (p > 0.05) in the hatching rate were found between the
control and experimental groups at 96 hpf.

Earlier hatching was recorded especially in the experimental groups exposed to
various mixtures of UV filters at 72 hpf. Significant differences compared to the control
group were found in the experimental groups exposed to the mixture of OC and 4-MBC
at the concentration of 100 ug/L (p < 0.05), further to the mixture of PBSA, BP-3 and
EHMC at the concentrations of 10 and 100 pg/L (both at p < 0.05) and to the mixture of all
five UV filters at the concentrations of 0.1 (p < 0.01) and 10 pg/L (p < 0.05). Accelerated
hatching was revealed also in the groups treated by a single substance of organic UV filters.
A significant difference in the hatching rate was noted after the exposure to OC at the
concentration of 1 ug/L. On the other hand, hatching retardation was found in embryos
exposed to selected concentrations of 4-MBC and BP-3 as single test substances. Highly
significant delay in hatching (p < 0.01) was observed especially in the highest concentrations
of the test substances (4-MBC—10, 50, 100 and 250 ug/L; BP-3—2000 ng/L). No significant
changes in the hatching rate (p > 0.05) were observed in the embryonic toxicity tests with
PBSA and EHMC as single substances at 72 hpf.
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Figure 2. Hatching rate (%) of zebrafish embryos exposed to octocrylene (hpf—hours post fertilization). The asterisk
indicates a significant difference (* p < 0.05) between the control and experimental groups at the same time of exposure.
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Figure 3. Hatching rate (%) of zebrafish embryos exposed to 4-methylbenzylidene camphor (hpf—hours post fertilization).
The asterisk indicates a significant difference (** p < 0.01) between the control and experimental groups at the same time

of exposure.
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Figure 4. Hatching rate (%) of zebrafish embryos exposed to benzophenone-3 (hpf—hours post fertilization). The asterisk
indicates a significant difference (** p < 0.01) between the control and experimental groups at the same time of exposure.
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Figure 5. Hatching rate (%) of zebrafish embryos exposed to the combination of octocrylene and 4-methylbenzylidene

camphor (hpf—hours post fertilization). The asterisk indicates a significant difference (* p < 0.05) between the control and
experimental groups at the same time of exposure.
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Figure 6. Hatching rate (%) of zebrafish embryos exposed to the combination of 2-phenylbenzimidazole-5-sulfonic acid,
benzophenone-3 and ethylhexyl methoxycinnamate (hpf—hours post fertilization). The asterisk indicates a significant
difference (* p < 0.05) between the control and experimental groups at the same time of exposure.
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Figure 7. Hatching rate (%) of zebrafish embryos exposed to the combination of all five organic UV filters

(2-phenylbenzimidazole-5-sulfonic acid, ethylhexyl methoxycinnamate, octocrylene, 4-methylbenzylidene camphor,

benzophenone-3) (hpf—hours post fertilization). The asterisk indicates a significant difference (* p < 0.05, ** p < 0.01)

between the control and experimental groups at the same time of exposure.

3.3. The Occurrence of Malformations

No malformations were observed in the control groups during the embryonic toxicity
test. Only a rare malformation (4.2%) in the control group and control group with a solvent
were observed in the embryonic toxicity test with the 4-MBC during the whole monitoring
period. No malformations were also found in embryos treated by single substances of
UVs such as BP-3, EHMC and OC. At 72 and 96 hpf, rare occurrence of edema of pericard
(Figure 8) was found in the embryonic toxicity test with 4-MBC at the concentrations
of 10 and 250 pg/L (4.2% and 8.3%, respectively) but with a non-statistically significant
difference (p > 0.05) compared to the control group. Similarly, only rare (p > 0.05) occurrence
of malformations was noticed in the experimental group exposed to 10 ug/L of PBSA at 48,
72 and 96 hpf.

Surprisingly, no malformation was observed in embryos exposed to the mixture of all
five organic UV filters during the whole monitoring (Supplementary Materials—Table S3).
Only rare occurrence of malformations was found in embryos exposed to the mixture of
PBSA, BP-3 and EHMC at the lowest test concentration at 48 hpf (4.2%) and 72 hpf (4.3%).
In contrast, numerous malformations such as total deformation, curvature of the spine,
yolk sac edema, edema of pericard, bent spine, undeveloped tail, but still non-significant
difference (p > 0.05) compared to the control group, were recorded in the embryonic toxicity
test with the mixture of OC and 4-MBC (Figure 8).
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Figure 8. Pericard edema of zebrafish larvae in the group exposed to 250 ug/L of 4-methylbenzylidene camphor at 72 h
post fertilization (hpf) (A). Zebrafish larvae in the control group at 72 hpf (B). Total body deformation of zebrafish larvae in
group exposed to 10 ug/L of 4-methylbenzylidene camphor and octocrylene at 72 hpf (C). Scale bar = 0.4 mm.

4. Discussion

Due to the extensive use of PCPs (e.g., sunscreens, lotions, shampoos, decorative
cosmetics) with UVs, these substances have become a significant micro-pollutant of our
environment and extensive scientific research has been performed to investigate their
toxicological effect on non-target organisms (e.g., fish, corals, mussels) [37]. Aquatic
organisms are exposed to various of micropollutants from their early life stage to their
adulthood [38—44]. It has been revealed that UVs are able to bioaccumulate in the organism
and biomagnificate through the food chain [3,43,45]. To our best knowledge, recent papers
have focused mainly on the determination of embryotoxicity of single substances. Based
on the data of the occurrence in aquatic ecosystem [5-9], we aimed to extend our research
to the mixtures of UVs which are naturally present together in the aquatic environment
and observe how these substances interact.

Our experiment was based on the examination of single UVs and their mixtures
after 96 h of exposure in zebrafish embryos. The toxic effects were evaluated by the
lethal endpoint and sub-lethal endpoints (i.e., the hatching rate, the formation of somites,
morphological development, spontaneous movement and the occurrence of edema).

For organic UVs, high NOEC is determined since many of them (BP-3, EHMC and OC)
did not report any embryotoxicity for zebrafish in the environmentally relevant concen-
trations [2]. In our experiment, statistically significant mortality was not recorded in any
tested group with the single UVs exposure. This result is surprisingly positive regarding
to the results of Jang et al. [30] experiment where the BP-3 treated group exhibited higher
mortality. Li et al. [33] recorded 100% mortality of zebrafish embryos after the exposure
of OC at 700 pg/L. To compare that, in our experiment the highest tested concentration
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was 250 pg/L of OC with no recorded mortality. The only recorded statistically significant
mortality was for the mixture of OC and 4-MBC at the concentration of 10 ug/L after 96 hpf.
This result would present a potential embryotoxicity risk of OC and 4-MBC for zebrafish.

Based on our results, we recorded the disruption of the hatching process more often
than mortality. The only individually tested UV filter that caused significantly accelerated
hatching was OC at the concentration of 1 ug/L. This is contrary to the research carried
out by Bliithgen et al. [25], where OC did not show any toxicity effect on the hatching rate
in zebrafish embryos for any tested concentration, which were even higher than we used
in our experiment.

The 4-MBC and BP-3 were the only single test substances that affected the hatching
process by hatching retardation. Balasz et al. [23] came to a similar conclusion when the BP-
3 exposure caused a decrease in the hatched embryos after 96 hpf. Delayed hatching was
also recorded after benzophenone exposure in zebrafish embryos [46]. Focusing only on
the 4-MBC means that when we tested the 4-MBC alone, the hatching of zebrafish embryos
was retarded. However, when we tested the 4-MBC with OC in a mixture, earlier hatching
was recorded. This outcome suggests an interaction of the 4-MBC and OC when they are
present together, apparently with a dominant effect of OC. The interaction of UVs in a
mixture was recently noticed by Li et al. [33] when they recorded an interrelation between
the BP-3, EHMC and OC for zebrafish at an environmental level resulting in reduced toxic
effects on the embryonic development and suggesting their antagonistic effect.

Surprisingly, the earlier hatching was recorded in the testing group treated by the
mixture of all five UVs even in the environmentally relevant concentration. To conclude,
all these results suggest a dominant effect of OC, considering the hatching rate. The earlier
hatching recorded in the mixture of PBSA, BP-3 and EHMC would lead to the synergism
or antagonism of these substances, and they need further investigation and consideration
to understand the whole process and specify the accurate toxicological assessment.

If we consider the results of the observed malformation in our experiment, it is
necessary to mention, that no statistically significant impairment of the development
was observed, especially for each single tested UV filter. On the contrary, recent papers
revealed the disruption of the development after the BPs exposure [23,24,47]. After 96 hpf,
pericardial and yolk sac edema, deformed jaw, dilated gut or an impairment of craniofacial
development were observed. Nataraj et al. [13] have tested the adverse effect of EHMC
and its photoproduct on the development of zebrafish embryo. After the 96 hpf exposure,
lesions of the muscle fibers and yolk sac, along with an increasing heart rate and hatching
delay were revealed. On the other hand, in our experiment, only rare malformations were
recorded in the mixture of PBSA, BP-3 and EHMC. Jang et al. (2016) [30] have tested a
mixture of EHMC and BP-3 together in Daphnia magna. They assume that the EHMC and
BP exhibit a synergistic effect and may cause a combined toxic effect. Based on our results
and considering the result of testing every single UV filter, it seems that the mixture of
PBSA, BP-3 and EHMC could have some potentiated effect, but this presumption need
further investigation.

Our result of single 4-MBC with no significant effect on the development differs
from recent papers. Quintaneiro et al. [17] observed after 4-MBC in zebrafish embryo
developmental malformation including notochord curvature, delayed absorption of the
yolk sac and pericardial edema, and Torres et al. [27] recorded an increase in the abnormal
involuntary muscular contraction after the highest tested concentration of 4-MBC. However,
if we focus on other tested mixtures of UVs (e.g., OC and 4-MBC; all five UVs together),
a certain trend of interaction of these substances may be considered. After the OC and
4-MBC exposure, numerous morphological abnormalities were recorded (e.g., yolk edema,
edema of pericard, bent spine, undeveloped tail), but when testing all five UVs together,
the impairment of the development was not so common. These results might be pointing at
a combined toxic effect of UVs when they are introduced together. This hypothesis needs
to be further investigated in detail to confirm our prediction.
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5. Conclusions

To conclude, during our experiment the organic UVs tested as a single substance
did not cause the death of embryos in the early life stage and did not even an impair the
development of zebrafish. Although many deformations (e.g., edema of pericard, bent tail
or undeveloped tail) and the decrease in hatching after UVs exposure would not be lethal
for the embryo, this handicap could lead to the death of the adult fish lately. On the other
hand, it is important to realize that aquatic organisms are exposed to these substances in
mixtures. Considering results of hatching rate and mortality after UVs mixture exposure,
we suppose that UVs could have an additional toxic effect, especially mixture of OC and
4-MBC with probably dominant effect of OC. In contrast, the mixture of all five UVs did
not cause such extensive changes in hatching rate or mortality. These results could lead to
antagonism between tested UVs. To better understand the mixture toxicity, further research
of various combination of UVs mixtures is required.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13162203/s1, Table S1: Cumulative mortality (%) of zebrafish embryos exposed to oc-
tocrylene (OC) and 4-methylbenzylidene camphor (4-MBC) as single substances (hpf—hours post
fertilization) during 96 h. No significant differences (p > 0.05) were observed between the control
and experimental groups at the same time of exposure. *—no mortality was observed in both control
group and control groups with a solvent., Table S2: Cumulative mortality (%) of zebrafish embryos ex-
posed to 2-phenylbenzimidazole-5-sulfonic acid (PBSA) and ethylhexyl methoxycinnamate (EHMC)
as single substances (hpf—hours post fertilization) during 96 h. No significant differences (p > 0.05)
were observed between the control and experimental groups at the same time of exposure. *—no
mortality was observed in both control group and control groups with a solvent. Table S3: The
occurrence of malformations (%) in zebrafish embryos exposed to the mixture of octocrylene and 4-
methylbenzylidene camphor (hpf—hours post fertilization). No significant differences (p > 0.05) were
observed between the control and experimental groups at the same time of exposure. *—no malfor-
mations were observed in both control group and control groups with solvents. Figure S1: Hatching
rate (%) of zebrafish embryos exposed to 2-phenylbenzimidazole-5-sulfonic acid (hpf—hours post
fertilization). No significant differences were observed between the control and experimental groups
at the same time of exposure. Figure S2: Hatching rate (%) of zebrafish embryos exposed to ethylhexyl
methoxycinnamate (hpf—hours post fertilization). No significant differences were observed between
the control and experimental groups at the same time of exposure.

Author Contributions: Conceptualization, J.C. and ].B.; methodology, L.P.; formal analysis, J.C.;
investigation, J.C. and L.P; statistical analysis, ].B.; writing—original draft preparation, J.C.; writing—
review and editing, L.P,, ].B. and Z.S.; visualization, J.C. and ]J.B.; supervision, C.E. All authors have
read and agreed to the published version of the manuscript.

Funding; This scientific work was financially supported by grant FVHE/VECEREK/ITA 2019.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data used in this study are available on request from the corre-
sponding author.

Acknowledgments: The authors thank Eva Trnkova for manuscript improvement and for language
editing. The authors also thank Marie Kasparkova, Martin Klein and Jana Vrablova for laboratory
work and technical support during embryonic toxicity test.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Laj¢ikova, A.; Pekdrek, L. Ultraviolet Radiation and its Health Impact. Hygiena 2009, 54, 57-61.

2. Kaiser, D,; Sieratowicz, A.; Zielke, H.; Oetken, M.; Hollert, H.; Oehlmann, J. Ecotoxicological effect characterisation of widely
used organic UV filters. Environ. Pollut. 2012, 163, 84-90. [CrossRef] [PubMed]

3.  Fent, K,; Zenker, A.; Rapp, M. Widespread occurrence of estrogenic UV-filters in aquatic ecosystems in Switzerland. Environ.
Pollut. 2010, 158, 1817-1824. [CrossRef] [PubMed]

Regulation (EC) No 1223/2009 of the European Parliament and of the Council of 30 November 2009 on cosmetic products. Off. J.

Eur. Union L 2009, 342, 59-209.


https://www.mdpi.com/article/10.3390/w13162203/s1
https://www.mdpi.com/article/10.3390/w13162203/s1
http://doi.org/10.1016/j.envpol.2011.12.014
http://www.ncbi.nlm.nih.gov/pubmed/22325435
http://doi.org/10.1016/j.envpol.2009.11.005
http://www.ncbi.nlm.nih.gov/pubmed/20004505

Water 2021, 13, 2203 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Mitchelmore, C.L.; He, K.; Gonsior, M.; Hain, E.; Heyes, A.; Clark, C.; Younger, R.; Schmitt-Kopplin, P.; Feerick, A.; Conway, A.;
et al. Occurrence and distribution of UV-filters and other anthropogenic contaminants in coastal surface water, sediment, and
coral tissue from Hawaii. Sci. Total Environ. 2019, 670, 398-410. [CrossRef]

Capela, D.; Vila, M.; Llompart, M.; Dagnac, T.; Garcia-Jares, C.; Alves, A.; Homem, V. Footprints in the sand—Assessing the
seasonal trends of volatile methylsiloxanes and UV-filters. Mar. Pollut. Bull. 2019, 140, 9-16. [CrossRef] [PubMed]

Langford, K.H.; Reid, M.].; Fjeld, E.; @xnevad, S.; Thomas, K.V. Environmental occurrence and risk of organic UV filters and
stabilizers in multiple matrices in Norway. Environ. Int. 2015, 80, 1-7. [CrossRef]

Apel, C; Joerss, H.; Ebinghaus, R. Environmental occurrence and hazard of organic UV stabilizers and UV filters in the sediment
of European North and Baltic Seas. Chemosphere 2018, 212, 254-261. [CrossRef]

Diaz-Cruz, M.S.; Gago-Ferrero, P; Llorca, M.; Barceld, D. Analysis of UV filters in tap water and other clean waters in Spain. Anal.
Bioanal. Chem. 2012, 402, 2325-2333. [CrossRef]

Castro, M.; Fernandes, J.O.; Pena, A.; Cunha, S.C. Occurrence, profile and spatial distribution of UV-filters and musk fragrances
in mussels from Portuguese coastline. Mar. Environ. Res. 2018, 138, 110-118. [CrossRef]

Molins-Delgado, D.; Muiioz, R.; Nogueira, S.; Alonso, M.B.; Torres, J.P.; Malm, O.; Ziolli, R.L.; Hauser-Davis, R.A.; Eljarrat, E.;
Barcelo, D.; et al. Occurrence of organic UV filters and metabolites in lebranche mullet (Mugil liza) from Brazil. Sci. Total Environ.
2018, 618, 451-459. [CrossRef] [PubMed]

Pico, Y.; Belenguer, V.; Corcellas, C.; Diaz-Cruz, M.S.; Eljarrat, E.; Farré, M.; Gago-Ferrero, P.; Huerta, B.; Navarro-Ortega, A.;
Petrovic, M.; et al. Contaminants of emerging concern in freshwater fish from four Spanish Rivers. Sci. Total Environ. 2019, 659,
1186-1198. [CrossRef]

Nataraj, B.; Maharajan, K.; Hemalatha, D.; Rangasamy, B.; Arul, N.; Ramesh, M. Comparative toxicity of UV-filter octyl
methoxycinnamate and its photoproducts on zebrafish development. Sci. Total Environ. 2020, 718, 134546. [CrossRef] [PubMed]
Aratjo, M.].; Soares, A.M.V.M.; Monteiro, M.S. Effects of exposure to the UV-filter 4-MBC during Solea senegalensis metamorpho-
sis. Environ. Sci. Pollut. Res. 2021. [CrossRef] [PubMed]

Liu, H.; Sun, P;; Liu, H.; Yang, S.; Wang, L.; Wang, Z. Hepatic oxidative stress biomarker responses in freshwater fish Carassius
auratus exposed to four benzophenone UV filters. Ecotoxicol. Environ. Saf. 2015, 119, 116-122. [CrossRef] [PubMed]

Bliithgen, N.; Zucchi, S.; Fent, K. Effects of the UV filter benzophenone-3 (oxybenzone) at low concentrations in zebrafish (Danio
rerio). Toxicol. Appl. Pharmacol. 2012, 263, 184-194. [CrossRef]

Quintaneiro, C.; Teixeira, B.; Benedé, J.L.; Chisvert, A.; Soares, A.M.V.M.; Monteiro, M.S. Toxicity effects of the organic UV-filter
4-methylbenzylidene camphor in zebrafish embryos. Chemosphere 2019, 218, 273-281. [CrossRef] [PubMed]

Zhou, R.; Lu, G;; Yan, Z; Jiang, R.; Shen, J.; Bao, X. Parental transfer of ethylhexyl methoxy cinnamate and induced biochemical
responses in zebrafish. Aquat. Toxicol. 2019, 206, 24-32. [CrossRef]

Chu, S.; Kwon, B.R.; Lee, YM.; Zoh, K.D.; Choi, K. Effects of 2-ethylhexyl-4-methoxycinnamate (EHMC) on thyroid hormones
and genes associated with thyroid, neurotoxic, and nephrotoxic responses in adult and larval zebrafish (Danio rerio). Chemosphere
2021, 263, 128176. [CrossRef]

He, T,; Tsui, M.M.P; Tan, C.J.; Ma, C.Y,; Yiu, S.K.E; Wang, L.H.; Chen, T.H.; Fan, T.Y.; Lam, P.K.S.; Murphy, M.B. Toxicological
effects of two organic ultraviolet filters and a related commercial sunscreen product in adult corals. Environ. Pollut. 2019, 245,
462-471. [CrossRef]

He, T,; Tsui, M.M.P; Tan, C.J.; Ng, K.Y.; Guo, EW.; Wang, L.H.; Chen, T.H.; Fan, T.Y,; Lam, PK.S.; Murphy, M.B. Comparative
toxicities of four benzophenone ultraviolet filters to two life stages of two coral species. Sci. Total Environ. 2019, 651, 2391-2399.
[CrossRef] [PubMed]

Hawaii State Legislature. S.B. No. 2571. Relating to Water Pollution. 2018. Available online: https://www.capitol.hawaii.gov/
session2018/bills/SB2571_CD1_.htm (accessed on 27 July 2020).

Baldzs, A.; Krifaton, C.; Orosz, I.; Szoboszlay, S.; Kovacs, R.; Csenki, Z.; Urbanyi, B.; Kriszt, B. Hormonal activity, cytotoxicity and
developmental toxicity of UV filters. Ecotoxicol. Environ. Saf. 2016, 131, 45-53. [CrossRef]

Fong, H.C.H.; Ho, ].C.H.; Cheung, A.H.Y,; Lai, K.P; Tse, W.K.F. Developmental toxicity of the common UV filter, benophenone-2,
in zebrafish embryos. Chemosphere 2016, 164, 413-420. [CrossRef] [PubMed]

Bliithgen, N.; Meili, N.; Chew, G.; Odermatt, A.; Fent, K. Accumulation and effects of the UV-filter octocrylene in adult and
embryonic zebrafish (Danio rerio). Sci. Total Environ. 2014, 476—477, 207-217. [CrossRef]

Li, VW.T,; Tsui, M.PM.; Chen, X.; Hui, M.N.Y;; Jin, L.; Lam, RH.W,; Yu, RM.K,; Murphy, M.B.; Cheng, J.; Lam, PK.S,; et al. Effects
of 4-methylbenzylidene camphor (4-MBC) on neuronal and muscular development in zebrafish (Danio rerio) embryos. Environ.
Sci. Pollut. Res. Int. 2016, 23, 8275-8285. [CrossRef]

Torres, T.; Cunha, I.; Martins, R.; Santos, M. Screening the toxicity of selected personal care products using embryo bioassays:
4-MBC, propylparaben and triclocarban. Int. . Mol. Sci. 2016, 17, 1762. [CrossRef]

Sehonova, P; Plhalova, L.; Blahova, J.; Doubkova, V.; Marsalek, P.; Prokes, M.; Tichy, E; Skladana, M.; Fiorino, E.; Mikula, P.;
et al. Effects of selected tricyclic antidepressants on early-life stages of common carp (Cyprinus carpio). Chemosphere 2017, 185,
1072-1080. [CrossRef]

Sehonova, P; Plhalova, L.; Blahova, J.; Doubkova, V.; Prokes, M.; Tichy, F.; Fiorino, E.; Faggio, C.; Svobodova, Z. Toxicity of
naproxen sodium and its mixture with tramadol hydrochloride on fish early life stages. Chemosphere 2017, 188, 414—423. [CrossRef]


http://doi.org/10.1016/j.scitotenv.2019.03.034
http://doi.org/10.1016/j.marpolbul.2019.01.021
http://www.ncbi.nlm.nih.gov/pubmed/30803688
http://doi.org/10.1016/j.envint.2015.03.012
http://doi.org/10.1016/j.chemosphere.2018.08.105
http://doi.org/10.1007/s00216-011-5560-8
http://doi.org/10.1016/j.marenvres.2018.04.005
http://doi.org/10.1016/j.scitotenv.2017.11.033
http://www.ncbi.nlm.nih.gov/pubmed/29136596
http://doi.org/10.1016/j.scitotenv.2018.12.366
http://doi.org/10.1016/j.scitotenv.2019.134546
http://www.ncbi.nlm.nih.gov/pubmed/31839308
http://doi.org/10.1007/s11356-021-14235-4
http://www.ncbi.nlm.nih.gov/pubmed/33987723
http://doi.org/10.1016/j.ecoenv.2015.05.017
http://www.ncbi.nlm.nih.gov/pubmed/25996523
http://doi.org/10.1016/j.taap.2012.06.008
http://doi.org/10.1016/j.chemosphere.2018.11.096
http://www.ncbi.nlm.nih.gov/pubmed/30472611
http://doi.org/10.1016/j.aquatox.2018.11.001
http://doi.org/10.1016/j.chemosphere.2020.128176
http://doi.org/10.1016/j.envpol.2018.11.029
http://doi.org/10.1016/j.scitotenv.2018.10.148
http://www.ncbi.nlm.nih.gov/pubmed/30336428
https://www.capitol.hawaii.gov/session2018/bills/SB2571_CD1_.htm
https://www.capitol.hawaii.gov/session2018/bills/SB2571_CD1_.htm
http://doi.org/10.1016/j.ecoenv.2016.04.037
http://doi.org/10.1016/j.chemosphere.2016.08.073
http://www.ncbi.nlm.nih.gov/pubmed/27599007
http://doi.org/10.1016/j.scitotenv.2014.01.015
http://doi.org/10.1007/s11356-016-6180-9
http://doi.org/10.3390/ijms17101762
http://doi.org/10.1016/j.chemosphere.2017.07.092
http://doi.org/10.1016/j.chemosphere.2017.08.151

Water 2021, 13, 2203 14 of 14

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Jang, G.H,; Park, C.B.; Kang, B.J.; Kim, Y.J.; Lee, K.H. Sequential assessment via daphnia and zebrafish for systematic toxicity
screening of heterogeneous substances. Environ. Pollut. 2016, 216, 292-303. [CrossRef]

Spurgeon, D.J.; Jones, O.A.H.; Dorne, J.-L.C.M.; Svendsen, C.; Swain, S.; Stiirzenbaum, S.R. Systems toxicology approaches for
understanding the joint effects of environmental chemical mixtures. Sci. Total Environ. 2010, 408, 3725-3734. [CrossRef] [PubMed]
Park, C.B.; Jang, J.; Kim, S.; Kim, Y.J. Single- and mixture toxicity of three organic UV-filters, ethylhexyl methoxycinnamate,
octocrylene, and avobenzone on Daphnia magna. Ecotoxic. Environ. Saf. 2017, 137, 57-63. [CrossRef]

Li, AJ; Law, J].C.E; Chow, C.H.; Huang, Y.; Li, K.; Leung, K.S.Y. Joint effects of multiple UV filters on zebrafish embryo
development. Environ. Sci. Technol. 2018, 52, 9460-9467. [CrossRef]

OECD. OECD Guidelines for the Testing of Chemical, Test No. 236: Fish Embryo Acute Toxicity (FET) Test; OECD Publishing: Paris,
France, 2013. [CrossRef]

Nagel, R. DarT: The embryo test with the zebrafish Danio rerio—A general model in ecotoxicology and toxicology. ALTEX 2002,
19 (Suppl. 1), 38-48.

ISO 7346. Water Quality—Determination of Acute Lethal Toxicity of Substances to a Freshwater fish [Brachydanio rerio Hamilton-Buchanan
(Teleostei, Cyprinidae)]—Part I: Static Method; American National Standards Institute: New York, NY, USA, 1996.

Cahova, ].; Blahova, J.; Marsalek, P.; Doubkova, V.; Franc, A.; Garajova, M.; Tichy, F; Mares, ].; Svobodova, Z. The biological
activity of the organic UV filter ethylhexyl methoxycinnamate in rainbow trout (Oncorhynchus mykiss). Sci. Total Environ. 2021,
774,145570. [CrossRef]

Chromcova, L.; Blahova, J.; Zivna, D.; Plhalova, L.; Causcelli di Tocco, F.; Divisova, L.; Prokes, M.; Faggio, C.; Tichy, F.; Svobodova,
Z. Neem-Azal T/S—Toxicity to early-life stages of common carp (Cyprinus carpio L.). Vet. Med. 2015, 60, 23-30. [CrossRef]
Blahova, J.; Cocilovo, C.; Plhalova, L.; Svobodova, Z.; Faggio, C. Embryotoxicity of atrazine and its degradation products to early
life stages of zebrafish (Danio rerio). Environ. Tox. Pharm. 2020, 77, 103370. [CrossRef]

Pagano, M.; Stara, A.; Aliko, V.; Faggio, C. Impact of neonicotinoids to aquatic invertebrates—In vitro studies on Mytilus
galloprovincialis: A review. . Mar. Sci. Eng. 2020, 8, 801. [CrossRef]

Stara, A.; Pagano, M.; Capillo, G.; Fabrello, J.; Sandova, M.; Albano, M.; Zuskova, E.; Velisek, J.; Matozzo, V.; Faggio, C. Acute
effects of neonicotinoid insecticides on Mytilus galloprovincialis: A case study with the active compound thiacloprid and the
commercial formulation Calypso 480 S. Ecotox. Environ. Saf. 2020, 203, 110980. [CrossRef] [PubMed]

Faria, M.; Prats, E.; Ramirez, ].R.R.; Bellot, M.; Pagano, M.; Valls, A.; Gomez-Canela, C.; Porta, ]. M.; Mestres, ].; Garcia-Reyero,
N.; et al. Androgenic activation, impairment of the monoaminergic system and altered behavior in zebrafish larvae exposed to
environmental concentrations of fenitrothion. Sci. Total Environ. 2021, 775, 145671. [CrossRef] [PubMed]

Fiorino, E.; Sehonova, P.; Plhalova, L.; Blahova, J.; Svobodova, Z.; Faggio, C. Effect of glyphosate on early life stages: Comparison
between Cyprinus carpio and Danio rerio. Environ. Sci. Pollut. Res. Int. 2018, 25, 8542-8549. [CrossRef] [PubMed]

Proki¢, M.D.; Gavrilovi¢, B.R.; Radovanovi¢, T.B.; Gavri¢, ].P.; Petrovi¢, T.G.; Despotovi¢, S.G.; Faggio, C. Studying microplastics:
Lessons from animal model organisms and experimental approaches. |. Hazard. Mater. 2021, 414, 125476. [CrossRef] [PubMed]
Zhou, R.; Lu, G;; Yan, Z.; Bao, X.; Zhang, P; Jiang, R. Bioaccumulation and biochemical effects of ethylhexyl methoxy cinnamate
and its main transformation products in zebrafish. Aquat. Toxicol. 2019, 214, 105241. [CrossRef] [PubMed]

Zhang, Y.; Shah, P.; Wu, E; Liu, P; You, J.; Goss, G. Potentiation of lethal and sub-lethal effects of benzophenone and oxybenzone
by UV light in zebrafish embryos. Aquatic Toxicol. 2021, 235, 105835. [CrossRef]

Lucas, J.; Logeux, V.; Rodrigues, A.M.S,; Stien, D.; Lebaron, P. Exposure to four chemical UV filters through contaminated
sediment: Impact on survival, hatching success, cardiac frequency, and aerobic metabolic scope in embryo-larval stage of
zebrafish. Environ. Sci. Pollut. Res. 2021, 28, 29412-29420. [CrossRef] [PubMed]


http://doi.org/10.1016/j.envpol.2016.06.001
http://doi.org/10.1016/j.scitotenv.2010.02.038
http://www.ncbi.nlm.nih.gov/pubmed/20231031
http://doi.org/10.1016/j.ecoenv.2016.11.017
http://doi.org/10.1021/acs.est.8b02418
http://doi.org/10.1787/9789264203709-en
http://doi.org/10.1016/j.scitotenv.2021.145570
http://doi.org/10.17221/7922-VETMED
http://doi.org/10.1016/j.etap.2020.103370
http://doi.org/10.3390/jmse8100801
http://doi.org/10.1016/j.ecoenv.2020.110980
http://www.ncbi.nlm.nih.gov/pubmed/32888623
http://doi.org/10.1016/j.scitotenv.2021.145671
http://www.ncbi.nlm.nih.gov/pubmed/33621872
http://doi.org/10.1007/s11356-017-1141-5
http://www.ncbi.nlm.nih.gov/pubmed/29313199
http://doi.org/10.1016/j.jhazmat.2021.125476
http://www.ncbi.nlm.nih.gov/pubmed/33647615
http://doi.org/10.1016/j.aquatox.2019.105241
http://www.ncbi.nlm.nih.gov/pubmed/31301543
http://doi.org/10.1016/j.aquatox.2021.105835
http://doi.org/10.1007/s11356-021-12582-w
http://www.ncbi.nlm.nih.gov/pubmed/33555472

5.3 Zhodnoceni negativniho vlivu tonalidu pro pstruha duhového

Predmétem této studie bylo zhodnoceni toxického ucinku tonalidu po dietarni expozici
u pstruha duhového (Oncorhynchus mykiss) se zaméfenim na stanoveni biochemickych a
hematologickych parametri, vcetné¢ stanoveni miry oxidativniho stresu a histologicko-
patologické analyzy vybranych tkéni. Soucasti experimentu bylo také posouzeni
xenoestrogenniho potencialu tonalidu pomoci analyzy koncentrace vitellogeninu v plazmé

samcu.

Vysledky experimentu poukazovaly pfedev§im na indukci oxidativniho stresu. Ve
vzorcich tkdni byly zaznamenany signifikantné¢ vyznamné zmény hodnot TBARS v zadni
ledviné pro obé testovaci skupiny. Konkrétné se jednalo o signifikantn¢ snizenou hodnotu
TBARS v testovaci skupiné s environmentaln¢ relevantni koncentraci tonalidu (854 pg/kg). U
desetkrat vyssi testované koncentrace tonalidu (tj. 8 699 ug/kg) byla identifikovana vyssi
hodnota TBARS. Lipidni peroxidace tkani reprezentovdna hodnotami TBARS byla
pozorovatelna i z histologicko-patologickych preparat, kdy se v jatrech u vyssi testované
koncentrace vyskytovaly rozsahlé kongesce a v zadni ledviné byly pozorovany hyalinni
degenerace, které se mohly rozvinout v dusledkd poskozeni bunék zvySenym mnozstvim
volnych radikalti. Hematologické vySetieni odhalilo zvySeny hematokrit pro ob¢ testované
koncentrace, tzn. jak pro environmentalni koncentraci, tak i pro desetkrat vy$si koncentraci
tonalidu. Disledkem zvySeného hematokritu byly zaznamendny také zmeény ve stfednim
objemu erytrocytu (MCV) a stfedni koncentrace hemoglobinu v erytrocytech (MCHC) a také v
obsahu hemoglobinu v erytrocytu (MCH). U parametru MCV doslo u obou testovanych skupin

ke zvySeni, kdeZto u parametru MCH a MCHC byl zaznamenan trend opacny, tzn. sniZeni.

Xenoestrogenita tonalidu nebyla na zaklad¢ vysledkd experimentu prokazana, nebot’

pozitivni hodnoty koncentrace vitellogeninu byly také zaznamenany v kontrolni skupiné.

Jednotlivé analyzy a vysledky studie jsou uvedeny v publikaci Hodkovicova et al.
(2020).

o Hodkovicova, N., Enevova, V., Cahova, J., Blahova, J., Siroka, Z., Plhalova,
L., Doubkova, V., Marsalek, P., Franc, A., Fiorino, E., Faggio, C., Tichy, F., Faldyna, M., &
Svobodova, Z. (2020). Could the musk compound tonalide affect physiological functions and
act as an endocrine disruptor in rainbow trout? Physiological Research, S595-S606.
1F2020=1,881, Q4
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Summary

In the present study, the effect of polycyclic musk compound
tonalide (AHTN) in two concentrations was studied in male
rainbow trout (Oncorhynchus mykiss, Walbaum 1792). A feeding
trial was conducted with AHTN incorporated into feed granules.
One concentration was environmentally relevant (854 pg/kg); the
second one was 10x higher (8699 ug/kg). The fish were fed
twice a day with the amount of feed at 1 % of their body weight.
After an acclimatization period, the experimental phase in
duration of six weeks followed. At the end of the experiment, fish

were sampled and the biometrical data were recorded.
Subsequently, hematological and biochemical  tests,
histopathological examination, analysis of oxidative stress

markers and evaluation of endocrine disruption using plasma
vitellogenin were performed. In conclusion, an increase of
hematocrit for both AHTN concentrations was found, but no
significant changes were observed in biochemical profile.
Moreover, AHTN caused lipid peroxidation in caudal kidney
tissue, which was confirmed by histopathological images. The
long-lasting AHTN exposure could thus be harmful for
maintaining homeostasis in the rainbow trout organism.
However, the vitellogenin concentration seemed not to be

affected by AHTN.
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Introduction

The issue of water pollution caused by many
different substances raises questions about their impact
on the non-target aquatic organisms (Carlsson et al. 2013,
Freitas et al. 2019, Sehonova et al. 2019). The musk
compounds are widely used in various industries as
a fragrance carrier — in perfumes, personal care products,
washing powders, household detergents and sprays,
candles, etc. (Nakata et al. 2015). They have been
reported to have a potential to adversely affect non-target
fish (Yamauchi 2008),
amphibians (Carlsson and Norrgren 2014, Pablos et al.

organisms, such as et al
2015) and other aquatic organisms as summarized by
Tumova ef al. (2019). Both estrogenic and anti-estrogenic

effects of musk have been described (Schreurs et al.
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2004, Luckenbach and Epel 2005, Simmons et al. 2010)
2015),
neurotoxicity (Heberer 2002), photosensitive effects

as well as genotoxicity (Parolini et al.
(Fang et al. 2017), the potential to cause oxidative stress
(Blahova et al. 2018) or a change in gene expression (Shi
et al. 2013). Due to their reported bio-cumulative effects
and long-term environmental persistence caused by
lipophilicity, many of them were forbidden or their usage
was limited (Rimkus 1999, European Commission 2009).

In industrial sector, synthetic musk compounds
are replacing the natural ones (Li ef al. 2020). One of the
main musk groups used are polycyclic musk compounds
(PCMs), while tonalide (AHTN) and galaxolide (HHCB)
are most abundant (Vallecillos et al. 2015). Their ability
to enter surface water and sediment was documented in
many studies (Rimkus 1999, Wong et al. 2019, Zhang
et al. 2020) and the waste water treatment plant’s
(WWTP) detected as the
environmental source of PCMs (Ramierz et al. 2009,
Homem et al. 2015). At WWTP, the purification of the
musk compounds is less than 100 % effective and

effluent was main

depends on the applied technology. For example, the
cleaning process for AHTN was reported not to be higher
than 84 % (Ren et al. 2013) or 89 % (Wombacher and
Hornbuckle 2009). Based on the study by Peck and
Hornbuckle (2004), AHTN is adsorbed to sludge during
the WWTP process. The AHTN concentration in WWTP
influent was found to range between 49.9 and 64.6 pg/l
(Chen et al. 2007, Vallecillos et al. 2015), while in the
sludge the concentration was up to 169.3 mg/kg (Zeng et
al. 2005).

The aim of the present study was to assess
to AHTN affect
hematological and biochemical indices in rainbow trout.

whether oral exposure could
Moreover, its effects on oxidative stress were evaluated,
effects on vitellogenin (VTG)

concentrations in male fish plasma due to its possible

as well as the

xenoestrogenic potential. The impact on selected organs
was evaluated by histopathological analysis. The AHTN
concentrations tested in our experiment were selected
according to the concentrations detected in surface water
as discussed above and summarized, for example, by
Blahova et al. (2008) and Tumova ef al. (2019). As well,
the maximum concentrations detected in wild fish tissues
were taken into consideration, while they were
determined up to 52.1 pg/kg and 349 pg/kg in common
carp’s (Cyprinus carpio, Linnaeus 1758) muscle and liver
tissue, respectively; or even up to 3700 pg/kg lipid

weight in sea trout’s (Salmo trutta, Linnaeus 1758)

muscle (Fromme et al. 2001, Kannan et al. 2005, Lange
et al. 2015, Yao et al. 2018). The bioconcentration and
bioaccumulation factors in wild fish species were
considered for these concentrations to be environmentally
relevant and also for testing the dose-dependent effects.

Methods

Ethical statement

After approval by the institutional ethical
committee, the experiment was carried out in accordance
with institutional guidelines and national legislation (Act
No. 246/1992 Coll., on the Protection of Animals against

Cruelty, as amended).

Experimental design & fish condition

The trial was conducted at the Dpt. of Ecology
& Diseases of Zooanimals, Game, Fish and Bees at the
University of Veterinary and Pharmaceutical Sciences
Brno, Czechia. A total of 60 male juveniles of rainbow
trout from Skalni Mlyn hatchery were obtained (total
32.242.2 cm, 516.8¢102.9 g) and
acclimated to the laboratory conditions for two weeks.

length weight
The aquaria (n=6) were connected to a recirculation
system, while the condition of water was monitored every
24h and was as follows: temperature 14.5-15.6 °C,
dissolved oxygen >70 %, pH 7.9-8.3, total ammonia
<0.03 mg/l, chlorides 26.71 mg/l, ammonia 0.23 mg/I,
nitrites 0.12 mg/l, nitrates 45.44 mg/l. Every aquarium
was individually aerated. Fish were held at a 12 h/12 h
light to dark photoperiod during both the acclimatization
and experimental phase. The probe Oxi 340i and pH 340i
digital sampling systems were applied for measurement
of O, and pH in water (WTWGmbH, Germany). The
spectrophotometric methods according to the Animal and
Plant Health Agency (APHA 2017) methodology was
used for determination of ammonia and nitrites in water
samples (method No. 4500-NHj3, 4500-NO,).

During the acclimatization period, fish were fed
with commercial pellets EFICO Enviro 920 Advance
4.5 mm (Biomar, Denmark) twice a day with the amount
of feed at 1 % of their body weight. The composition of
feeding pellets was as follows: 41-44 % crude protein,
28-31 % crude lipid, 13-16 % carbohydrates, 0.7-2.2 %
crude fiber, 4-7 % ash, 0.9 % total phosphorus. During the
experimental phase, the same amount of feed was given to
the fish, but with addition of AHTN. Every 14 days of the
experimental phase, the fish were re-weighed and the
amount of feed per day was recalculated.
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At the beginning of the experimental phase, the
fish were randomly divided into three groups — control,
AHTNI and AHTN2 (n=20/per group); each group was
divided and placed into two aquaria. The AHTN was
tested in two concentrations which were incorporated into
fish feed using a specific methodology described in detail
by Modra et al. (2020). The first tested concentration was
environmentally-relevant: 854 pg/kg, thereafter designa-
ted as AHTNI1. The second concentration, thereafter
labelled as AHTN2, was ten times higher: 8699 pg/kg.
The feed for the control group was prepared in the same
way, but without the use of AHTN. After six weeks of
the experimental phase, all fish were sampled.

The monitored biometrical data were as follows:
total and standard length (cm), wet weight (g) and weight
of liver and gonads (g). For the measurement, a digital
balance with an accuracy of up to 0.01 g was used. The
wet weight and standard length were used for setting the
Fulton’s condition factor (CF) according to formula:
CF=(wet weight [g]/standard length [cm]"3)x100 (Froese
2006). The hepatosomatic index (HSI) and gonadoso-
matic index (GSI) were calculated as: HSI (GSI)=(weight
of tissue [g]/fish wet weight [g])x100 (Mazlan and
Rohaya 2008).

Determination of AHTN in the feed

The measurement of AHTN was performed by
gas chromatography coupled with ion trap tandem mass
spectrometry (GC/MS/MS). A 5 g representative portion
of fish feed granules was homogenized and extracted into
cyclohexane (10 ml). The extract was filtered through
a0.7 um glass filter (Millipore, USA) and used for
GC/MS/MS analysis. The separation, identification, and
quantification of AHTN were carried out using a Varian
450-GC gas chromatograph with a Varian 220-MS ion
trap mass spectrometer equipped with electron ionization
and VF-5ms (30 mx0.25 mm) column (Varian, Inc.,
USA). A 1 ul aliquot of sample extract was injected in
a split mode. The injector temperature was 250 °C. The
initial oven temperature was set at 50 °C for 1 min,
increased at a rate of 35 °C/min to 280 °C, held for 1 min,
increased at a rate of 20 °C/min to 300 °C and held for
5 min. The total run time was 14.57 min. The ion trap
mass spectrometer was operated in MS/MS mode. The
most abundant ion (m/z=243) was selected as a parent ion
and ion m/z=187 was selected as a product ion.
A standard of AHTN was purchased from Sigma-Aldrich
(USA). GC/MS-grade
(Chromservis, Republic). For our

Cyclohexane was
Czech

purity

QA/QC program, the instrument was calibrated daily
with multi-level calibration curves. Procedural blank and
solvent blank were analysed for every set of 10 samples.
The spiked 103 %. The
concentrations after corrections

recovery was reported
are based on the
recovery. The coefficient of variation for between-series
was 6.1 %. The limit of detection was determined as 3:1

signal versus noise value and was 0.8 pg/kg.

Hematological analysis

The blood was taken from each fish from the
caudal vein using an aspiration syringe and was stabilized
with sodium heparin (50 IU per 1 ml of blood). After
that, the fish were immediately stunned with a blow in the
head, killed by spinal transection and submitted to
autopsy. Each fish was weighed and measured, while the
weight of the organs was also recorded. The whole blood
was used for the red blood cell (RBC) and white blood
cell (WBC) count determination with the use of the
Burker hemocytometer to which the heparinized blood
diluted with Natt-Herrick solution at a 1:200 ratio was
applied. For the hematocrit (PCV) determination, the
microhematocrit method with centrifugation of blood in
capillary tubes was employed. The photometric cyanohe-
moglobin method at 540 nm was applied for the
determination of hemoglobin concentration (Hb).
Additionally, the mean erythrocyte hemoglobin (MCH),
mean erythrocyte volume (MCV) and mean corpuscular
hemoglobin concentration (MCHC) were calculated with
using the PCV, Hb and RBC data. All hematological
analyses were performed based on the methodology by
Svobodova et al. (2012).

Biochemical analysis

One half of each fish blood sample was
centrifuged (800%g, 4°C, 10 min). In the obtained plasma,
albumin (ALB), ammonia (NHj), total protein (TP),
glucose (GLU), triglycerides (TG), cholesterol (CHOL),
lactate (LACT), calcium (Ca), phosphorus (PHOS),
alkaline phosphatase (ALP), alanine aminotransferase
(ALT), aspartate aminotransferase (AST) and lactate
dehydrogenase (LDH) were evaluated. Biochemical
parameters were determined using the commercial kit
(BioVendor PCL, Czech Republic) and biochemical
analyser Konelab 20i (Thermo Fisher Scientific, Czech
Republic) following the manufacturer’s instructions.

VTG analysis
The VTG concentration was detected in plasma



S598 Hodkovicova et al.

Vol. 69

samples using a commercial ELISA kit (Biosense
Laboratories, Norway) following the manufacturer’s
instructions. The samples were taken from all fish (n=60,
20 pcs/group), while males in the control group without
exposure to AHTN served as a negative control.

Oxidative stress analysis

For oxidative stress evaluation, the activity of
ceruloplasmin (CP) and ferric reducing ability of plasma
(FRAP) were determined in plasma samples. The CP was
determined spectrophotometrically using a Varioskan
Flash Spectral Scanning Multimode Reader (Thermo
Scientific Inc., USA) according to Ceron and Martinez-
Subiela (2004) methodology. The results are expressed as
an amount of absorbance increase per minute x10000.
The FRAP was analysed according the Benzie and Strain
method (1996) with the use of a biochemical analyser
Konelab 20i.

The analysis of oxidative stress enzymes was
performed in organs, specifically in liver, caudal kidney,
gill and gonad tissue. The monitored parameters were
glutathione reductase (GR), glutathione peroxidase
(GPx), glutathione-S-transferase (GST) and thiobarbituric
acid-substances (TBARS). The organs were individually
homogenized and the homogenates were then divided
into two parts. The first part was used for TBARS
determination and the second part was centrifuged
(11000xg, 4 °C for 20 min) and the obtained supernatant
was submitted to GR, GPx and GST analysis. The
catalytic activities were determined spectrophotomet-
rically with use of a Varioskan Flash Spectral Scanning
Multimode Reader (Thermo Fisher Scientific Inc., USA).
The GR activity was measured by determination of
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidation at 340 nm according to the method of Carlberg
and Mannervik (1975). The GPx activity determination
was based on the NADPH oxidation rate and the reaction
with GR at 340 nm (Flohe and Gunzler 1984). Both
GR and GPx
NADPH consumption per min per mg of protein. The
GST activity was detected using the Habig et al. (1974)
methodology based on conjugation of 1-chloro-2,4-

were expressed as nmol of

dinitrobenzene with reduced glutathione at 340 nm and
was expressed as nmol of the formed product per min per
mg of protein. The Bicinchoninic Acid Protein Essay Kit
(Sigma-Aldrich, USA) was employed for establishing of
protein concentration with the use of bovine serum ALB
as a standard (Smith et al. 1985). The levels of TBARS
were determined by malondialdehyde measurement at

535 nm (Lushchak et al. 2005) and were expressed as
TBARS in nmol per gram of tissue. The TBARS
concentrations were not determined in gonads due to
a lack of tissue.

Histopathological analysis

The tissue of liver, cranial and caudal kidney,
gill (upper limb of arch), spleen, gonads and skin (above
the ventral fin) was dissected from each fish and
submitted to histological analysis. Samples were fixed in
buffered 10 % neutral formalin, thereafter dehydrated and
embedded in paraffin wax. Samples were sliced at
a thickness of 4 um using the microtome tool. All
samples were stained with hematoxylin-eosin dye and
examined with light microscope.

Statistical analysis

The statistical software Unistat for Excel 6.5
(Unistat Ltd., UK) was employed for performing of the
statistical analysis. Firstly, all data were tested for
normality distribution using the Shapiro-Wilk test. In
case of normality achievement, the analysis of variance
and Tukey-HSD test were employed; while the Kruskal-
Wallis nonparametric test was applied for data with non-
normal distribution. The control, AHTN1 and AHTN2
groups were compared and data were considered as
statistically significant when p<0.05 (*) and p<0.01 (**).
Data are expressed as mean =+ standard deviation (SD).

Results

Mortality, behaviour and health status

No mortality of fish was observed and the fish
behaviour was not changed during any part of the
experiment. Fish subjected to the trial were without
bacterial, viral or parasitic infection at the beginning and
at the end of the experiment. No significant changes were
found in biometric indices thus these data are not
presented.

Hematological profile

The only observable changes of hematological
profile were found for PCV where a significant increase
was detected for both concentrations of AHTN. The PCV
increase in both concentrations was significantly different
from the control group. However, the AHTNI and
AHTN2 groups did not differ between each other.
Consequently, the changes in PCV parameter caused
changes in MCV and MCHC levels, specifically the
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MCYV increased after exposure to AHTN and, in contrast,
the MCHC decreased. The MCH levels were also
significantly different; a decrease in both AHTN
concentrations was observed when compared to the

control group. The other hematological parameters were
not changed. An overview of hematological analysis after
the induction of changes with AHTN is given in Table 1.

Table 1. Hematological and biochemical indices after oral exposure to two different concentrations of tonalide (AHTN):

AHTN1 (854 pg/kg) and AHTN2 (8699 pg/kg).

Parameter [unit] Control AHTNI1 AHTN2
Hematological indices

RBC [T/l] 1.37 £0.06" 1.54 +0.05" 1.46 +0.06"
Hb [g/l] 83.87 £3.08" 80.72 £ 1.73* 78.21 £2.25%
PCV [U1] 0.38 +0.03" 0.45 +0.02° 0.44 + 0.02*"
MCV [fl] 262.07 +11.75" 295.90 + 11.44™ 307.18 £ 11.44*
MCH [pg] 60.97 £2.72% 52.92+1.98" 54.45 + 1.87*"
MCHC [g/l] 0.24 +0.03* 0.18+0.01° 0.18+0.01*"
WBC [G/l] 18.03 + 1.43* 19.54+2.17° 17.36 + 1.45*
Biochemical indices

ALB [g/l] 18.21 £ 0.86" 20.24 £ 0.60" 18.58 £ 0.69?
NH; [umol/l] 240.30 + 16.24* 245.17 £ 18.09* 262.13 £21.52%
TP [g/l] 36.37 +£1.32° 39.68 +0.96" 36.41 £ 1.06®
GLU [mmol/l] 428+0.17° 4.89 £ 0.20° 4.20 +0.09*
TG [mmol/l] 2.54+0.31% 4.29+0.67" 3.62+0.51%
CHOL [mmol/l] 7.47 £0.38" 8.49 £ 0.26" 7.73£0.37*
LACT [mmol/l] 2.36+0.27° 2.48 +£0.32% 2.58 £0.26"
Ca [mmol/l] 2.56 +0.04* 2.69 +0.05" 2.64 +0.05"
PHOS [mmol/l] 3.93+0.10" 3.98 £ 0.09* 4.07 £ 0.09*
ALP [ukat/l] 1.06 £0.14° 1.52+0.17* 1.08 £ 0.09*
ALT [ukat/l] 0.29 +0.04* 0.23 £0.02% 0.23+0.01°
AST [ukat/l] 6.30+£0.76" 5.80 £ 0.44" 6.08 £0.28"
LDH [ukat/l] 12.04 +1.03? 9.88 +£0.78" 12.46 £ 1.76*

Data are given as mean = SD; n=20/group. Means in the same row lacking a common letter of superscript (a, b) differ significantly
(p<0.05). RBC — red blood cells count, Hb — hemoglobin concentration, PCV — hematocrit, MCV — mean erythrocyte volume, MCH —

mean erythrocyte hemoglobin, MCHC — mean corpuscular hemoglobin concentration, WBC — white blood cell count.

Biochemical profile

Surprisingly, there were no significant changes
in any observed biochemical parameter and all the indices
were at physiological levels. An overview of biochemical
analysis results is presented in Table 1.

VTG

The VTG concentration was measured in plasma
samples of both AHTN exposure groups in comparison
with the control group. Surprisingly, even though the

control group consisted of males, which should have
served as a negative control, 20 % samples were positive
with VTG levels between 303 and 985 ng/ml. With the
lower concentration (AHTN1), the VTG concentration
ranged between 173 and 945 ng/ml in 25 % samples.
However, in the higher concentration (AHTN2),
positivity was detected in 15 % cases with a concentra-
tion range from 362 to 609 ng/ml. The results are shown
in Figure 1.
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Fig. 1. The concentration of vitellogenin (VTG) in ng/ml in plasma
samples after oral exposure to two different concentrations of
tonalide (AHTN): AHTN (854 pg/kg) and AHTN2 (8699 ug/kg).
Data are given as mean * SD; n=20/group. No significant changes
were found among the tested groups (p>0.05).

Oxidative stress profile

Oxidative stress was measured in both plasma and
tissue samples. In the case of plasma, CP and FRAP did
not show any significant changes. For tissue samples,
significant changes were detected in the caudal kidney
tissue where TBARS control levels significantly differed
from both AHTN1 and AHTN2. In AHTNI1, a decrease
was observed as compared with the control, while, in
contrast, a significant increase was detected for AHTN2.
The results are given in Table 2.

Histopathological profile

The histopathological changes in AHTNI1 and
AHTN2 groups showed congestion and mixed
hepatodystrophy in all liver tissues. In the control group,

Table 2. Oxidative stress parameters in plasma, liver, caudal kidney, gill and gonads after oral exposure to two different concentrations
of tonalide (AHTN): AHTN1 (854 ug/kg) and AHTN2 (8699 pg/kg). Data are given as mean £ SD; n=20/group. Means in the same row
lacking a common superscript letter (a, b) differ significantly (p<0.05). CP — ceruloplasmin, FRAP — reducing ability of plasma, GR —
glutathione reductase, GPx — glutathione peroxidase, GST — glutathione-Stransferase, TBARS — thiobarbituric acid-substances.

Parameter [unit] Control AHTN1 AHTN2
Plasma

CP [AA/min*x10000] 113.3 +3.3% 120.1 +5.1* 114.1 £ 4.2
FRAP [umol/l] 748.7 + 42.6" 759.6 +22.0° 805.4+22.7"
Liver

GR [nmol NADPH/min/mg protein] 13.3+5.9% 10.4+3.9" 10.9+5.6"
GPx [nmol NADPH/min/mg protein] 35.1+10.1° 37.5+10.5% 34.7+£9.0*
GST [nmol/min/mg protein] 683.2 = 184.6" 785.4 £+ 194.8* 681.6 = 178.6"
TBARS [nmol/g of tissue] 22.8 +20.0% 19.0+9.4" 229+11.2%
Caudal kidney

GR [nmol NADPH/min/mg protein] 11.0+£3.7% 9.4+23% 10.3+£3.1%
GPx [nmol NADPH/min/mg protein] 65.6 £16.8" 58.4+14.6" 57.2+18.2"
GST [nmol/min/mg protein] 393.4 +206.8" 440.2 +170.9* 411.0 +£242.6*
TBARS [nmol/g of tissue] 10.0 + 10.6™ 8.4+5.0° 129+7.8"
Gill

GR [nmol NADPH/min/mg protein] 13.5+4.3" 11.8+3.6" 11.5+£2.3"
GPx [nmol NADPH/min/mg protein] 62.0+13.4" 65.7+12.0" 64.6 £10.3"
GST [nmol/min/mg protein] 280.6 +98.1° 238.4 + 65.4° 214.7+72.0°
TBARS [nmol/g of tissue] 20.2+7.9* 22.7+11.7° 24.0 £ 15.0°
Gonads

GR [nmol NADPH/min/mg protein] 11.0+3.5% 11.1+£1.6° 10.6 = 4.6"
GPx [nmol NADPH/min/mg protein] 30.9 +£12.5° 28.7+5.0° 28.0+7.8%
GST [nmol/min/mg protein] 1153 £57.0° 93.9 +£27.6" 102.4 +39.0°
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Fig. 2. The histopathological findings in skin tissue after oral
exposure to two different concentrations of tonalide (AHTN):
AHTN1 (854 pg/kg) and AHTN2 (8699 pg/kg). The control group
(A) with artificial superficial erosion (black arrow), otherwise
without pathological findings. The AHTN2 group (B) with numerous
mucinous cells (black arrows). H-E staining, magnification 400x.

dystrophy was also observed together with small deposits
of pigments; otherwise, the liver tissue in the control was
without gross lesions. For the cranial kidney, congestion
was observed along with hyaline degeneration of some
tubules in AHTNI; in higher concentration, congestion
was observed simultaneously with small deposits of
pigments — the same finding as in the control group. In
contrast, the caudal kidney showed multiple pigment
deposits with intact parenchyma in AHTN1 and congestion
with hyaline degeneration of some tubules in AHTN2. In
the control, pigment deposits with hyaline droplets in some
tubules of the caudal kidney were. The gill lamellas were
hypertrophic and vacuolization together with surface
alterations was observed in AHTNI. In AHTN2, total
devastation of lamellas with inflammatory lesions was
observed. The control group was intact. Spleen tissue in
both AHTN1 and AHTN2 showed congestion with intact
parenchyma; the same findings were observed in the

control group. Skin tissue in the control was without gross
lesions; the higher the AHTN concentration, the more
in AHTN2,
myodystrophia was also revealed. The gonads were

mucinous cells were observed and,
completely intact in the control and both experimental
groups. The histopathological changes of skin tissue and
caudal kidney compared to control group are presented in

Figure 2 and 3, respectively.

Fig. 3. The histopathological findings in caudal kidney tissue
after oral exposure to two different concentrations of tonalide
(AHTN): AHTN1 (854 pg/kg) and AHTN2 (8699 pg/kg). The
control group (A) with normal tubular system and some
pigmented deposits. The AHTN2 group (B) with droplet hyaline
degeneration of some tubules (black arrows). H-E staining,
magnification 200x.

Discussion

The presence of PCMs, and AHTN specifically,
was observed in many environmental matrices, due to not
100 % and  high
bioaccumulation capacity and stability (Li ez al. 2020).

effective ~ water  purification
Thus, AHTN presence was detected in surface water,

drinking water, sediment or even in the air and biota, as
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reviewed by Tumova et al. (2019). The aquatic biota is
the main vulnerable group due to the reported adverse
effects on the health of its organisms, as discussed above.
As the model organism for our study, the rainbow trout
was selected to be the typical fish in our country with
a high bioaccumulation level and, to our knowledge, no
PCMs toxicity testing has ever been performed in this
organism.

According to biometrical analysis, hematolo-
gical and biochemical indices, there were significant
changes in PCV which increased in both AHTN1 and
AHTN2. Additionally, the MCV also
depending on AHTN concentration; in contrast, the MCH

increased

and MCHC were significantly decreased in both tested
AHTN concentrations. These findings indicated that
erythrocytes could become swollen by induction with
AHTN, as it was previously documented in fish by
sudden pH changes (Harter et al. 2018); the swelling
could lead to irregularities in physiological functions of
erythrocytes (Javed et al. 2016). The prolonged exposure
to higher AHTN concentrations could thus be harmful for
maintaining homeostasis.

The main goal of our experiment was to assess
the endocrine disruption effects of AHTN, while the
production of VTG served as a marker of xenoestrogenic
potential. VTG is a precursor of egg yolk and is
synthetized in female liver. Even though the juveniles and
males also have the gene for VTG synthesis present in
their genetic equipment, gene expression does not occur.
However, some chemicals with endocrine-disruptive
potential can induce VTG synthesis and its production
and this potential were also reported for AHTN (Sumpter
and Jobling 1995, Jobling et al. 1996, Yamauchi et al.
2008). In our experiment, 25 % and 15 % of the samples
were positive for VTG in the AHTNI and AHTN2
groups, respectively. Even though 20 % of samples were
positive in the control group, the concentration levels
were just slightly above the detection limit. The
differences in total VTG concentrations in plasma
between the control and both tested AHTN groups were
without statistical significance and were not higher than
1000 ng/ml. In contrast, the physiological VTG detection
limit is 200 to million-fold higher in females than males
depending on their sexual maturity (Copeland et al. 1986,
Wozny et al. 2020). The positivity in some of our
negative control samples was probably caused by the fish
origin as they were taken from natural water sources
where chemicals with endocrine-disrupting potential

could be present. In summary, due to the detected
VTG levels in male samples, endocrine disruption caused
by AHTN was not confirmed for rainbow trout.

The induction of oxidative stress in tissues after
AHTN exposure was previously reported in earthworm
(Chen et al. 2011), zebra mussel (Parolini et al. 2015),
shrimp larvae (Li et al. 2020) and zebrafish (Blahova
et al. 2018). The multiplication of free radicals could lead
to cellular or tissue damage because they are not
completely disposed by antioxidant enzymes. In our
study, the TBARS was
significantly increased in caudal kidney tissue in AHTN2.

oxidative stress marker
The TBARS is a marker of lipid peroxidation and its
analysis includes not only detection of the major formed
substance, malondialdehyde (MDA), but also the minor
related compounds developing in response to oxidative
stress (Wang et al. 2014, Chen et al. 2012). When the
goldfish Carassius auratus (Linnaeus 1758) was exposed
to another PCM representative, HHCB, the activity of
antioxidant enzymes (superoxide dismutase, catalase and
peroxidase) was significantly elevated with a correlation
to higher tested HHCB concentrations. Additionally,
MDA in fish liver also increased. In the same study, the
prolonged HHCB exposure led to modulation of
antioxidant defense system and the enzyme levels
returned to their initial levels after 21 days. Similarly,
increased levels of superoxide dismutase, catalase,
GST and MDA were observed in shrimp larvae after their
exposure to AHTN by Li et al. (2020). In our study, the
AHTNI

probably tolerable for fish with the origin in free nature

environmentally-relevant concentration was
and the antioxidant capacity was able to maintain
a balance. However, with a 10-times higher concentra-
tion, the TBARS content significantly increased, thus
confirming the disruption of the cell antioxidant defense
system in caudal kidney.

The histopathological findings on the caudal
kidney in AHTN2 revealed congestion and hyaline
degeneration of some tubules (Fig. 3) which could have
developed as a response to AHTN and formed reactive
oxygen species causing oxidative stress in cells.
Additionally, some pathological findings were discovered
in the liver and skin histological images. The hepatic
dystrophy in liver tissue is a response to toxic effects of
AHTN, as previously reported in the case of other PCMs
including AHTN for Chinese sturgeon Acipenser sinensis
(Wan et al. 2007), medaka Oryzias latipes (Yamauchi

et al. 2008) and goldfish C. auratus (Chen et al. 2012). In



2020

S603

The Effects of Musk Compound Tonalide on Rainbow Trout

the case of skin, hyperplasia of mucinous cells was found.
These cells are responsible for production of the mucous
layer on the fish body surface serving as the innate
immune barrier (Dash ef al. 2018). Multiplication of
these cells is a response to disruption of the physiological
barrier, which could, if severe, lead to a lower ability to
defend the body against pathogens, while fish mucus
includes many bactericidal substances for fish protection.
Together with the observed hepatic dystrophy, the
presence of AHTN in surface water could be potentially
harmful to the fish
homeostasis.

Based on the data collected in this study, the
presence of AHTN in surface waters can lead to

organism and maintaining

disruptions in physiological parameters and have a poten-
tial to cause tissue damage and metabolic disorders as
aresult of lipid peroxidation in rainbow trout. However,
no effect on mortality, behaviour, biochemical profile and

endocrine disruption was observed in our experiment.
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5.4 Zhodnoceni negativniho vlivu tonalidu pro danio pruhované

Nasledujici studie je zaméifena na zhodnoceni subchronické toxicity pro danio
pruhované (Danio rerio) po 56-denni expozici tonalidem. Cilem bylo posouzeni
xenoestrogenniho potencialu tonalidu a jeho schopnosti narusit antioxidacni ochranu organismu

a vyvolat oxidativni stres u juvenilnich jedincu D. rerio.

Vysledky dvoumeési¢niho testu odhalily zvySenou lipidni peroxidaci, reprezentovanou
zvySenou hodnotou TBARS a snizeni aktivity enzymu KAT po expozici environmentalné
relevantni koncentraci tonalidu (500 ng/l). Lipidni peroxidace byla zaznamenana také u
testované skupiny s nejvyssi koncentraci testované latky (50 000 ng/l tonalidu). Nicméné
koncentrace vitellogeninu v celotélnim homogenatu juvenilnich jedinct dania (Danio rerio)
neprokazaly estrogenni ucinek tonalidu. Tudiz na zéklad¢ nami zjisténych dat, nejsme schopni
oznacit tonalid jako latku s estrogennim potencidlem. NaruSeni antioxida¢ni ochrany poukazuje
na aktivaci adaptacnich mechanismti ochrany organismu pifed ucinky oxidativniho stresu

zpusobeného subchronickou expozici tonalidu.

Vysledky uvedeného experimentu jsou detailné popsany v publikaci Cahova et al.
(2023b).

e Cahova, J., Blahova, J., Plhalova, L., Marsalek, P., Doubkova, V., Hostovsky, M.,
Divisova, L., Mares, J., Faggio, C., & Svobodova, Z. (2023b). Long-term exposure to
polycyclic musk tonalide—A potential threat to juvenile zebrafish (Danio rerio)?
Veterinarni medicina, 68(5), 218-224. 1F2021=0, 746, Q4
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Abstract: Polycyclic musk compounds are commonly used in personal care products to replace expensive natural
fragrances. Due to their huge consumption, they have become a part of the aquatic environment. In the present
study, a two-month exposure effect of tonalide on juvenile zebrafish (Danio rerio) was investigated. We deter-
mined the vitellogenin concentration to define the potential endocrine-disrupting effect of tonalide and also ana-
lysed selected indices to evaluate the induction of oxidative stress. The environmentally relevant concentration
of tonalide (i.e., 500 ng/l) caused a significant decrease in the catalase activity (P < 0.05) and a significant increase
(P < 0.05) in the lipid peroxidation. An increasing lipid peroxidation was also recorded for the highest concentra-
tion group tested (i.e., 50 000 ng/l). On the other hand, no significant changes were recorded in vitellogenin in all
the exposed groups. Thus, based on these results, we have not demonstrated the endocrine-disrupting activity
of tonalide in zebrafish. The results of the oxidative stress indices showed a significant impairment of the anti-
oxidant defence after the two-month tonalide exposure, which could indicate part of the adaptive response
to the tonalide toxicity.

Keywords: aquatic contamination; endocrine disruptor; oxidative stress; personal care products; vitellogenin

In the last decades, personal care products, i.e., affect non-target organisms (Kolarova et al. 2021).
shampoos, sunscreens, detergents, perfumes etc., Musk compounds, as a part of common personal
have been extensively used by millions of consum-  care products, are one of the most often found fra-
ers. These products contain a wide range of chemi-  grances in the aquatic environment (Hodkovicova
cals that can get into the aquatic environment and et al. 2020).
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Polycyclic musk tonalide (AHTN) is a lipophilic
compound with low water solubility and high n-oc-
tanol/water partition coefficient (K,,, = 5.7). The
proportion of musk chemicals in cosmetic products
does not exceed 2% (Martinez-Giron et al. 2010),
but due to the insufficient purification of musks
in wastewater treatment plants and their lipophilic
properties, these chemicals could persist in the wa-
ter ecosystem and possibly bioaccumulate in the
environment (Fang et al. 2017). AHTN has been
found in the range of 82—49 904 ng/l in the influ-
ent wastewater from Tarragona, Spain (Vallecillos
et al. 2015). AHTN can accumulate in the sludge
particles from the wastewater plant due to its li-
pophilic properties and slow biodegradability.
AHTN was detected in a range of 5.7-5 040 ng/g
of dry weight (d.w.) in the sewage sludge from
wastewater plants in Spain (Vallecillos et al. 2015)
and in sediments at concentrations ranging from
1.4 ng/g to 36.6 ng/g of d.w. in the East China Sea
(Hua et al. 2022). AHTN was found in the surface
water in Italy in a range of 0.25-6 800 ng/1 (Villa
et al. 2012). AHTN was detected in many com-
mon aquatic species at concentrations reaching
tens of ng/g of d.w. (Lyu et al. 2021).

Musk compounds have relatively low toxicity, but
due to their ubiquity, it is necessary to examine their
toxicity on non-target organisms. Therefore, the
number of experiments studying the adverse effect
of musk compounds on organisms has increased.
One of the current topics in toxicology is the dis-
ruption of the antioxidant defence which could lead
to an imbalance of the whole organism. Ehiguese
et al. (2020) detected an increase in oxidative stress
biomarkers in clams, Ruditapes philippinarum, af-
ter 21 days of AHTN exposure even at an environ-
mental concentration. Hodkovicova et al. (2020)
proved lipid peroxidation in juvenile rainbow trout
after six weeks of AHTN exposure. Furthermore,
AHTN induced antioxidant mechanisms and de-
toxifying enzymes in juvenile stages of zebrafish
after 28 days of exposure (Blahova et al. 2018).

Endocrine disruption is another relevant top-
ic of the toxicity of musks. Vitellogenin (VTG)
is one of the most widely-used biomarkers for the
detection of estrogenic chemicals. VTG is a precur-
sor of egg yolk protein in females. The presence
of the exogenous estrogenic compound induces VTG
synthesis in male or juvenile fish. AHTN signifi-
cantly induced the expression levels of hepatic VTG
in male medaka, Oryzias latipes (Yamauchi et al.

2008), and in the sheepshead minnow (Cyprinodon
variegatus) where the gene expression of vg! in the
yolk-sac was significantly downregulated (Ehiguese
et al. 2021).

Based on the ubiquitous presence of AHTN in the
aquatic environment and the possible negative ef-
fect on the non-target organisms mentioned in pre-
vious studies, we decided to evaluate the effect
of AHTN in fish with an emphasis on the disrup-
tion of antioxidant defences representing an im-
pairment of the organism’s balance, supplemented
by an assessment of the xenoestrogenic potential
of AHTN. The analysis of the oxidative stress indi-
ces consists of the determination of the antioxidant
enzyme activities, such as catalase (CAT), gluta-
thione peroxidase (GPx), glutathione reductase
(GR), glutathione S-transferase (GST), and lipid
peroxidation using a concentration of thiobarbitu-
ric acid reactive substances (TBARS). The estro-
genic potential of AHTN was evaluated by analysis
of the VTG in the whole-body homogenate of the
male. These analyses were supplemented by a his-
topathological examination to observe any poten-
tial histological changes in the selected organs (i.e.,
muscles, gills, liver, kidneys, gonads, and intestine).
To the best of our knowledge, only limited studies
have investigated the effects of subchronic AHTN
exposure in fish and we assume that the time of ex-
posure is crucial for evaluating the AHTN toxicity.
Therefore, we monitored the AHTN toxic effect
after two-month of exposure in juvenile zebrafish
(Danio rerio) to simulate natural conditions.

MATERIAL AND METHODS
Experimental design

The subchronic toxicity test was conducted ac-
cording to the Organisation for Europe Economic
Cooperation (OECD 2000) Guideline No. 215 Fish,
Juvenile Growth Test (OECD 215). A total of 600 ze-
brafish (Danio rerio) at the age of 30 days were ob-
tained from the experimental laboratory of Mendel
University (Czech Republic). The fish were random-
ly distributed into twelve 20 1 glass aquaria (i.e.,
50 fish in each aquarium) and acclimatised for seven
days before the toxicity test started. The whole ex-
periment lasted for 8 weeks (56 days). The toxicity
test was conducted in the approved facility of the
Department of Animal Protection and Welfare and

219


https://www.agriculturejournals.cz/web/vetmed/

Original Paper

Veterinarni Medicina, 68, 2023 (05): 218-224

Veterinary Public Health (University of Veterinary
Sciences Brno, Czech Republic).

The experimental fish were exposed to four differ-
ent concentrations (50, 500, 5 000, and 50 000 ng/1)
of AHTN (Sigma-Aldrich, St. Louis, USA; chemical
purity 98%) in water. The lowest concentrations rep-
resent the environmental concentrations in the sur-
face waters. Multiples of the tested concentrations
were examined to demonstrate dose-dependent
effects. A stock solution of AHTN was prepared
by dissolving 10 mg of the chemical in 10 ml of ac-
etone and then added to a 2-1 volumetric flask with
tap water (final concentration of 5 mg/1). This stock
solution was prepared every day and an ultrasonic
bath was also used to accelerate the dissolution.
The stock solution was then dosed into the indi-
vidual aquaria to achieve the required concentra-
tion. Due to the use of the solvent acetone for the
stock solution, the concentration of this solvent
in all the experimental groups was subsequently
adjusted to be uniformly 0.005%. In addition, two
control groups were included in the toxicity test.
The first control group was with tap water only,
while the second control group contained 0.005%
of acetone as a solvent in addition to the tap water.
The controls and all the tested concentrations were
performed in duplicate. The experiment was con-
ducted in a flow-through system, and the test solu-
tions were replaced twice a day. The analysis of the
AHTN concentration in the water samples was car-
ried out using gas chromatography coupled with
ion trap tandem mass spectrometry (GC/MS/MS).
The methodology is described in detail by Blahova
et al. (2018). The photoperiod interval of the ex-
periment was 12 h light/12 h dark. The fish were
fed with dried Artemia salina without shells at 8%
body weight per day. The faecal material and un-
eaten food were removed from each aquarium daily
by thorough bottom cleaning using suction. During
the toxicity tests, the temperature, pH and oxygen
saturation were measured daily using an HQ4300
Portable multi-meter (Hach, Loveland, USA), and
the chemical parameters of the tap water were
checked at 24-hour intervals in each aquarium, in-
cluding recording the number of dead fish. The tem-
peratures ranged from 23.9 °C to 24.7 °C; the oxygen
content was not lower than 70%; and the pH ranged
from 7.78 to 8.23. The basic chemical parameters
of the water were as follows: acid neutralisation ca-
pacity (ANC,5) — 4.2 mmol/l, chemical oxygen de-
mand (COD) - 2.8 mg/], nitrates (NO3) — 23.5 mg/I,
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chlorides — 18.1 mg/l, £ Ca®* + Mg?* — 3.1 mmol/I,
total ammonia and nitrites (NO3;) were below the
limit of determination (< 0.04 mg/l and < 0.02 mg/I,
respectively).

At the end of the test, all the fish were euthanised
using tricaine methanesulfonate (MS-222 at a con-
centration of 250 mg/l, for 10 min), and the total
length and body weight of each fish were recorded.
The euthanised fish were immediately processed
for the histopathological examination and analyses
of the selected oxidative stress indices and VTG
concentration.

The experiment was approved by the Ethics
Committee of the University of Veterinary Sciences
Brno (Czech Republic) and by the Ministry
of Education, Youth and Sports (Czech Republic).
All the procedures complied with the national leg-
islation — Act No. 246/1992 Coll., on the Protection
of Animals Against Cruelty, as amended, and Decree
No. 419/2012 Coll., on the Protection, Breeding and
Use of Experimental Animals, as amended. Ethical
approval No. MSMT-7412/2015-18 was authorised.

Histopathological examination

The whole fish were fixed in buffered 10% neutral
formalin. Subsequently, all the samples were dehy-
drated, embedded in paraffin wax, and sectioned
on a microtome at a thickness of 4 pm. All the
samples were stained with haematoxylin and eosin.
The histology of the muscles, gills, liver, kidneys,
gonads and intestine was determined using light
microscopy (n = 6 in each experimental group).

Analysis of the oxidative stress indices

The selected oxidative stress indices (CAT, GPx,
GR, GST and TBARS) were determined in the
whole-body samples which were stored in a deep-
freeze box at —80 °C. Eight individual samples were
analysed in each experimental group. At first, the
whole-body samples were weighed, homogenised
in a phosphate buffer containing 50 mmol/l potas-
sium phosphate and 1 mmol/l ethylenediamine-
tetraacetic acid (EDTA) (pH 7.2, 1:10 w/v). The
homogenate samples were divided into two por-
tions. The first part of the homogenate was used for
the analysis of the thiobarbituric acid reactive sub-
stances (TBARS) to evaluate the lipid peroxidation


https://www.agriculturejournals.cz/web/vetmed/

Veterinarni Medicina, 68, 2023 (05): 218-224

Original Paper

https://doi.org/10.17221/40/2023-VETMED

using malondialdehyde determination at 535 nm.
The results of the lipid peroxidation are presented
as nmol of TBARS per gram of tissue of wet weight
(Lushchak et al. 2005). The second part of the ho-
mogenate was centrifuged (10 500 x g, 4 °C, 20 min)
and the supernatant fraction was used for the analy-
ses of the antioxidant and detoxifying enzyme ac-
tivities.

The CAT activity was measured according to the
methodology of Aebi (1984); the GPx activity
was determined according to Flohe and Gunzler
(1984); the GR activity was measured according
to Carlberg and Mannervik (1975) and the GST
activity was detected using Habig et al. (1974). The
enzyme activities were related to the protein con-
tent (Smith et al. 1985). The determination of all
the parameters was conducted spectrophotomet-
rically using a Varioskan Flash Spectral Scanning
Multimode Reader (Thermo Fisher Scientific Inc.,
Waltham, USA).

Vitellogenin analysis

The quantitative analysis of the VTG content
was analysed in the whole body samples using
a commercial Enzyme-Linked ImmunoSorbent
Assay kit for zebrafish Damnio rerio (catalogue No.:
V01008402-480; Biosense Laboratories, Bergen,
Norway). Ten individual male samples were ana-
lysed in each experimental group. At first, the
whole body sample was weighed, homogenised
in a 50 mmol/l TRIS buffer (pH = 7.4, 1:4 w/v) with
a 1% protease inhibitor and centrifuged (15 000 x g
at 4 °C for 20 minutes). Supernatant fraction was
stored at —80 °C before the final analysis. All the
samples were kept on ice and were analysed in du-
plicate. Three different dilutions were used for the
samples — 1:250; 1:2 500 and 1:25 000. An elev-
en-point calibration curve was prepared using the
zebrafish VTG standard at concentrations from
0.12 ng/ml to 125 ng/ml. The calibration curve was
performed for each microplate desk. The analysis
followed the manufacturer’s instructions.

Statistical analysis
The statistical analysis was performed using the

statistical software Unistat v6.5 for Excel (London,
UK). First, all the results were tested using the

Shapiro-Wilk test and the Levene test for nor-
mality and homogeneity of variances across the
groups, respectively. The experimental groups
were always compared to the control group with
acetone as a solvent, because no difference in all the
indices was found between the control group with
the tap water only and the control group with the
solvent. The normally distributed data were sub-
jected to a one-way analysis of variance (ANOVA),
followed by the Tukey-HSD post-hoc test to deter-
mine the differences among the control and experi-
mental groups. When the data did not meet the
assumption of normality, a non-parametric multi-
sample median test was applied. The difference was
considered statistically significant when P < 0.05.

RESULTS

Mortality, behaviour and morphological
indices

The mortality and behaviour of the fish were re-
corded every day. The mortality rate did not exceed
10% and the fish exhibited normal behaviour dur-
ing the whole experiment. The morphological indi-
ces did not differ between the control and treated
groups (data are not shown)

Oxidative stress indices

The results of the antioxidant enzyme activities
and lipid peroxidation are shown in Table 1. A sig-
nificant decrease in the CAT activity was observed
in the tested group exposed to 500 ng/l of AHTN.
Significant increases in the TBARS concentrations
were recorded in the groups treated with 500 ng/1
and 50 000 ng/1 of AHTN compared to the control.
No statistically significant changes were detected
in the GPx, GR and GST enzyme activities.

Vitellogenin analysis

The results of the VTG concentration are shown
in Table 2. Vitellogenin was not detected in all the
samples. In the cases where VTG was not detected,
half the detection limit (i.e., 150 ng/ml) was used
for the statistical analysis. No significant changes
were recorded among the groups.
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Table 1. Antioxidant enzyme activities and lipid peroxidation in the whole body homogenate of the zebrafish after

subchronic exposure to tonalide

Tested groups

Indices Control

50 ng/l 500 ng/1 5 000 ng/1 50 000 ng/1
CAT 151.9 + 7.8 1252 + 4.7° 112.2 + 6.0 125.9 + 9.0° 128.6 + 6.5
GPx 31.0 £ 3.52 26.1+1.22 24.7 £+ 1.72 32.1+1.22 25.8 + 0.9?
GR 12.4 + 0.8 10.1 £ 0.7 10.6 + 0.5 10.5 + 0.6 10.0 +.0.3
GST 176.2 + 4.5° 177.9 + 2.2 188.1 + 3.8 186.0 + 9.4 157.7 + 3.0°
TBARS 94.3 + 15.7° 107.2 + 15.6° 261.9 + 30.9* 136.5 + 14.5P 261.4 + 24.2*

The data are presented as the mean + standard error of the mean. Significant differences among the groups (P < 0.05) are

indicated by different alphabetic superscripts and the bold font

CAT = catalase in pmol/min/mg protein; GPx = glutathione peroxidase in nmol/min/mg protein; GR = glutathione reductase

in nmol/min/mg protein; GST = glutathione S-transferase in nmol/min/mg protein; TBARS = lipid peroxidation in nmol/g

of tissue

Table 2. Vitellogenin in the whole body homogenate
of the male zebrafish after the tonalide exposure

Number . Range of detected
% of positive .
Group of analysed concentrations
samples

samples (ng/ml)
Control 10 0 -
50 ng/1 10 0 -
500 ng/1 10 10 2788*
5000 ng/1 10 20 1437-6 512
50 000 ng/1 10 30 497-8 966

*Only one positive sample was found
No significant changes were recorded among the groups
(P> 0.05)

Histopathological examination

The histopathological examination exposed only
rare pathological changes (vacuolisation of hepato-
cytes and epithelial cells of renal tubules; chronic
hepatitis). Considering these rare morphological
changes, observed in both control groups and all
the experimental groups, we assume they are not
associated with the subchronic exposure to AHTN
(data are not shown).

DISCUSSION

AHTN, as a commonly used polycyclic musk, can
be detected throughout the aquatic environment.
Recent papers have mainly focused on the short-
term exposure to AHTN, but it is very important
to consider the subchronic effects on non-target

222

aquatic organisms to simulate natural conditions.
Our experiment revealed, after 56 days, various
changes in the antioxidant protection of the zebraf-
ish. The lowest concentration had no significant
effect in the assessed indices, however, the higher
concentration, which can be considered as envi-
ronmentally relevant (i.e., detected in the sewage
sludge and surface water in a more contaminated
area) induced the antioxidant defence of the organ-
isms and caused significant lipid peroxidation due
to the massive free radical production. Considering
the study by Blahova et al. (2018), where the cata-
lase activity significantly increased at 5 000 and
50 000 ng/l of AHTN, we recorded the completely
opposite trend, i.e., a decrease in the catalase ac-
tivity after exposure to the 500 ng/1 AHTN con-
centration. Catalase is one of the most important
enzymes that secures the antioxidant resistance and
stands in the first line of defence against oxidative
stress. If we especially focused on fish, Chen et al.
(2012) observed an increase in the catalase activ-
ity in goldfish (Carassius auratus) after 14 days’
galaxolide (musk) exposure. We assume that the
inhibition of catalase in our experiment may
be caused by the excessive production of reactive
oxygen species. As our experiment lasted for two
months, the significant reactive oxygen species
production may have reduced the catalase activity
for the 500 ng/l AHTN concentration. This fact
would be supported by the results of TBARS con-
centration. The TBARS, as the by-product of lipid
peroxidation, significantly increased in the same
experimental group (i.e., 500 ng/l). The highest
tested AHTN concentration did not cause any
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statistically significant changes for the catalase
activity, we suppose that the presumable reason
would be the re-producing/activating catalase.
The TBARS significantly increased for the high-
est tested AHTN concentration, while the cata-
lase activity did not change for this tested group.
We assume that the whole compensation system
is more complex and requires further investigation.
However, the increasing content of TBARS could
reflect the overproduction of oxidative radicals and
could point to lipid peroxidation. This peroxida-
tion could lead to damage to the cell lipid structures
and even impair the DNA. Nevertheless, only rare
changes on the organ structures were observed
after the histopathological examination, thus im-
pairment by the free radicals was not confirmed.
Lipid peroxidation was also recorded in clams after
21 days’ AHTN exposure (Ehiguese et al. 2020).
Considering fish, Blahova et al. (2018) revealed in-
creased lipid peroxidation as well as the GST ac-
tivity in juvenile zebrafish after 28 days exposure
to AHTN at 50 000 ng/l and the GR activity was
reduced at 50 ng/l. In contrast, the results of our
experiment did not reveal any changes in the GST
or GR activity. In view of all these facts, we sup-
pose that the exposure time is decisive in assess-
ing the antioxidant defence of the organism, as the
decrease in CAT activity could demonstrate the
consumption of the antioxidant capacity of the ze-
brafish. Although no significant histopathological
changes were observed, prolonged exposure to this
important micropollutant and the proven ongo-
ing oxidative stress could lead to subsequent organ
changes and damage to the whole organism.

Determination of the AHTN endocrine disrupt-
ing effect was one of the goals of our experiment.
Ehiguese et al. (2021) posed that tonalide had an en-
docrine disrupting effect and revealed the down-
regulation of the vtgl gene in the yolk-sac larvae
of the sheepshead minnow (Cyprinodon variegatus)
after AHTN exposure. However, based on our re-
sults of the VTG analysis, we cannot confirm the
endocrine disruption effect of AHTN in the juve-
nile zebrafish, even after two months of exposure.
We assume that the life stage of the tested organism
could be a decisive factor.

The results of our study contribute to the evalu-
ation of the potential adverse effects of AHTN
in fish. In our study, the subchronic exposure
to AHTN caused a significant increase in the lipid
peroxidation and a decrease in the catalase activity

which could signify the impairment of the antioxi-
dant defence even at the environmental relevant
concentration (i.e., 500 ng/l of AHTN). Based
on the VTG concentration result, we did not prove
the endocrine disrupting effect of AHTN in the
juvenile zebrafish. We assume that the time of ex-
posure as well as the stage of the exposed individual
are crucial for the assessment of the AHTN effects
on the fish.

For the next experiment, we think that it would
be interesting to evaluate the long-term exposure
including the embryonic and larval stages to sim-
ulate the real conditions in the aquatic environ-
ment. It might be useful to include other markers,
such as gene expression indices, in the assessment
to confirm the adverse AHTN effect.
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6 DISKUZE

Nasledujici kapitola je vénovéana zhodnoceni jednotlivych experimentd, které jsou
soucasti této disertacni prace a veénuji se problematice vyskytu emergentnich polutant
Vv zivotnim prostiedi a vlivu testovanych latek na vodni ekosystém. Cilem diskuze je

sumarizovat klicové vysledky provedenych studii a zdlraznit jejich ptinos v dané problematice.

6.1 Zhodnoceni zmén hematologickych a biochemickych parametri ryb

Zmény hematologickych parametrti patii mezi dulezit¢ markery toxického ucinku
cizorodych latek. Hematologické parametry byly vybrany k hodnoceni negativnich G¢inkd jak
po expozici EHMC, tak tonalidem u pstruha duhového (Oncorhynchus mykiss).

UV filtr EHMC vyvolal statisticky vyznamnou zménu v poctu leukocyti, konkrétné se
jednalo o snizeni celkového poctu krvinek bilé fady v nejvyssi testované koncentraci (395,6
ng/kg). Snizeny pocet leukocytii miize ovlivnit funkci imunitniho systému, ktery je pro zdravi
a welfare ryb velice dllezity. Na rozdil od naSich vysledkii, Grabicova et al. (2013) uvadgji, Ze
po expozici jinym druhem organického UV filtru (PBSA) v koncentracich 1, 10 a 1 000 pg/l
nebyla zaznamendna zadna statisticky vyznamnd zména hematologickych parametrii (pocet
leukocytl a erytrocytli, hematokrit a koncentrace hemoglobinu) po 21 a 42-denni expozici.
Podobné snizeni poctu leukocyti, stejné jako v naSem experimentu, bylo pozorovdno u ryby
motcak evropsky (Dicentrarchus labrax) po expozici polycyklickymi aromatickymi
uhlovodiky (PAH). Tyto latky se fadi mezi aktudlni a vyznamné mikropolutanty vodniho
prostiedi, obdobé& jako organické UV filtry. Ryby byly exponovany po dobu 21 dnli smési 41
druhtt PAHs. U testovanych ryb byla ve srovnani s kontrolou zaznamenana leukopenie v
disledku lymfopenie, dale také zvySeni ubytku leukocytti a snizeni aktivity fagocytdzy.
Vsechny tyto vysledky l1ze vysvétlit poskozenim integrity membranovych bunék vychytavanim
PAH a naznacuji poskozeni specifickych a nespecifickych imunitnich systéma (Danion et al.

2011).

Na rozdil od ucinku UV filtru, tonalid u pstruha duhového (Oncorhynchus mykiss)
nem¢l vliv na krvinky bilé fady. Nicméné po expozici uvedenou slouceninou byl zaznamenan
negativni efekt na erytrocyty. Konkrétné se jednalo o zvySenou hodnotu hematokritu, a to jak
u environmentaln¢ relevantni koncentrace (854 pg/kg), tak u skupiny s desetindsobnou

koncentraci (8 699 ng/kg). Dale byly zaznamendny zmény v parametrech erytrocytti, konkrétné
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se jednalo o zvySeni hodnot MCV a snizeni MCHC a MCH. Zména téchto parametrti mize vést
k nabobtnani erytrocytu, jak bylo dfive zdokumentovano ve védecké studii realizované autorem
kolektivii Harter et al. (2018). Vznikly otok mize vést k poSkozeni fyziologickych funkci
erytrocyti (Javed et al. 2016). Pokud by tedy expozice vyssi koncentraci tonalidu byla

dlouhodobého charakteru, mohla by vést k naruSeni homeostazy celého organismu.

Hodnoceni biochemického profilu bylo vyuzito jak u experimenti s EHMC, tak s
tonalidem. Po expozici UV filtru EHMC byly u pstruha duhového (Oncorhynchus mykiss)
statisticky vyznamn¢ zmeénény piedevsim parametry sacharidového, lipidového a proteinového
metabolismu. Z vyctu signifikantnich zmén jednotlivych parametrii miizeme usuzovat na
naruSeni celého organismu, ackoli se tyto zmény neprokazaly zvySenou mortalitou ¢i se
neodrazily na zméné chovani nebo snizenym piijmem krmiva. Oproti tomu vysledky testu
s tonalidem u stejného zivo¢isného druhu nekorespondovaly s vysledky po expozici EHMC.
Tato musk slou¢enina nezptisobila signifikantni zménu u zaddného sledovaného parametru

biochemického profilu.

6.2 Vliv na antioxidac¢ni status ryb

Jednim z cilti naSich experimentii bylo hodnoceni parametrti vztahujicich se k naruseni
antioxida¢ni ochrany a tim navozeni oxidativniho stresu po expozici EHMC a tonalidem. Latka
EHMC zpiisobila zmény v aktivitich GPx a GST, déle v koncentraci TBARS a FRAP. Zmény
byly vyraznéjsi predevsim u stiedni a nejvyssi testované davky, tudiZ 1ze usuzovat na zvySujici
incidenci negativnich ucinku s naristajici koncentraci zkoumaného polutantu. ZvysSena aktivita
GPx spolu se zvysenou koncentraci TBARS poukazuje na probihajici lipidni peroxidaci a na
indukci tvorby volnych radikald. Enzym GPx se podili na redukci peroxidu vodiku a jinych
peroxidlii nenasycenych mastnych kyselin vzniklych béhem procesu lipidni peroxidace za
soucasné premeény redukovaného glutathionu na jeho oxidovanou formu. VySe zminéné reakce
mayji za cil snizit mnozstvi nové vzniklych volnych radikéla a eliminovat tak negativni disledky
oxidativniho stresu. Enzym GST je dilezity pro druhou fazi detoxifikace cizorodych latek
v organismu diky navazani redukovaného glutationu na toxickou latku. Diky této vazbé dokaze
organismus xenobiotikum lépe zpracovat a nasledné eliminovat. Jeho snizena aktivita v Krvi
muzZe teoreticky zvySovat dostupnost intracelularniho redukovaného glutathionu a na zakladé
této strategie mohou byt buitky méné nachylné k rozvinuti negativnich ucinkli oxidativniho

stresu. Snizend aktivita GST muze tudiz znacit urcitou adaptaci organismu na plsobeni

90



oxidativniho stresu. K podobnym zavérum dosli také Chaves Lopes et al. (2020), kdy jejich
studie sledovala uc¢inek BP-3 u skebli (Amarilladesma mactroides). V prub&éhu experimentu
zaznamenali zvySeni i snizeni aktivity GST v zavislosti na zméné pH v souvislosti s acidifikaci
acidity vedla k rozdilnym aktivitam detoxifika¢nich enzymu u Skebli. Tyto zmény prokazaly
pusobeni oxidativniho stresu, ktery mtize ovlivnit tvorbu exoskeletu Skebli, coz miize mit fatalni
nasledky pro existenci téchto vodnich zivocichii. S prokazanou alteraci genu pro enzym GST
se setkavame 1 ve studii Martinez-Guitarte (2018) po tc¢incich 4-MBC a BP-3. Jednim z dalSich
vysledki nasi studie bylo také snizeni koncentrace FRAP. SniZzend schopnost plazmy redukovat
zelezité ionty byla prokazana ve vsech testovanych koncentracich, coz zna¢i naruSeni
antioxida¢ni ochrany. Z vysledkli naseho experimentu mizeme tedy vyvodit indukci
oxidativniho stresu a naruSeni antioxida¢ni ochrany po expozici EHMC u pstruha duhového

(Oncorhynchus mykiss).

Po expozici tonalidem byly u pstruha duhového (Oncorhynchus mykiss) detekovany
zmény v markeru oxidativniho stresu, konkrétné¢ u hodnoty TBARS. V environmentélné
relevantni koncentraci (854 pg/kg) byla pozorovana signifikantné sniZzena hodnota TBARS
oproti kontrole, kdezto u koncentrace desetkrat vyssi (8 699 ug/kg) jsme zaznamenali
signifikantni zvySeni hodnoty TBARS. Rozdil v téchto hodnotdch by mohl souviset s reakci
testovaného organismu na z4téZ volnymi radikdly. V environmentalni koncentraci byla
antioxida¢ni ochrana organismu dostate¢nd, kdezto v koncentraci desetkrat vyssi se jiz
organismus ubranit volnym radikalim nedokazal a tento fakt se mohl projevit zvySenou
hodnotou sledovan¢ho ukazatele. ZatiZzeni organismu volnymi radikaly bylo také podlozeno
histopatologickym vySetienim. U testované skupiny s desetkrat vyss$i koncentraci tonalidu
oproti environmentalné relevantni koncentraci byly pozorovany kongesce jater a degenerativni

zmény tubulil ledvin.

Posouzeni miry oxidativniho stresu jsme testovali 1 na juvenilnich jedincich dania
pruhovaného (Danio rerio) po dvoumeési¢ni expozici tonalidem. Po dvoumési¢ni expozici
environmentalné relevantni koncentraci (500 ng/l) jsme zaznamenali sniZzenou aktivitu enzymu
KAT spolecné se zvySenymi hodnotami TBARS. Na rozdil od této testované skupiny jsme u
nejvyssi davky tonalidu (50 000 ng/l) detekovali pouze zvySené hodnoty lipidni peroxidace
reprezentované zvySenou hodnotou TBARS. Na zdklad¢ nasich vysledkl 1ze konstatovat, Ze 1
u jin¢ho druhu ryb byla pozorovana zvySena zatéZ organismu volnymi radikaly po expozici

timto polutantem.
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Dilezitym aspektem pro hodnoceni toxicity latky je i vstup xenobiotika do organismu.
Ptedpokladame, ze vstup cizorodé latky do organismu je pro toxicitu dané latky velmi dilezity.
Dalsi vyznamnou strankou posouzeni toxicity je v neposledni fad¢ i zivocisny druh a stddium
vyvoje organismu. V naSich experimentech byly testované organismy podrobeny ucinkim
tonalidu po dietarni expozici (u pstruha duhového) a po rozpusténi dané latky ve vodé (danio
pruhované). Oba druhy ryb byly ve stejné fazi vyvoje, nebot’ se jednalo o juvenilni jedince.
Jednim z hodnoticich parametri u obou experimenti bylo nastoleni oxidativniho stresu.
Dietarni expozice zpusobila nartist oxidativniho stresu, nebot’ byly zaznamenany zvySené
hodnoty lipidni peroxidace v desetinasobné vyssim mnoZzstvi tonalidu oproti environmentalné
relevantni koncentraci. Tonalid rozpustény ve vodé mél za nésledek snizenou aktivitu KAT a
také zvySenou lipidni peroxidaci reprezentovanou zvysenou hodnotou TBARS jiz
Vv environmentalné relevantni koncentraci, zvySené hodnoty TBARS byly zaznamenavany také
Vv testované skupiné s nejvys§im mnozstvim tonalidu. Ackoli se jednalo o rGzné koncentrace
tonalidu je zajimavé, ze tonalid rozpustény ve vodé zpusobil v environmentalné relevantni
koncentraci toxi¢téjsi ti€inek a mél vétsi vliv na produkci volnych radikaldi oproti dietarni

expozici tonalidem.

Za zminéni stoji, Ze dietarni expozice u nejvyssi testované koncentrace (8 699 pg/kg)
méla vliv na strukturalni poskozeni tkdni ryb, kde histologicko-patologické vySetteni prokazalo
hepatodystrofii a kongesci jater. V ledvinach byla pozorovana hyalinni degenerace tubuld.
OvSem expozice tonalidem rozpusSténym ve vodé nevedla k histologickym zménam
analyzovanych tkani ani v jedné z testovanych koncentraci. I kdyz se v kazdém experimentu
jednalo o rizné koncentrace testované latky, ktera byla podavana bud’ dietarn€ nebo rozpusténa
ve vodé, je zajimavé, Ze po dietarni expozici tonalidem bylo prokdzano vazngjsi poskozeni

tkani.

6.3 NaruSeni endokrinniho systému ryb

K hodnoceni endokrinni disrupce vybranych emergentnich polutantii byli jako testované
organismy vybrany pstruh duhovy (Oncorhynchus mykiss) a danio pruhované (Danio rerio).
Oba zastupci se bézné vyuzivaji jako modelové organismy k hodnoceni toxicity cizorodych
latek vyskytujicich se v Zivotnim prostfedi dle platnych metodik OECD (Grabicova et al. 2013;
Li et al. 2018; Zicarelli et al. 2022).
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Z vysledki experimentu s pstruhem duhovym (Oncorhynchus mykiss) byla po
expozici EHMC hodnocena koncentrace hormont §titné Zlazy. S vyuzitim RT-qPCR byla dale
provedena analyza mRNA exprese gent, ktera souvisi s produkei a regulaci téchto hormoni.
K posouzeni mechanismu ovlivnéni kaskady regulace thyroidnich hormont byla nase analyza
doplnéna o in vitro test toxicity. Vysledky odhalily u nejvyssi testované koncentrace EHMC
(395,6 png/kg) zvysenou koncentraci hormonu T4. U testované skupiny se stejnou koncentraci
EHMC byla prokazana snizena exprese genu dio2 a pax8a. K podobnym zavérum dosli i Chu
et al. (2021), ktefi hodnotili vliv 21-denni expozice EHMC u dospélct dania pruhovaného
(Danio rerio). Vysledkem studie bylo snizeni hormont T3 v plazmé a down-regulace exprese
genl, které souviseji s metabolismem thyroidnich hormond. Zmény v koncentracich
thyroidnich hormont s naslednym potencidlnim narusenim funkce hormoni stitné zlazy byly
také zaznamenany po expozici EHMC u medaky japonské (Oryzias latipes). Vyzkum sledoval
negativni u¢inky EHMC u generace FO a stejné tak i u potomkd, tzn. generace F1. Generace FO
byla exponovana koncentracim 0,05—-5 mg/l EHMC po dobu péti mésicti. Poté byla tc¢inku
EHMC vystavena i generace F1. Vysledné hodnoty odhalily snizené koncentrace thyroidnich
hormonti u generace F1 a sniZzenou expresi genu dio2 spole¢né se zvySenou expresi genu pro
thyreotropin uvolnujici hormon jak u generace FO, tak u generace F1 (Lee et al., 2019). Na
zakladé vysledkt naseho experimentu predpokladame, ze down-regulace exprese genu dio2 a
zvySena koncentrace plazmatické T4 miize mit spojitost, nebot snizeni aktivity enzymu
dejodazy miZze mit za pfi¢inu sniZzenou pteménu T4 na T3 v perifernich tkanich. V kombinaci
se sniZzenou expresi genu pax8a pro stfedni a nejvySs$i koncentraci mliZeme usuzovat, ze
expozice EHMC vyvolala zmény v rovnovaze thyroidnich hormont s nartistajici koncentraci
testované latky a na zakladé toho mizeme EHMC hodnotit jako potencialniho disruptora
hormont §titné Z1azy. K objasnéni mechanismu t¢inku EHMC coby thyroidniho disruptora
slouzila in vitro analyza. Nicméné vysledky testovani neprokazaly anti-thyroidni aktivitu
EHMC pomoci receptoru THRP a ani se EHMC neprojevil jako ligand TTR. Pro pochopeni
celého mechanismus toxického Uc€inku a s nim spojenou hypotézu EHMC coby thyroidniho
disruptora je tfeba podlozit dal§imi experimenty na jinych druzich ryb a také s delsi dobou
expozice, kterd by 1épe simulovala pfirozené podminky vystaveni cizorodym latkdm necilovym

organismiim.

Pstruh duhovy (Oncorhynchus mykiss) byl zvolen také pro hodnoceni endokrinni
disrupce tonalidu. Tato studie byla zaméfena na posouzeni jeho xenoestrogenniho ucinku.

Vysledky studie estrogenni potencial tonalidu u pstruha duhového (Oncorhynchus mykiss)
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neprokazaly, a to jak u environmentalné relevantni koncentrace (854 pg/kg), tak ani u
koncentrace desetkrat vyssi (8 699 pg/kg). Xenoestrogenni ucinek tonalidu nebyl prokézan ani
u jiného testovaného druhu, kterym bylo danio pruhované (Danio rerio). Ackoli byli juvenilni
jedinci D. rerio vystaveni ptisobenim tonalidu v rozmezich koncentrace 50-50 000 ng/I jesté
delsi dobu (8 tydnii), na konci experimentu jsme u zkoumanych ryb nezaznamenali zvySenou
koncentraci vitellogeninu. K odlisnym zavérim dosli Yamauchi et al. (2008), kteti prokazali u
samcu jednodennich embryi medaky japonské (Oryzias latipes) zvysenou expresi hepatického
vtg proteinu po expozici 500 pg/l. Ehiguese et al. (2021) zaznamenali down-regulaci exprese
genu vtgl v Zloutkovém vaku halan¢ikovce diamantového (Cyprinodon variegatus) po tfidenni
expozici tonalidem v koncentraci 50 pg/l. Testovana koncentrace tonalidu se shodovala
Snejvyssi testovanou koncentraci v naSem experimentu. Nicméné, po expozici stejné
koncentrace tonalidu jsme nezaznamenali signifikantni zmé&nu koncentrace vitellogeninu u D.
rerio. Zavery ostatnich védeckych studii poukazuji na schopnost tonalidu narusit fyziologickou
funkci hormondlniho systému ryb, a tudiz by mohl byt tonalid oznacen za endokrinniho
disruptora. Nicmén¢ vysledky naSich experimentli tento vyrok nepotvrzuji a na jejich zaklade

nemuiZzeme potvrdit estrogenni potencial tonalidu.

6.4 Embryotoxicita UV filtrii pro danio pruhované

V poslednich desetiletich se ekotoxikologie zabyvala ptredev§im negativnimi u¢inky
jednotlivych substanci a existuje mnoho doporucenych postupi, jak jejich toxicitu posuzovat
(napt. metodiky podle OECD). Vodni zivoc¢ichové jsou vSak ve svém piirozeném prostiedi
vystaveni smési polutantti, nejsou obklopeni pouze samostatnymi zastupci. Védci pod zastitou
Natizeni o registraci, hodnoceni, povolovani a omezovani chemickych latek (REACH) v ramci
EU a dle Toxic Substances Contorol Act v ramci Americké agentury pro ochranu zivotniho
prostfedi (EPA) uvadéji, ze globalné je vyprodukovano az sto tisic riznych chemikalii
S rozdilnymi fyzikalnimi a chemickymi vlastnostmi, které se v disledku pouZziti v rtiznych
druzich materialt v zemédélstvi a v priimyslu mohou integrovat do Zivotniho prostiedi. Spravné
nakladdani s témito cizorodymi latkami je zdiiraznéno jako jeden ze 17 cili Agentury pro
udrzitelny rozvoj 2030 (Simonnet-Laprade et al., 2021). Je dileZité si uvédomit, Ze chemické
latky ve smésich mohou mezi sebou interagovat a tyto interakce mohou vést k aditivnim,
synergickym ¢i antagonistickym U¢inkiim. Vysledny toxicky Uc¢inek smési cizorodych latek

24

al., 2010; Park et al., 2017; Sehonova et al., 2017). Avsak informace o mechanismu ucinku
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smesi chemikalii jsou stale nedostatecné. Porozuméni t€émto interakcim prispiva k objasnéni
disledku ptitomnosti jednotlivych polutant ve vodnim prostredi, a tim se mutize snizit toxické
riziko ucinkl téchto latek (Bunke et al., 2014; Park et al., 2017). V soucasné dobé¢ se potieba
vyzkumu smési latek a jejich ucinkii zvySuje a nékteré studie jiz prokazaly vyssi toxické ucinky
po expozici chemickych latek ve smésich, nez bylo u latek jednotlivych (Magdaleno et al.,
2015; Park et al., 2017). V neposledni fadé nesmime zapominat na chovani téchto latek
v zivotnim prostiedi, kdy se mohou tyto latky ¢i smési téchto latek degradovat a metabolizovat,
diky ¢emuz mohou vznikat nové slouceniny s hiife predvidatelnou toxicitou (Jentzsch et al.,

2019).

V nasem experimentu byl sledovan embryotoxicky ucinek UV filtri pouzitych jak
samostatné, tak ve smésich. Bylo prokdzano, ze UV filtry testované samostatné nemély zadny
vliv na mortalitu embryi a ani negativné neovlivnily jejich vyvoj. Béhem testovani UV filtrl
pouzitych ve smési, byl zaznamenan zcela evidentni rozdil v incidenci mortality. Zna¢né zmény
byly pozorovany piedev§im ve smési OC a 4-MBC. Po ucinku smési téchto dvou UV filtra
jsme detekovali zvySenou mortalitu po 48, 72 a 96 hpf. Pokud bychom hodnotili ovlivnéni
mortality po expozici t€émito UV filtry, na zakladé téchto vysledkii mizZeme uvaZovat o

synergickém efektu OC a 4-MBC. U smési UV filtri tvofené OC a 4-MBC jsme se setkali

vvvvvv

vvvvvv

muzeme teoreticky predpokladat, Ze uvedené UV filtry plisobi na proces lihnuti antagonisticky,
pravdépodobné s dominantnim efektem OC. K podobnym zavérim antagonistického chovani
UV filtri ve smési pfisli také Li et al. (2018). Vystupem jejich studie bylo zhodnoceni
antagonistickych U¢inktt UV filtrdi BP-3 a EHMC a OC ve smési, kdy se jejich ucinky
v kontextu s embryonalnim vyvojem vzajemné redukovaly. Na zakladé¢ hodnoceni naSich
v environmentalné relevantni koncentraci, bychom mohli ptedpokladat potencialn€ dominantni
efekt OC na proces lihnuti. Béhem testovani jednotlivych UV filtrii a UV filtrG ve smésich jsme
nezaznamenali statisticky vyznamné malformace embryi. Nase vysledky jsou v rozporu se
soucasnymi studiemi, kdy byla zaznamenana zvySena incidence morfologickych malformaci
po expozici benzofenony (Bliithgen et al., 2012; Fong et al., 2016), EHMC (Nataraj et al., 2020)
a 4-MBC (Quintaneiro et al., 2019). K podobnym zavérim se dopracovali i Li et al. (2018),

ktefi ve své studii odhalili vyznamné zmény ve vyvoji rybich embryi dania pruhovaného (Danio
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rerio) po vystaveni smési UV filtri (BP-3 a EHMC a OC). Navic byly u potomki prokazany
malformace s kumulativnimi G¢inky, a to dokonce na trovni environmentalné relevantnich
koncentracich. V nasem experimentu jsme se se statisticky vyznamnymi malformacemi embryi

nesetkali.

Je ovSem nutné podotknout, ze 1 ziidka ovlivnény strukturalni vyvoj embrya (napt. edém
perikardu, nedokonale vyvinuty ocas embryi) ¢i opozdéné lihnuti, zaznamenany v nasem
experimentu piedevsim u latek 4-MBC a BP-3, nemusi sice nutné zapficinit smrt embrya, ale
tyto zmény mohou mit za nésledek thyn v pozdéjsi fazi vyvoje. Podrobnéjsi mechanismus
interakci mezi jednotlivymi UV filtry ve smésich je nutné detailnéji prozkoumat, abychom

mohli zcela porozumét celému mechanismu toxického ucinku téchto latek ve smésich.
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7. ZAVER

Cilem predkladané disertacni prace bylo zhodnotit toxické ucinky emergentnich
polutantti, které jsou hojné detekovany v zivotnim prostfedi. Experimenty byly zaméfeny na
dva vyznamné zéastupce mikropolutantd, které jsou bézné pouzivané v produktech denni
potieby, a to na organické UV filtry a na musk slouceninu tonalid. Jejich vliv byl hodnocen
nejenom na riznych druzich ryb, a také v ruznych vyvojovych stadiich téchto vodnich
organismu. Vysledky studii, které jsou soucasti predkladané diserta¢ni prace, poukazuji
pfedevS§im na zmény v antioxida¢ni ochrané organismu, ovlivnéni biochemického profilu a

hematologickych parametru a také na naruseni fyziologické funkce endokrinniho systému ryb.

Na zékladé vysledkd byla po expozici EHMC pozorovana zvySend mira nastoleni
oxidativniho stresu v zavislosti s nartstajici koncentraci testované latky. Tento trend byl
znatelny i po expozici tonalidem, avSak signifikantni naruseni antioxidacni ochrany bylo
zaznamenano jiz v environmentalni koncentraci. Zajimavé bylo posouzeni i druhu expozice
tonalidem. Ackoli se jednalo o jiné koncentrace tonalidu, dietdrni expozice neméla za nasledek
navozeni oxidativniho stresu v environmentalni koncentraci testované latky, na rozdil od toho
tonalid rozpustény ve vodé mél v environmentalné relevantni koncentraci signifikantni vliv na
zvySeni lipidni peroxidace ziejmé zpusobenou Uc¢inky volnych radikald. Nutno zduraznit, ze
dietarni expozice vedla k strukturdlnim zménam orgénd jater a ledvin. Zmény biochemickych
parametrii byly vyznamné ptredev§Sim po expozici EHMC, kdy byly u nejvyssi testované
koncentrace zaznamenany zmény jak v sacharidovém, lipidovém, tak 1 proteinovém
metabolismu. AvSak tyto zmény nemély dopad na zvySenou mortalitu ¢i zménu chovani u

testovanych jedinci.

Hematologicky profil ryb byl zménén po expozici EHMC, konkrétné u krvinek bilé fady
pstruha duhového (Oncorhynchus mykiss). U nejvyssi testované koncentrace byl zaznamenan
snizeny pocet leukocytl,, coz mlize mit za nésledek oslabeni imunitniho systému a celkové
obranyschopnosti ryb. Tonalid zplsobil u stejného druhu ryb zmény ervenych krvinek jiz
Vv environmentalné relevantni koncentraci. U testovanych jedinci byl zaznamenan zvyseny
hematokrit, zvySeny MCV a zéaroven sniZzené hodnoty MCHC a MCH. Zmény cervenych

krvinek mohou vést k naruseni jejich funkce, a tim ovlivnit celou homeostdzu organismu ryb.

Po souhrnu vysledku in vivo testi toxicity mizeme EHMC oznacovat za endokrinniho
diruptora thyroidnich hormont. Latka EHMC narusila funkci hormont §titné zlazy u nejvyssi

testované koncentrace. Tento jev se projevil zvySenou plazmatickou koncentraci T4 a snizenou
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mRNA expresi genu dio2 a pax8a. In vivo studie byla doplnéna o vysledky in vitro pokusu
s diirazem na porozuméni mechanismu ovlivnéni thyroidnich hormont latkou EHMC. Nicméné
in vitro analyza neprokazala anti-thyroidni aktivitu EHMC prostfednictvim THRp, a zaroven
se EHMC neprojevil jako ligand TTR. Nutno zduraznit, ze je tfeba dalSich analyz
k podrobné&j$imu porozuméni mechanismu u¢inku EHMC na hormony §titné Zlazy. Naproti
tomu u tonalidu nebyly prokazany estrogenni t¢inky ani u jednoho druhu ryb, a tudiz na zakladé

naSich vysledkd nemizeme tonalid hodnotit jako latku s xenoestrogennim potencialem.

V neposledni fad¢ jsme se zaméfili na ovlivnéni embryondlniho vyvoje dania
pruhovaného (Danio rerio) po téinku jednotlivych UV filtri a UV filtri ve smésich. Rozdilné
vysledky jsme zaznamenaly predevsim v letalité. Signifikantné vyznamna mortalita nebyla
pozorovana po ucinku jednotlivych UV filtr, ovSem smés UV filtrti, konkrétné smés OC a 4-
MBC zptsobila zvySenou mortalitu s pravdépodobnou dominanci u¢inku OC. Ve smésich UV
s pravdépodobn¢ pievazujicim tc¢inkem OC. Béhem naseho experimentu jsme nezaznamenali
zadné signifikantn¢ vyznamné malformace, ov§em je dilezité zdlraznit, ze 1 nékteré subletalni
vady (edém perikardu, nedokonale vyvinuty ocas) miizou mit vliv na welfare jedince a jeho

schopnosti preziti a reprodukce v pozdéjsim stadiu vyvoje.

Pro dal$i vyzkum by mohlo byt zajimavé testovat musk slouceniny s UV filtry ve
smesich a sledovat jejich spole¢ny uc¢inek jak na embryondlni vyvoj, tak na organismus

juvenilniho nebo dospélého jedince s dlirazem na naruseni fyziologické funkce hormonti ryb.
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8 ABSTRAKT

Cilem predkladané disertatni prace je osvétlit mechanismus toxického ucinku
organickych UV filtri a musk slou¢eniny tonalidu. Jako modelové organismy slouzili pstruh
duhovy (Oncorhynchus mykiss) a danio pruhované (Danio rerio). Sledovanymi parametry byly
piedevsim zmény v antioxida¢ni ochrané a detoxifikacnich enzymech, dale poté zmény
biochemického a hematologického profilu, doplnénych o histopatologické vySetieni.
V neposledni fadé byl vyzkum zaméfen na pritkkaz endokrinni disrupce thyroidnich hormont
po expozici EHMC doplnéné o analyzu exprese genil souvisejicich s produkei a regulaci
hormoni S§titné zlazy. Dale byla realizovana in vitro analyza EHMC pro porozuméni
mechanismu toxického ucinku na urovni ovlivnéni hormont §titné zlazy. Pro zhodnoceni
tonalidu jako endokrinniho disruptora byl experiment také zaméfen na prukaz jeho
xenoestrogenniho potencidlu pomoci analyzy koncentrace vitellogeninu v plazmé ¢i celotélnim

homogenitu.

Na zaklad¢ naSich vysledki mizeme hodnotit oba polutanty jako spoustéce
oxidativniho stresu s ndslednym narusenim antioxidacni ochrany, po expozici tonalidem
dokonce jiz v environmentalné relevantnich koncentracich. Zajimavy trend jsme pozorovali u
zmén biochemického profilu po dietarni expozici tonalidem a po expozici tonalidem
rozpusténého ve vode. I kdyZ se jednalo o rizné koncentrace, tonalid rozpusStény ve vodé
zpisobil lipidni peroxidaci jiz v environmentalné¢ relevantni koncentraci oproti dietarni
expozici. Avsak dietarni expozice zpusobila signifikantni poSkozeni jater a ledvin. Latka
EHMC narusila biochemicky profil napti¢ celym metabolismem ryb, na rozdil od toho byl
pozorovan zcela opacny trend po expozici tonalidem. Dal$i vyznamné zmény byly
zaznamenany v hematologickém profilu ryb. Expozice EHMC snizila mnozZstvi leukocytd,
naopak tonalid ovlivnil hodnotu hematokritu a hemoglobinu v ¢ervenych krvinkach. Na
zakladé naSich vysledkli miZzeme navic EHMC posuzovat jako potencidlniho endokrinniho

disruptora thyroidnich hormont ryb, coz miiZze vést k naruseni homeostazy celého organismu.

Vzhledem k vysledkiim testovani embryotoxicity mély UV filtry testované ve smésich

toxictéjsi ucinek nez UV filtry testované jako jednotlivci z divodu zvySené umrtnosti a

vvvvvv

polutantim hodnocena jako nebezpecna pro vodni organismy.
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9 ABSTRACT

The aim of the presented dissertation is to clarify the mechanism of the toxic effect of
important pollutants, the organic UV filters and the musk compound tonalide. Tested organisms
were rainbow trout (Oncorhynchus mykiss) and zebrafish (Danio rerio). The tested parameters
were primarily changes in antioxidant protection and detoxification enzymes of fish, then
changes in biochemical indices and effect on the hematological profile of fish, supplemented
by histopathological examination. Last but not the least, the research was focused on the
evidence of endocrine disruption of the thyroid gland after exposure to octinoxate. The analysis
was supplemented by the expression of genes related to the production and regulation of thyroid
hormones. Furthermore, the in vitro analysis of octinoxate was conducted to understand the
mechanism of the toxic effect on the influence of thyroid hormones. To evaluate tonalide as an
endocrine disruptor, the experiment was also aimed at demonstrating its xenoestrogenic

potential by analyzing the concentration of vitellogenin in plasma or whole-body homogenate.

Based on our results, we can evaluate both pollutants as triggers of oxidative stress with
subsequent impairment of antioxidant protection, even in environmentally relevant
concentrations after exposure to tonalide. We observed an interesting trend in changes in the
biochemical profile after dietary exposure to tonalide and after exposure to tonalide dissolved
in water. Tonalide dissolved in water caused lipid peroxidation already at an environmentally
relevant concentration compared to dietary exposure to the same substance. However, on the
other hand, dietary exposure caused significant liver and kidney damage. Octinoxate disrupted
the biochemical profile across the entire fish metabolism, but we observed a completely
opposite trend after exposure to tonalide. Other significant changes were noted in the
hematological profile of the fish. Octinoxate exposure decreased leukocyte counts, whereas
tonalide affected hematocrit and hemoglobin in red blood cells. Based on our results, we can
consider octinoxate as a potential endocrine disruptor of thyroid hormones in fish, which can

lead to disruption of the homeostasis of the entire organism.

Considering results of embryotoxicity testing, UV filters tested in mixtures caused more
toxic effect than UV filters tested individually due to increased mortality and earlier hatching
of embryos. In the list of all our results, exposure to the tested pollutants can be considered as

dangerous for aquatic organisms.
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10 KLICOVA SLOVA

Klicova slova: oktinoxat, tonalid, oxidativni stres, hematologicko-biochemické
parametry, histologicko-patologické parametry, endokrinni disrupce, thyroidni hormony,

vitellogenin, Danio rerio, Oncorhynchus mykiss
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13 SEZNAM ZKRATEK

4-MBC — 4-methylbenzyliden kafr

AHTN - tonalid

BP-3 — benzofenon-3

DIO — dejodaza

dio2 — dejodaza typ 2

EHMC — oktinoxat, ethylhexyl methoxycinamat

EU — Evropska unie

FET — Fish Embryo Acute Toxicity Test

FRAP — redukéni potencial plazmy

GPx — glutathionperoxidaza

GR — glutathionreduktaza

GST — glutathion-S-transferaza

KAT — katalaza

log Kow — rozd€lovacim koeficientem oktanol/voda
MCV - stfedni objem erytrocytu

MDA — malondialdehyd

MCH - stfedni obsah hemoglobinu v erytrocytu
MCHC — stfedni koncentrace hemoglobinu v erytrocytu
OC — oktokrylen

OECD - Organization for Econocmic Co-operation and Development
PAH — polyaromatické uhlovodiky

pax8a — paired box 8 a

PBSA — 2-fenylbenzimmidazol-5-sulfonova kyselina
PCPs — produkty osobni péce

PPCPs — lé¢iva a produkty osobni péce
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REACH — Naftizeni o registraci, hodnoceni, povolovani a omezovani chemickych latek
RGA — Reporter Gene Bioassay

RT-qPCR — real-time polymerazova fetézova reakce

SOD - superoxiddismutaza

SPF — sila ochranného faktoru proti UV zéfeni

T3 — trijédthyronin

T4 — thyroxin

TBARS — latky reaktivni s kyselinou thiobarbiturovou

THr — receptor hormon §titné Zlazy

thro. — gen pro receptor THro

thrf — gen pro receptor THrf

TRp — beta izoforma thyroidniho hormonalniho receptoru

TSH — hormon stimulujici Stitnou zlazu/thyrotropin

TTR — transtyretin

US EPA — Agentura pro ochranu Zivotniho prostfedi Spojenych statl

UV — ultrafialové
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