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RESUMO

A costa brasileira foi afetada por um derramamento de Oleo que causou impactos nos
ecossistemas aquaticos costeiros entre 2019 e 2020. A toxicidade, baseada em parametros de
desenvolvimento, morfolégicos, bioquimicos e comportamentais, foi medida em laboratério
em estagios embrio-larvais de Danio rerio expostos a hidrocarbonetos policiclicos arométicos
(HPAS) presentes em fracdes acomodadas em agua (FAA) de amostras do 0leo que atingiu a
costa. Também foram avaliados em campo biomarcadores de exposicdo, bioquimicos e de
genotoxicidade na carapeba Eugerres brasilianus residente em 3 estuarios impactados pelo
derrame de 6leo. Uma primeira abordagem em laboratério avaliou a toxicidade em D. rerio
expostos a FAAs decorrentes do 0leo que atingiu a costa em trés niveis de intemperismo
natural, 6leo emulsificado submerso semelhante a “mousse” (FAA-OM) da Praia do Paiva, e
duas amostras ap6s 51 dias de intemperismo adicional depositados na areia da Praia da Ponta
do Xaréu (FAA-QOS) e aderidos a rochas (FAA-OR). A anélise da composi¢do de HPAs das
FAAs indicou uma tendéncia clara de diminuicdo de naftalenos parentais e alquilados e
aumento de fenantrenos comparando FAA-OM menos intemperizado e FAA-OS e FAA-OR
mais intemperizados. A exposicdo a FAA-OS e FAA-OR mais intemperizadas foram
indutores mais potentes de atraso no desenvolvimento do zebrafish, sugerindo que
fenantrenos parentais e alquilados sdo relevantes para este atraso. No entanto, a exposicao a
FAA-OM menos intemperizada foi um indutor mais potente de falha no enchimento da bexiga
natatéria do que a FAA-OS e FAA-OR mais intemperizados, sugerindo que naftalenos
parentais e alquilados sé@o relevantes como causa desta falha. Diminui¢Ges nas frequéncias
cardiacas e aumento nas deformidades cardiacas e esqueléticas foram observados em larvas
expostas a todas FAAs. As menores concentracdes de efeito observadas (CEQO) para diferentes
parametros de toxicidade de desenvolvimento estdo dentro das concentragdes de
hidrocarbonetos policiclicos aroméaticos ambientalmente relevantes e espécies locais podem
ter sido afetadas. Uma segunda abordagem em laboratdrio abordou potenciais mecanismos de
expressdo génica cruciais para o desenvolvimento da bexiga natatoria afetados pela exposicdo
das fases embriolarvais de Danio rerio a FAA-OM. A exposi¢do a concentracdes de 4,49 e
17,9 ng-XHPALt L™ resultou na diminuicio em 48 horas apos a fertilizagdo (hpf) da expressdo
dos genes responsaveis pelo desenvolvimento do tecido do epitélio (hb9 e sox2), mesénquima
(has2), mesotélio (elovlla) da bexiga natatoria, e pelo comportamento de “swim-up” quando a
larva enche a bexiga inicialmente abocanhando ar (sox2). Essa diminuicdo da expressdo

destes genes correlacionou-se com alta frequéncia de bexigas natatorias ndo infladas em 96 e



168 hpf, chegando a 100% em larvas expostas a concentracbes mais altas (35,9 e 71,8 ng-
THPALt L1). Os niveis de enzimas antioxidantes SOD e CAT foram inibidos, enquanto GST e
GSH aumentaram nas larvas expostas. A velocidade e distancia média de natacdo também
foram reduzidas em larvas expostas a menor concentracdo testada. Os resultados sugerem que
a FAA-OM pode inibir a transcricdo de genes envolvidos no desenvolvimento da bexiga
natatoria e no comportamento de natacdo adequado, impactando potencialmente a viabilidade
e 0 sucesso das larvas em desenvolvimento e, consequentemente, o recrutamento de peixes.
Uma terceira abordagem em laboratdrio avaliou o efeito na toxicidade para as fases iniciais de
vida do Danio rerio apds exposi¢cdo a combinacgdo da radiagdo ultra-violeta (UV) natural solar
que é intensa na regido equatorial onde ocorreu o derrame de 6leo, em conjunto com os HPAs
presentes na FAA-OM. A radiacdo UV da luz solar aumentou o potencial toxico da exposicao
a FAA-OM, sendo que a concentracdo letal para 20% dos organismos expostos (LC20)
diminuiu de 29,11 pg-THPAt L™ na auséncia de radiacdo UV (FAA-OM) para 8,42 ug-
THPALt L na exposicdo combinada (FAA-OM-UV). A exposicdo combinada a FAA-OM-UV
também aumentou a toxicidade baseada em efeitos subletais, reduzindo a CEO, expressos por
atrasos no desenvolvimento embriolarval, pelo aumento da frequéncia de patologias e
deformidades, pela diminuicdo do comprimento total e da &rea ocular. Os pardmetros
bioguimicos indicaram inducdo de estresse oxidativo, possivelmente correlacionado com o
aumento na frequéncia de patologias e atraso no desenvolvimento dos peixes. Na abordagem
de campo focada em juvenis da espécie Eugerres brasilianus coletados em 3 complexos
estuarinos impactados pelo derrame de Oleo dois anos ap6s o pico do acidente, foram
observados diferentes padrfes de exposicdo a HPAs provenientes do 6leo avaliada com base
nos HPAs biliares, e de alteraces bioldgicas com base em biomarcadores bioquimicos e de
genotoxicidade. EROD e GST, relacionados a biotransformacdo de fase 1 e 2,
respectivamente, apresentaram maior atividade em peixes do estuario de Barra de Catuama
(BCEC), onde foi verificada menor bioconcentracdo de HPAs biliares. Por outro lado, EROD
e GST apresentaram menor atividade em peixes dos estuarios de Suape (SEC) e Rio Formoso
(FRES), onde foi verificada maior bioconcentracdo de HPAs biliares. Foi verificada uma
maior similaridade de efeitos nos peixes de FRES e SEC. A enzima SOD, importante na
defesa antioxidante, mostrou-se inversamente proporcional as alteraces nucleares, sugerindo

que tais alteracfes podem estar relacionadas a inibicdo dessa enzima.

Palavras-chave: derrame de OGleo, hidrocarbonetos policiclicos aromaticos, intemperismo,

radiacéo ultravioleta, biomarcadores, fases iniciais de vida.



ABSTRACT

The Brazilian coast was affected by oil spill that caused impacts on coastal aquatic
ecosystems between 2019 and 2020. Toxicity, based on developmental, morphological,
biochemical, and behavioral endpoints, was measured in the laboratory in Danio rerio early
life stages (ELS) exposed to polycyclic aromatic hydrocarbons (PAHS) present in water-
accommodated fractions (WAFs) of oil samples that reached the coast. Exposure biomarkers,
biochemical and genotoxicity, were also evaluated in the field in the mojarra Eugerres
brasilianus residing in 3 estuaries impacted by the oil spill. An initial laboratory approach
assessed toxicity in D. rerio exposed to WAFs resulting from the oil that reached the coast at
three levels of natural weathering: submerged emulsified oil similar to "mousse” (WAF-OM)
from Paiva beach, and two samples after 51 days of additional weathering deposited on the
sand of Ponta do Xaréu beach (WAF-OS) and adhered to rocks (WAF-OR). The analysis of
the PAH composition of the WAFs indicated a clear trend of decreasing parental and
alkylated naphthalenes and increasing phenanthrenes when comparing less weathered WAF-
OM and more weathered WAF-OS and WAF-OR. Exposure to more weathered WAF-OS and
WAF-OR were more potent inducers of delayed zebrafish development, suggesting that
parental and alkylated phenanthrenes are relevant to this delay. However, exposure to less
weathered WAF-OM was a more potent inducer of swim bladder inflation failure than more
weathered WAF-OS and WAF-OR, suggesting that parental and alkylated naphthalenes are
relevant as a cause of this failure. Decreases in heart rates and increases in cardiac and
skeletal deformities were observed in larvae exposed to all WAFs. The lowest observed effect
concentrations (LOECs) for different developmental toxicity parameters are within
environmentally relevant polycyclic aromatic hydrocarbon concentrations, and local species
may have been affected. A second laboratory approach addressed potential gene expression
mechanisms crucial for swim bladder development affected by exposure of ELS D. rerio to
WAF-OM. Exposure to concentrations of 4.49 and 17.9 ug-XPAHs L™ resulted in a decrease
at 48 hpf in the expression of genes responsible for the development of epithelium tissue (hb9
and sox2), mesenchyme (has2), mesothelium (elovlla) of the swim bladder, and for the
"swim-up"” behavior when the larva initially fills the bladder by gulping air (sox2). This
decrease in the expression of these genes correlated with a high frequency of uninflated swim
bladders at 96 and 168 hpf, reaching 100% in larvae exposed to higher concentrations (35.9
and 71.8 pg-XPAHs L?). The levels of antioxidant enzymes SOD and CAT were inhibited,
while GST and GSH increased in exposed larvae. Swimming speed and average distance were



also reduced in larvae exposed to the lowest concentration tested. The results suggest that the
complex mixture of PAHs from WAF-OM may inhibit the transcription of genes involved in
swim bladder development and proper swimming behavior, potentially impacting the viability
and success of developing larvae and, consequently, fish recruitment. A third laboratory
approach evaluated the effect on toxicity for the early life stages of D. rerio after exposure to
the combination of natural solar ultraviolet (UV) radiation, which is intense in the equatorial
region where the oil spill occurred, in conjunction with the PAHSs present in WAF-OM. Solar
UV radiation increased the toxic potential of exposure to WAF-OM, with the lethal
concentration for 20% of exposed organisms (LC20) decreasing from 29.11 ug-XPAHs L in
the absence of UV radiation (WAF-OM) to 8.42 ug-XPAHs L in the combined exposure
(WAF-OM-UV). The combined exposure to WAF-OM-UV also increased toxicity based on
sublethal effects, reducing the no observed effect concentration (NOEC), expressed by delays
in embryo development, increased frequency of pathologies and deformities, decreased total
length and eye area. Biochemical parameters indicated induction of oxidative stress, possibly
correlated with the increased frequency of pathologies and delayed fish development. In the
field approach focused on juveniles of the species Eugerres brasilianus collected in 3
estuarine complexes impacted by the oil spill two years after the peak of the accident,
different patterns of exposure to PAHs from the oil, assessed based on biliary PAHSs, and
biological changes, based on biochemical and genotoxicity biomarkers, were observed.
Ethoxyresorufin-o-deethylase (EROD) and glutathione-S-transferase (GST), related to phase
1 and 2 biotransformation, respectively, showed higher activity in fish from the Barra de
Catuama estuary (BCEC), where lower biliary PAH bioconcentration was observed. On the
other hand, EROD and GST showed lower activity in fish from the Suape (SEC) and Rio
Formoso (FRES) estuaries, where higher biliary PAH bioconcentration was observed. A
greater similarity of effects was observed in fish from FRES and SEC. The SOD enzyme,
important in antioxidant defense, was inversely proportional to nuclear alterations, suggesting

that such alterations may be related to the inhibition of this enzyme.

Keywords: oil spill, polycyclic aromatic hydrocarbons, weathering, ultraviolet radiation,

biomarkers, early life stages.
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| INTRODUCAO GERAL

O acidente com petréleo na costa brasileira afetou cerca de 3000 km de costa, com um
derrame total de aproximadamente 5400 toneladas de residuo de petroleo emulsificado
(SOARES et al., 2022; ZACHARIAS; GAMA; HARARI; et al., 2021). As simulacdes,
obtidas através de uma anélise de modelagem retrospectiva, indicam que o incidente teve seu
inicio entre meados de junho e julho de 2019, ocorrendo a cerca de 500 km da costa, onde 0
petréleo foi espalhado ao longo da costa do pais influenciado pelas correntes maritimas
(FIORAVANTI, 2020; ZACHARIAS; GAMA; FORNARO, 2021). A anélise geoquimica dos
residuos de petroleo, realizada posteriormente, revelou caracteristicas compativeis com
petroleo de origem venezuelana (DE OLIVEIRA et al., 2020; REDDY et al., 2022). No
entanto, a investigacdo conduzida pela policia federal, para determinar a responsabilidade
pelo desastre, concluiu que o acidente foi causado pelo petroleiro Boubolina, sob
administracdo da empresa grega Delta Tankers, que estaria transportando petréleo da
Venezuela para Singapura (FEDERAL, 2022).

O estado de Pernambuco registrou 1700 toneladas coletadas ao longo do seu litoral,
correspondendo a 31,16% do total coletado em toda costa brasileira afetada (SOARES et al.,
2022). Apesar dos recifes barrarem parte do petrdleo que avancou em direcdo a costa, as
oscilacBes de maré permitiram a passagem das massas flutuantes de petrdleo através dos
recifes que se depositaram nas praias e manguezais. Nos estuarios, as diferentes mudancas de
salinidade e densidade da agua permitiram a deposicdo de petrdleo entre as raizes dos
mangues, dificultando sua retirada destas superficies irregulares (MAGALHAES et al., 2022;
MAGRIS et al., 2020). No entanto, no mar e em superficies menos acidentadas a textura
emulsificada facilitou sua remogéo que impedia que o material se espalhasse ou se dispersasse

em goticulas pequenas como ocorre em acidentes com o petréleo liquido.

Costdes rochosos como na Praia de Muro Alto, praias arenosas e praias com
formagdes recifais como nas Praias do Paiva, Catuama, Pedra do Xaréu e Suape presentes em
extensas faixas do litoral pernambucano foram impactadas por residuos deste petroleo que se
dissolveu para a coluna de &gua, gerando concentra¢bes de hidrocarbonetos policiclicos
aromaticos (HPAs) relevantes, alcancando concentrag@es de 0,75 a 7,1 ug L de HPAs totais
(XHPALt)(MELO ALVES et al., 2024). Isso provocou situacdes de exposicdo de organismos
adultos e estagios iniciais de vida (EIV) a diferentes concentracées de HPAs. O Brasil € um
pais tropical e o 6leo atingiu a costa pernambucana em latitudes elevadas préximas ao

Equador, onde sdo verificados altos niveis de radiagdo solar e radiacdo ultravioleta (UV)
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(PEREIRA et al., 2017). A exposi¢do combinada de organismos aquaticos na fase larval a
radiacdo UV e HPAs pode resultar na indugdo da toxicidade para organismos aquaticos
(ROBERTS et al., 2017).

A permanéncia do petréleo nas areas impactadas induziu o surgimento de patologias
nos EIV dos peixes residentes como edemas e escolioses (DE SOUZA et al., 2022), ja em
adultos foi observada bioacumulacdo de HPAs em bile e alteragcdes de marcadores de estresse
oxidativo e biotransformacdo (MELO ALVES et al., 2024). Além disso, recifes de corais
impactados pelo 6leo apresentaram uma reducdo na riqueza de espécies da fauna benténica e
na sua abundancia populacional (CRAVEIRO et al., 2021; LIRA et al., 2021; SANTANA et
al., 2022), indicando que o impacto do petroleo prejudicou 0s ecossistemas afetados em nivel
de comunidade. Apesar dos diferentes processos de intemperizacdo serem responsaveis pela
reducdo da concentracdo dos HPAs nestes ambientes, tem sido observado que 0 mesmo
processo € capaz de gerar diferentes composi¢cdes de espécies quimicas de HPAs com maior
potencial toxico para EIV a medida em que os HPAs de baixo peso molecular evaporam ou se
degradam (MARIZ JR et al., 2024).

A dissolucdo de HPAs de petroleo pode gerar uma mistura potencialmente toxica para
0S organismos aquaticos, entre os quais 0s EIV de peixes sdo possivelmente 0os mais sensiveis
(CHERR et al., 2017; HODSON, 2017). Em laboratério € possivel simular essa dissolugédo de
HPASs e outros compostos lixiviados do dleo para a agua por meio da preparacao de fracdes
acomodadas em agua de 6leo (FAA) (SINGER et al., 2000). A exposicao de peixes em EIV a
concentracdes da magnitude de ng L a ng Lt de HPAs pode causar anormalidades no
desenvolvimento de embrides de peixes e larvas, incluindo efeitos relacionados ao
desenvolvimento e funcdo cardiaca e subsequentes alteracGes fisiologicas e comportamentais
gue podem afetar o recrutamento para populacbes adultas (CHERR et al., 2017
INCARDONA et al., 2015; PASPARAKIS et al., 2019).

O Danio rerio ou zebrafish € um modelo biolégico amplamente utilizado pelas suas
caracteristicas fisiologicas e morfoldgicas embrionarias que nos permite avaliar o
desenvolvimento de seus 6rgaos e patologias durante a embriogénese. Além disso, o zebrafish
tem sido utilizado em uma ampla variedade de estudos de toxicidade com petroleo (LI et al.,
2018; RANGES et al., 2024). Os estuarios de Barra de Catuama, Rio Formoso e Suape foram
impactados pelo Oleo que atingiu a costa pernambucana, onde reside o peixe Eugerres
brasiluanus, comum em regides de estuario até a fase juvenil, onde se alimenta e busca

refigio entre 0 manguezal, migrando para o mar apenas na fase adulta (FIGUEIREDO, 1980;
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FRANCO et al.,, 2012). Nesse contexto, o objetivo desta tese foi avaliar os efeitos
ecotoxicoldgicos do petréleo que chegou ao litoral brasileiro através de experimentos em
laboratdério com a fase embriolarval do peixe Danio rerio, e com estudos de campo focados
em juvenis de Eugerres brasilianus residentes nos manguezais afetados pelo petréleo no

estado de Pernambuco.
Il FUNDAMENTACAO TEORICA

1.1 CONTAMINACAO QUIMICA DOS ECOSSISTEMAS AQUATICOS

Historicamente as populacfes humanas tendem a se desenvolver proximas a corpos
hidricos, devido aos beneficios para a captacdo de agua, para manutencao das suas atividades
de subsisténcia como a agricultura e manutencdo de atividades diaria, como descarte de
efluentes originados destas mesmas atividades (ZHANG et al., 2015). Contudo o advento da
revolucdo industrial proporcionou o desenvolvimento da ciéncia e tecnologia e como
consequéncia o crescimento e uma maior longevidade das populagdes humanas. Contudo, o
desenvolvimento desordenado avangou sem a concomitante implementacdo de medidas
eficazes para mitigar seu crescente impacto ambiental. Essa trajetoria resultou em um
aumento significativo no descarte de efluentes contendo substancias que até entdo eram
inéditas nos ecossistemas. Ainda com pouca ou nenhuma medida que compreendesse 0

potencial toxico de determinadas substancias para 0s ecossistemas.

Apesar de todo o movimento ambientalista entre as décadas de 60 e 70 para o0 que
vinha sendo descartado na natureza de forma deliberada, as popula¢bes humanas ndo
mudaram seu ritmo de producdo ou ao menos reduziram o nimero de substancias. Pelo
contrario, hoje existem bem mais substancias quimicas que existia dez anos atrds ou muito
antes disso. O desenvolvimento da inddstria quimica ndo sé tem cada vez mais produzindo
substancias como sofisticou e aprimorou muitas delas. Consequentemente, rios e estuarios
configuram-se como sistemas aquaticos de crescente complexidade quimica, resultante da
presenca de multiplos poluentes em baixas concentracdes, 0s quais podem interagir de forma
isolada, sinergica ou antagonica, ter seus efeitos potencializados ou atenuados por variaveis
ambientais, ou sofrer processos de biotransformacdo (SCHWARZENBACH et al., 2006). Os
cuidados com estes corpos hidricos corriqueiramente € limitado apenas a avaliacdo da
qualidade das aguas sem levar em consideracdo a estrutura do ecossistema, o habitat fisico o
fluxo de energia que pode ser desestabilizado e causar danos a estes ambientes (POFF et al.,
1997).
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De fato hoje sdo classificadas cerca de 350.000 substancias e misturas produzidas pelo
homem das quais 50.000 possuem formula desconhecida ou né&o divulgadas e 70.000 foram
descritas de maneira ambigua (WANG et al., 2020). Desta forma rios que cortam grandes
cidades sdo os que mais recebem cargas de poluentes, possuindo altas concentracdes de
contaminantes, sendo denominados rios urbanos. Neste contexto, estes rios sdo o destino de
boa parte dos contaminantes que chegam a estes corpos hidricos por meio de efluentes
domésticos, industriais e escoamento urbano (LOPEZ-DOVAL et al., 2013; WANHONG et
al., 2020). Além disso, a agricultura intensiva também € uma das principais causas da
poluicdo difusa da agua, levando a eutrofizacdo e contaminacdo dos recursos hidricos
superficiais e  subterrdneos com  pesticidas e  medicamentos  veterinarios
(SCHWARZENBACH et al., 2006).

A fracdo de contaminantes ndo atenuada por processos de degradacdo, sorcdo ou
sedimentacdo nos cursos fluviais é carreada para os manguezais, biomas de alta complexidade
ecoldgica e significativa diversidade biologica. Os manguezais sdo ecossistemas Unicos que
hospedam ricos conjuntos de espécies, sendo lar de uma variedade de invertebrados e
vertebrados. O manguezal desempenha um papel especial como habitat de bercario para
juvenis de peixes cujos adultos ocupam outros habitats como recifes de coral e rios
(KATHIRESAN et al.,, 2001). Assim como 0s rios, que comportam historicamente
populagdes humanas os litorais seguem no mesmo sentido, onde 0s manguezais sdo ainda
hoje receptores de emissarios que descarregam esgoto doméstico sem tratamento (ARAUJO
et al., 2021). Alguns contaminantes comuns nos manguezais sao hidrocarbonetos policiclicos
aromaticos (HPAS), poluentes organicos persistentes (POPs), produtos farmacéuticos e de
cuidados pessoais e compostos desreguladores enddcrinos que ja foram detectados em varios
compartimentos de mangue (agua, sedimentos e biota) (BAYEN, 2012; SILVA et al., 2021).

No Brasil a Lei n°® 9.433 de 08 de janeiro de 1997 foi criada para definir infracGes e
penalidades, sendo conhecida como a “A lei das dguas”, de maneira geral ela institui a
Politica Nacional de Recursos Hidricos com base no Sistema Nacional dos Recursos Hidricos
(SINGERH). Além disso, a lei n® 9.984, de 17 de julho de 2000 cria e regulamenta a Agéncia
Nacional das Aguas (ANA) responsavel pelo gerenciamento do SINGERH que atua no
gerenciamento das bacias hidrograficas em ambito federal. Um ponto importante para se
destacar ¢ que diferentes dos recursos hidricos, o gerenciamento do saneamento basico
geralmente é de competéncia dos estados ou empresas privadas. Em Pernambuco a Agéncia

Estadual de Meio Ambiente (CPRH) € responsavel pelo monitoramento da qualidade das
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aguas dos rios, reservatorios e balneabilidade das praias. Apesar de todos os cuidados e
monitoramento destas areas, 0s rios e manguezais brasileiros sofrem diariamente com cargas
massivas de esgoto doméstico sem tratamento, lancamento de efluentes sem tratamento nos
rios e o descarte de residuos sélidos que podem carrear diferentes classes de contaminantes
por afinidade com material. A persisténcia desta problematica, apesar da sua recorrente

menc&o, acarreta um risco substancial a biodiversidade destes ecossistemas.

1.2 ECOTOXICOLOGIA DE ECOSSISTEMAS AQUATICOS

A ecotoxicologia € juncdo da toxicologia classica que compdem o estudo dos efeitos
toxicos de substancias, com a ecologia que visa o estudo das interagcdes dos organismos com o
meio ambiente. O termo ecotoxicologia surgiu em 1969 e foi introduzido por Truhalt
(WALKER, 2005). Desta forma a ecotoxicologia surge como uma area que estuda como as
substancias quimicas interagem com 0s organismos e quais as consequéncias destas interacdes
para os ecossistemas. A definicdo por RAND; et al. (1995) diz que se trata do estudo do efeito
de produtos quimicos manufaturados, atividades antropogénicas e naturais (coletivamente
denominados agentes ou substancias toxicas) nos organismos em Varios niveis de

organizacdo, desde o subcelular, passando pelo individuo, até as comunidades e ecossistemas.

A ecotoxicologia vem ganhando grande visibilidade com o avango das tecnologias e 0
desenvolvimento humano, principalmente pelas consequéncias de erros ou negligéncia no
manuseio e na criacdo de substancias toxicas e seus derivados. Assim como a biologia da
conservacao, a ecotoxicologia surgiu como uma das ciéncias da crise, pois sdo a resposta a
variados problemas ambientais consequentes do desenvolvimento humano. O
desenvolvimento e crescimento das ciéncias da crise sdo importantes a0 mesmo tempo que
sdo preocupantes. Na maioria dos casos € acompanhada de desastres ambientais orquestrados
pelo desenvolvimento humano. Neste contexto, 0s ecossistemas aquaticos sdo o destino de
parte significativa de diferentes grupos de contaminantes como os metais (BAYEN, 2012),
POP (WENNING et al., 2014), biocidas (MARTINS et al., 2018) dentre outros. O principal
motivo que norteia 0s ecossistemas aquaticos como destino é o proprio ciclo da dgua que
constantemente adsorvem contaminantes do ar, lixivia o solo e movimenta concentrados de

contaminantes em regides intermitentes de fluxo de agua.

A complexidade e diversidade dos ambientes aquéticos e as diferentes pressoes as quais
eles estdo submetidos os fazem matrizes complexas para avaliagdo e determinacdo de
compostos causadores de toxicidades nos organismos residentes. Desta forma existe a

necessidade cada vez maior de estratégias para avaliar a contaminagdo e poluigéo, pois 0 uso
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de produtos quimicos industriais e a demanda por agua limpa estdo aumentando
constantemente (SCHWARZENBACH et al., 2006). A partir da percepgédo e necessidade de
fontes hidricas de qualidade para consumo humano e a fim de reduzir os impactos para 0s
ecossistemas aquaticos o desenvolvimento de meétodos avaliativos de qualidade hidrica por
meio de testes de toxicidade surge como resposta para reducdo e precaucdo de possiveis

impactos ambientais.

O uso de animais para avaliacdo de toxicidade faz parte de um conjunto de ferramentas
necessario para avaliacdo de risco de efluentes, afluentes e substancias. Contudo o uso de
organismos vivos para avaliacdo de risco de ecossistemas é bem mais recente, sendo
inicialmente utilizado em prol do beneficio humano (EMBRY et al., 2010). Apesar disso, foi
visto que além do beneficio humano também era possivel utilizar estes animais para a
avaliacdo da qualidade do ambiente, a fim de obter um diagnostico sobre a saude de
determinado ecossistema. Nesse contexto de destacam modelos bioldgicos aquaticos, como o
Danio rerio, que é um tele6steo de dgua doce, Daphnia magna, invertebrado de adgua doce,
Artémia spp., invertebrado de agua salgada e os organismos sentinelas que ja estdo inseridos

no problema que seré avaliado.

A utilizacdo de peixes para avaliacdo de ecossistemas aquéticos é de grande relevancia
social, econdmica e ecoldgica, dada a importancia deste grupo para a sociedade e meio
ambiente, e tém sido utilizados com destaque ao longo da histéria da ecotoxicologia (DI
GIULIO; HINTON, 2008). Parametros ecotoxicoldgicos avaliados em peixes se tornaram
ferramentas importantes para a analise do impacto e do risco ambiental dos contaminantes
quimicos, e para 0 monitoramento dos ecossistemas aquaticos. Isto se da principalmente pela
sua ampla distribuicdo nestes ecossistemas, constituindo em uma diversidade de cerca de
32.000 espécies, sendo também o maior grupo de vertebrados quando comparado a outros

grupos como mamiferos, aves e répteis (HELFMAN, 2013).

1.3 POLUIQAO POR PETROLEO E DERIVADOS

Os combustiveis fosseis como o petroleo, gas natural e carvdo mineral que conhecemos
sdo uma fonte de energia esgotavel originado da decomposicdo de matéria organica que por
um longo periodo passou por processos geoldgicos extremos. Os depdsitos de petréleo sao
formados como consequéncia do aumento das temperaturas que acompanham o soterramento
progressivo de matéria organica nas profundezas das bacias sedimentares (SEEWALD, 2003).

Grande parte destes combustiveis fésseis data da era Paleozoica, mais precisamente do
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carbonifero a cerca de 300 milhdes de ano, periodo da histdria geoldgica da terra em que
matéria organica era abundante no planeta (MIALL, 1996).

O petréleo tém sido explorado desde o surgimento da civilizacgdo humana,
particularmente na antiga Mesopotamia e em outras partes do Oriente Médio, onde era
utilizado como asfalto para a construcdo de estradas, aroeira para impermeabilizar navios,
arquitetura e hidraulica, como componentes essenciais para medicamentos e outros
tratamentos (MAUGERI, 2006). A industria do petrdleo teve seu nascimento em 1859, com a
perfuracdo do primeiro poco de extracdo por Edwin L. Drake na Pensilvania-USA, seguindo
ordens da empresa “Seneca Oil Company” que ja extraia petr6leo por vias de exsudacdo
natural, uma maneira bem mais lenta de se obter o dleo (TARBELL, 2018). Foi s6 com o
surgimento das maquinas de guerra e durante a primeira guerra mundial que o mundo
entendeu a importancia e ao potencial do petréleo como fonte de energia. O crescimento da
demanda do petréleo para as diferentes atividades e constru¢do de materiais tomou grandes
proporcdes com o passar dos anos. A industria do petroleo que em 1970 produzia 45 milhdes
de barris por dia (Mbbl d) em 2015 estava produzindo cerca de 95 milhdes (Mbbl d™2).

Dentre os paises que mais refinam petréleo estdo EUA, China e Russia (JING et al., 2020).

O refinamento do petrleo € um conjunto de processos que transformam o 6leo cru
(petréleo) em derivados de valor comercial como gasolina, nafta, querosene e 6leo leve, por
meio de instalagdes de refino, como destilacdo, craqueamento de petroleo pesado e
dessulfuracdo (LIM et al., 2020). O refino do petréleo é um dos negdcios mais rentaveis
produzidos pela humanidade, isto se da principalmente pela necessidade do mundo moderno
em fontes energéticas. A importancia do petr6leo é tamanha que motiva guerras, move
grandes economias e basicamente estd presente de alguma maneira na vida das pessoas. A
composicao do petréleo varia do poco em que esta sendo extraido, contudo de maneira geral
ele é composto por 97% de hidrocarbonetos e 0os demais 3% de outros elementos considerados
“contaminantes” como os heterodtomos (N, O, S) que junto aos hidrocarbonetos podem
possuir mais de 20.000 composicdes elementares distintas (CHONS) (MARSHALL et al.,
2004; NRC, 1985). No petroleo, as principais classes de hidrocarbonetos presentes sdo a dos
hidrocarbonetos alifaticos e os hidrocarbonetos aromaticos que estdo presentes em pequenas

quantidades, mas sdo as que possuem maior potencial toxico em pequenas concentracdes.

1.3.1 Acidentes e contaminacéo dos ecossistemas por derivados de petroleo
Nas ultimas trés ou quatro décadas, houve uma mudanca na forma como o petréleo

bruto chega ao ambiente marinho, anteriormente eram descargas operacionais da lavagem dos
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cargueiros e desastres nos transportes (navios petroleiros). Recentemente os vazamentos dos
oleodutos sdo as principais causas da introducdo do petr6leo no ambiente e vém se
intensificando (Figura 1) (JERNELOV, 2010). Apesar disso, sdo 0s acidentes com navios
petroleiros e plataformas de extracdo que recebem maior visibilidade dado o volume liberado
no ambiente em um curto espago de tempo, como foram os casos do petroleiro Exxon Valdez
no Alaska e da sonda petrolifera Deep Water Horizon no golfo do México. As estimativas da
quantidade de 6leo derramado no oceano pela plataforma Deep Water Horizon variam. No
entanto, a estimativa aceita pelo governo federal é de 4,8 milhdes de barris de 6leo entre 14 de
abril a 20 de julho de 2010 (CAMILLI et al., 2012). O desastre comecgou em 20 de abril de
2010 e foi um dos mais estudados e apresenta inimeros trabalhos sobre o potencial toxico do
petréleo para a vida marinha. Isto se deu principalmente, pois durante o desastre foram
utilizados 2,1 milhdes de galdes de dispersante que deixou quantidade consideravel de HPAs
biodisponiveis na coluna d’agua (ALLAN et al., 2012; KUJAWINSKI et al., 2011).

Figura 1 - Histérico de alguns desastres com petréleo e relagdo entre os desastres com navios petroleiros
e vazamentos de pocos com vazamentos de oleodutos.

Tendéncias de derramamento de petrdleo

Embora os derramamentos médios de navios estejam diminuindo, o estouro de oleodutos esta aumentando.
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Outro acidente que ganhou grande visibilidade foi com o navio petroleiro Exxon
Valdez que encalhou nos recifes da Ilha Bligh no norte de Prince William Sound em 24 de
marco de 1989. Este acidente mostrou a capacidade de persisténcia do petroleo nos
ecossistemas, sendo encontrado 6leo pouco intemperizado em sedimentos superficiais, além
de resquicios em 78 das 91 praias que foram impactadas quase 12 anos apés 0 acidente
(SHORT et al., 2004). A preservacdo e soerguimento do petroleo e consequentemente a

liberacdo de moléculas de HPAs nos ecossistemas aquatico geram um tipo de exposic¢do
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crdnica nos organismos, sendo capaz de aumentar o indice de mortalidade no local acometido
(PETERSON et al., 2003).

Os anos de 2019 e 2020 foram abalados por um dos acidentes ambientais mais
catastroficos para os ecossistemas aquaticos costeiros do Brasil. No entanto, acidentes com
petroleo no pais ndo sdo novidade. Em janeiro do ano 2000, uma ruptura em um oleoduto que
transportava petréleo bruto entre a base de extracéo e a refinaria vazou cerca de 1300 m? de
petrleo na Baia de Guanabara no Rio de Janeiro, tornando-se o acidente mais grave
envolvendo petroleo no Brasil até 2019. Outros dois acidentes ocorreram no mesmo ano, um
no Canal de S&o Sebastido em Sdo Paulo a devido colisdo de um petroleiro, do qual vazou 86
mil litros de petr6leo e o outro acidente ocorreu em uma refinaria no Parani com cerca de
4000 m® de petrdleo vazado (GABARDO et al., 2005; MENICONI et al., 2002). No entanto,
estes acidentes ndo chegaram nem perto do desastre ocorrido entre anos de 2019-2020 quando
cerca de 5000 toneladas de petréleo intemperizado foram inicialmente removidos de 980
areas litoraneas dentre elas praias e mangues (BRUM et al., 2020).

Um fator importante e que facilitou a remocdo de boa parte deste dleo, dos
ecossistemas aquaticos foi o estado de intemperismo que o 6leo chegou a costa brasileira. O
6leo que atingiu a costa do Brasil apresentava aparéncia de alcatrdo, com aspecto sélido e
mais densa do que a agua do mar, sugerindo que 0s processos de intemperismo, como
evaporacdo, dissolucdo, emulsificagdo, biodegradacdo e foto-oxidacdo alteraram a
composicdo original do petréleo bruto (LOURENCO et al., 2020). A textura se assemelhava a
um mousse o que facilitou a remocao de dentro da dgua. A textura emulsificada ocorre a partir
da adicdo de particulas de agua em meio ao 6leo fazendo essa amostra aparentar um volume
maior de 6leo do que realmente possui. A0 mesmo tempo que sua textura emulsificada
facilitou sua remocdo da agua, também favoreceu a capacidade deste 6leo em aderir em
superficies irregulares. Este fator possibilitou maior aderéncia do material a recifes de coral e
arenito da costa brasileira, bem como as raizes irregulares de mangues que ndo s6 sofreram
com o processo de adesdao como também dificultaram a remogédo deste material dado seu
entrelacamento. 1sso gerou a deposicao destas placas na regido entre raizes como demonstrado
na figura 2. Outro fato relacionado ao 6leo emulsificado é a quantidade de agua salgada
internalizada por ele, potencializando o aumento de sua densidade o que pode ter favorecido o

processo de sedimentacao nas regides de manguezal que possui uma salinidade variavel.

Um ano apos o acidente ainda era possivel encontrar amostras de 6leo com textura de

betume semissélido. Estas particulas menores encontradas ainda abril de 2021 eram carreadas
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pelo rio para a regido da praia e do manguezal. A textura destas particulas era de betumem
semissdlido (Figura 3). A manutencdo deste 6leo nos ecossistemas aquaticos pode garantir a
presenga de HPAs na coluna d’agua submetendo os organismos aquéticos a uma exposi¢ao
crénica que sabidamente pode gerar danos ao organismo exposto (PETERSON et al., 2003).
Além disso, eventos climaticos mais energéticos podem soerguer parte desse Oleo
sedimentado facilitando ainda mais o processo descrito acima e que pode também estar sendo
a causa do aparecimento de pelotas desse 6leo ainda na regido de foz dos rios quase dois anos

apos a remocao de quase todo o Gleo visivel nestes ambientes.

Figura 2 - Resquicios de petréleo intemperizado encontrados na foz do Rio Mamucabas no litoral norte do
municipio de Tamandaré em 2021.
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Figura 3 - Placas de 6leo parcialmente aterradas no leito do mangue na regido do Rio
Mamucabas no lit te de Tamandaré em abril de 20

Fonte: Paulo Carvalho

1.3.2 Potencial toxico dos derivados de petréleo

Os principais problemas relacionados a contaminacdo por petroleo e seus derivados
estdo associados a sua capacidade de liberar HPAs para 0 meio ambiente. Os HPAs possuem
alta afinidade com tecido bioldgico devido sua natureza apolar, gerando toxicidade elevada
em baixas concentragdes para organismos de diferentes ecossistemas. A presenca dos HPAS
no meio ambiente pode ser decorrente de processos piroliticos, constituindo queima
incompleta de matéria organica e petrogénicos, sendo provenientes do petréleo e seus
derivados (JOHNSON et al., 2008). Os HPAs possuem baixa solubilidade em &gua e baixa
volatilidade, além disso, a meia vida destes compostos varia de um a dois meses em
ambientes aquaticos, de dois meses a dois anos em 0Oleo e de dois meses a seis anos em
sedimento, podendo variar muito a depender das condi¢des do ambiente (MACKAY et al.,
1993; SHORT et al., 2004).

Os HPAs constituem um grupo de poluentes lipofilicos que sdo onipresentes em
ambientes marinhos e de 4gua doce (ALVES et al., 2021; DISSANAYAKE et al., 2010). Esta
capacidade lipofilica garante a estas moléculas quando dissolvidas na dgua a capacidade de se
aderir a tecidos biologicos por diferentes vias de absor¢do como a respiratoria, mucosa
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gastrointestinal e cutanea. Os HPAs possuem grande potencial mutagénico, carcinogénico,
sendo capaz de causar danos morfolégicos e comportamentais em diferentes grupos de
organismos aquaticos em especial em estagios iniciais do desenvolvimento (BOEHM et al.,
2007; VERGAUWEN et al., 2015). Apesar disso os HPAs sdo facilmente metabolizados
dentro dos organismos por processos de biotransformacgdo, o que garante a reducdo das
concentrages internas do composto. Nesse contexto, destacam-se as vias de

biotransformacao do complexo citocromo P450 e as glutationas-S-transferases.

Apesar de existirem mais de 100 moléculas de HPA conhecidas, 16 delas sdo
consideradas prioritarias pela Agéncia Americana de Meio Ambiente Environmental
Protection Agency (EPA)(Figura 4), pela sua onipresenca em ambientes contaminados e pelo
seu potencial de toxicidade, os quais tém sido amplamente estudados e avaliados no
monitoramento de areas contaminadas (ALTENBUGER et al., 2003). Estes 16 HPAs sao
motivo de preocupacdo ambiental devido seu potencial toxico para 0s seres humanos, outros

organismos e a sua prevaléncia e persisténcia no ambiente.(HUSSAR et al., 2012)

Figura 4 - Estruturas moleculares dos 16 HPAs prioritarios segundo a Agéncia de Protecdo Ambiental dos
Estados Unidos (US EPA). 1. Naftaleno, 2. Acenaftileno, 3. Acenafteno, 4. Fluoreno, 5. Fluoranteno, 6.
Benzo[a]antraceno, 7. Fenantreno, 8. Antraceno, 9. Pireno, 10. Benzo[g,h,i]perileno, 11. Benzo[a]pireno, 12.
Benzo[b]fluoranteno, 13. Indeno[1,2,3-cd] pireno, 14. Benzo[k]fluoranteno, 15. Dibenzo[a,h]antraceno e 16.
Criseno
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Fonte; QUEIROZ (2009).

1.4 BIOMARCADORES DE POLUICAO E MODELOS BIOLOGICOS UTILIZADOS
VAN DER OOST et al. (2005) define biomarcadores de poluicdo como mudancas nas
respostas bioldgicas relacionadas a exposicdo ou aos efeitos tdxicos de contaminantes
quimicos ambientais que podem variar desde respostas moleculares a celulares, respostas
fisioldgicas, morfologicas até mudangas comportamentais. Desta forma, os aspectos da
mudanga de qualquer estrutura, processo ou comportamento, que S80 expressos nos
organismos a partir do desequilibrio homeostatico causado por processos patologicos podem

ser avaliados quanto a suas alteracdes e isto os definem como biomarcadores.

O estudo dos diferentes extratos organizacionais bioldgicos nos permite entender sobre
as diferentes vias de efeito toxico e quais suas implicacdes em nivel ecolégico. A exemplo da
aplicacdo de biomarcadores em diferentes extratos, podemos avaliar 0s motivos que levaram
grandes acidentes com petréleo, como 0s que ocorreram na plataforma Deepwater Horizon,
ou os cargueiros Exxon Valdez e Hebei Spirit, a reduzir populacbes e comunidades de
organismos aquaticos (BARRON et al., 2020).0s fatores que levam a redu¢des populacionais
de animais aquaticos apds a contaminagao por petréleo sdo variados. E sabido que o petréleo
e seus derivados podem ser letais para fases embrionérias de peixes (SORHUS et al., 2022), o
que afeta diretamente no recrutamento destes organismos na manutencdo da populacdo. Os
embrides que ndo morrem diretamente podem apresentar alteracfes hormonais (YANG et al.,
2019), deformidades morfoldgicas (INCARDONA et al., 2004a) e alteracGes
comportamentais (JOHANN et al., 2020). Desta forma, estes alevinos ou larvas podem ser
facilmente predados. Em peixes adultos, onde os sistemas de defesa interno estdo mais
desenvolvidos, mas ainda é comum observar alteracGes biolégicas em marcadores
bioquimicos de estresse oxidativo e biotransformacdo (DAMASIO et al., 2007; SMELTZ et
al., 2017).

Nesse contexto, a analise da variacdo da resposta dos biomarcadores, conforme as
doses ou concentracbes de exposicdo € fundamental para entender os mecanismos de
toxicidade dos contaminantes. Em particular, a identificacdo da dose ou concentracdo de
exposicdo minima capaz de gerar algum tipo de alteragdo no biomarcador medido no modelo
biologico em questdo fornece informacgdes cruciais sobre a sensibilidade do organismo aos
compostos toxicos e os limiares de seguranca para uso de compostos variados. Os modelos
bioldgicos desempenham um papel crucial como ferramentas para estudos de impacto

ambiental. Esses organismos ou sistemas biologicos sdo selecionados para simular e prever
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como os poluentes podem afetar diferentes niveis de organizacdo bioldgica, desde células até
ecossistemas inteiros. Os resultados obtidos a partir desses modelos sdo fundamentais para a
avaliacdo de riscos ambientais e para o desenvolvimento de estratégias eficazes de gestdo e

remediacdo de areas contaminadas.

1.4.1 Carapeba Eugerres brasilianus

A familia Gerreidae, conhecida popularmente como ‘“carapebas”, constituem uma
familia da classe dos Perciformes com grande importancia na pesca artesanal, comercial e
esportiva, sendo bem apreciado na regido Nordeste do Brasil para 0 consumo humano
(BEZERRA, 2001). A carapeba (Eugerres brasilianus Cuvier, 1830) é distribuida no
Atlantico ocidental, do Golfo do México até Santa Catarina no Brasil. A espécie E.
brasilianus (Figura 5)é abundante nas regiGes costeiras proximas a manguezais no Brasil,
México e Cuba, onde é capturada por pesca artesanal com relativa facilidade (ALVAREZ-
LAJONCHERE et al., 1996; MENEZES et al., 2009). O E. brasilianus possui uma parte de
seu desenvolvimento em estudrio e quando adulto transita entre o ambiente marinho e
estuarino, sendo considerado eurialino, além de possuir habitos alimentares onivoros
(FIGUEIREDO, 1980; FRANCO et al., 2012). E um animal que possui fases juvenis em
estuarios se qualifica como uma excelente espécie sentinela para avaliar a salde dessas areas.
As espécies sentinelas, de modo geral, destacam-se como indicadores bioldgicos da qualidade
ambiental, sendo organismos sensiveis a poluentes especificos e, por isso, utilizados para

monitorar a presenca e os efeitos de contaminantes nos diversos ecossistemas.

Figura 5 - Eugerres brasilianus capturado na regido estuarina de Barra de Catuama
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1.4.2 Zebrafish Danio rerio

O Danio rerio € um peixe teledsteo de agua doce pertencente a familia Cyprinidae
com padrdo de cores azul e prateado, natural das regibes montanhosas entre a India,
Bangladesh e Nepal e que ganhou grande notoriedade no meio cientifico devido sua
capacidade de fornecer respostas importantes de maneira rapida e barata. Estes animais
chegam a fase adulta de 3 a 4 meses ap0s a eclosdo e possuem dimorfismo sexual marcado
basicamente pela coloragdo amarelada da nadadeira caudal do macho (Figura 6), raramente
excedem 0s 40 mm de comprimento padrdo e seus ovos chegam até a 0,7 mm de diametro,
sendo considerado grande quando comparado a outros animais do mesmo porte fisico
(SPENCE et al., 2008). A expectativa de vida destes peixes é entre 2 a 4 anos e a alta

producéo de ovos por fémea chega a aproximadamente 200 ovos/postura (SIEBEL, 2015).

Figura 6 -. Detalhes do dimorfismo sexual encontrado entre machos e fémeas da espécie Danio rerio Ae B
demostrando a diferenga no tamanho do abdomem, A’ e B’ é possivel ver a maior pigmentag@o na cauda do
macho, a fémea B’’ tem menos pigmento que o macho B’’, em A’’’ ¢ possivel ver a papila genital da fémea que
estd ausente no macho B’”’. A barra de escala possui 2 mm.
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Fonte: Adaptada de KOSSACK et al. (2019)

O Danio rerio ¢ um modelo bioldgico com significativa plasticidade de fun¢des no
meio cientifico. Tem sido observado que estagios iniciais de vida deste peixe &€ uma
importante ferramenta para monitoramento de areas degradadas (ALVES et al., 2023; ALVES
et al., 2021). Seu papel na medicina e biomedicina vem crescendo atualmente devido as suas
caracteristicas genéticas. A pesquisa com D. rerio melhorar a compreensdo dos papéis
detalhados de genes especificos em doencas humanas, tanto raras quanto comuns, devido seus
70% de seus genes ortélogos com a espécies humana (HOWE et al., 2013). Trés sdo as
grandes vantagens do uso do zebrafish na pesquisa, o baixo custo, o rapido desenvolvimento e
o0 repertorio de ferramentas desenvolvidas que descrevem atributos importantes da biologia
desta espécie (SIEBEL, 2015). Diante das vantagens apresentadas pelo D. rerio, este

organismo vem sendo amplamente utilizado em testes ecotoxicoldgicos como modelo
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bioldgico. Foi avaliado que o Zebrafish Embryotoxicity Test (ZFET) é um método robusto
com uma boa reprodutibilidade intra e interlaboratorial para a maioria dos produtos quimicos
(BUSQUET et al., 2014). Além disso, a ampla gama de parametros e fisioldgicos, patoldgicos
e comportamentais fazem deste organismo um excelente modelo biolégico para entender o

efeito de contaminantes ou poluentes em um curto espaco de tempo e com poucos gastos.
1.5 CATEGORIAS DE BIOMARCADORES DE POLUIC;AO UTILIZADOS

1.5.1 Biomarcadores bioquimicos de biotransformacéo de Fase 1 e 2

O processo de desintoxicacdo de xenobioticos, que inclui os HPAs, inclui as enzimas
do complexo enzimético P450 e acontecem em sua maior parte nos hepatocitos (STEGEMAN
et al., 1997). Nos peixes as P450 sdo as enzimas que melhor expressam 0 processo de
biotransformacdo destes compostos. E a familia das enzimas CYP-1A que catalisam as
reacOes de biotransformacdo de fase | que compreendem processos de oxidacdo dos
xenobioticos (VUILLEUMIER, 1997). A fase Il no processo inclui a conjugacdo do
xenobioticos pré-modificado com compostos enddgenos ao organismo com a finalidade de
facilitar ainda mais sua excrecdo. Dentre os compostos enddgenos utilizados neste processo
estd a glutationa que € responsavel por viabilizar mais o processo de excrecao durante a fase
Il (SHEEHAN et al., 2001).

O mecanismo de inducdo de CYP1Al € tipicamente associado a um receptor
citosolico, referido como receptor hidrocarboneto arilico (Ah). O xenobiético indutor se
combina com o receptor Ah da proteina membranar, em seguida o complexo receptor-indutor
é encaminhado ao ndcleo do hepatdcito, onde se liga ao regulador do gene das CYP1Al
(WHYTE et al., 2000). Este complexo aciona a transcrigdo do gene CYP1A, sendo entdo o
RNA mensageiro é carreado para o citoplasma, traduzido nos ribossomos onde as
apoproteinas sdo sintetizadas. Este processo resulta na inducdo do metabolismo de
xenobidtico por parte da enzima Etoxresorufina-O-Desetilase (EROD). Quando o receptor Ah
deixa de ser acionado a producdo das P450, familia enzimatica a qual a EROD faz parte,
deixa de ser produzida, voltando aos valores basais. A avaliacdo da atividade da EROD em
peixes € um biomarcador in vivo bem estabelecido de exposicdo a HPAs e compostos
estruturalmente relacionados (SILVA et al., 2021; STEGEMAN et al., 1994).

As glutationa-S-transferases (GST) compreendem uma familia de enzimas
multifuncionais que catalisam o ataque nucleofilico da forma reduzida da glutationa (GSH) a
compostos que apresentam um carbono, um nitrogénio ou um atomo de enxofre eletrofilico

(HAYES et al., 2005). O processo inclui a conjugacdo do xenobiotico oxidado na fase | e na
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maioria dos casos com o peptideo enddgeno, glutationa. O conjugado, entdo, passa a ser mais
hidrossoltvel e mais facilmente excretado. A avaliacdo na atividade da GST é bastante
esclarecedora quanto a possibilidade de contaminacdo por xenobioticos, visto que a enzima

responde a diferentes grupos de contaminantes.

1.5.1.1 Liquido biliar como destino da biotransformac&o dos HPAs

Apols o0s processos de biotransformacdo de fase | e Il o destino dos HPAs
biotransformados é a vesicula biliar. Na fase 1, os HPAs presentes no citosol dos hepatdcitos
sdo hidrolisados, reduzidos ou oxidados pelas enzimas do complexo P450. Neste caso, a
enzima EROD atua como principal agente catalitico, adicionando a hidroxila aos HPAs. Em
seguida existe conjugacdo dos HPA-OH com compostos enddgenos que tem como objetivo
aumentar o a facilidade de excrecdo destes xenobiéticos pelo aumento da capacidade
hidrofilica da molécula. O processo é catalisado pelas enzimas glutationa-S-transferase,
uridina difosfoglicuronosil transferases (UGT) e sulfotransferases (ST). A conjugagdo de
glutationa a xenobioticos polares pela GST representa uma importante via para reacdes de
fase 2 em peixes (GAGNE, 2014a). Por este motivo a GST tem sido utilizada como
biomarcador de biotransformacéo de fase Il em peixes expostos a contaminacgéo por petroleo e

seus derivados.

O figado € destino de diferentes contaminantes dada sua complexa e branda irrigacdo
sanguinea. Normalmente o 6rgdo atua no metabolismo de gorduras a partir da criacdo do
liquido biliar e producdo de proteinas fundamentais. A bile € esvaziada no trato alimentar
apos a ingestdo de alimentos para ajudar com a quebra de lipidios e outros compostos no
intestino junto com a bile vdo os HPAs biotransformados que podem tanto ser excretados
diretamente pelas fezes quanto retornar a corrente sanguinea e reiniciar 0 processo de
biotransformacdo (BEYER et al., 2010). Durante o periodo em que os HPAs sdo armazenados
na bile é possivel analisar sua concentracdo, gerando uma medida quantitativa da
bioacumulacdo ou dose destes compostos no compartimento representado pelo liquido biliar

acumulado na vesicula biliar do organismo.

Os HPAs e seus metabolitos se acumulam na bile e possuem capacidade de emitir
fluorescéncia caracteristica em determinadas condicbes de excitagdo. A analise da
fluorescéncia da bile permite medir de maneira qualitativa esses metabolitos. Outras técnicas
como como cromatografia liquida de alta eficiéncia (CLAE), espectrometria de fluorescéncia
sincrona (SFS) sdo utilizadas para realizar a quantificagdo destes compostos no liquido biliar,

no entanto a fluorescéncia fixa (FF) tem sido descrita como a mais comum por ser um método
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relativamente rapido e de baixo custo (AAS, E. et al., 2000; VUORINEN et al., 2006). O
método FF, semiquantitativo, utiliza pares de comprimentos de onda especificos para cada
HPA, embora outras moléculas congéneres também possam contribuir para a fluorescéncia
final. Estudos comparativos entre CLAE (quantitativo) e FF mostram resultados semelhantes,
validando a FF como um método efetivo (LIN et al., 1996; VUORINEN et al., 2006). A FF
analisa biles diluidas com pares de comprimentos de onda de excitagdo/emissdo especificos
para cada HPA. HPAs menores exigem maior energia de excitagdo (comprimentos de onda
mais curtos), enquanto HPAs maiores requerem comprimentos de onda mais longos (BEYER
etal., 2010; LIN et al., 1996).

1.5.2 Biomarcador de neurotoxicidade

A acetilcolina € um neurotransmissor que esta presente em todo o sistema nervoso
central e periférico de vertebrados, além de também atuar no sistema nervoso autdbnomo,
sendo seus receptores divididos em muscarinicos e nicotinicos (PICCIOTTO et al., 2012). Os
receptores muscarinicos sao receptores metabotropicos que sdo estimulados pela acetilcolina e
desencadeiam uma resposta pela ativacdo de canais i6nicos enquanto 0s receptores
nicotinicos, também colinérgicos, estdo relacionados ao sistema muscular, ganglionar e o
sistema nervoso central. A acetilcolinesterase (AChE) é a enzima que desempenha o papel
principal na degradacéo do neurotransmissor acetilcolina nas fendas sinépticas e esta presente
principalmente nas células nervosas, onde sua atividade determina o fim da resposta sinéptica
tanto no receptor muscarinico quanto no nicotinico (PICCIOTTO et al.,, 2012). A
Butirilcolinesterase (BChE) ou pseudocolinesterase esta presente principalmente no plasma
sanguineo, intestino e pancreas. A BChE pode estar envolvida em vérios processos, dentre
eles estd o processo de desintoxicacdo, regeneracdao celular, proliferagdo celular, e na
neurogénese de embrides (MACK et al., 2000).

Historicamente os pesticidas ganharam grande visibilidade como desreguladores na
atividade da AChE. Contudo outros contaminantes, dentre eles os derivados de petréleo,
possuem capacidade semelhante em organismos aquaticos (OLIVARES-RUBIO et al., 2021).
Alguns problemas na atividade normal da AChE podem causar perda de equilibrio, perda de
apetite, problemas no comportamento evasivo e problemas na performance natatdria
(BRETAUD et al., 2000; JOHANN et al., 2020). Em peixes, o sistema neuromuscular é
principalmente colinérgico e o mau funcionamento pode ter sérias consequéncias no

comportamento locomotor destes individuos através da hiperestimulagdo, o que pode causar



35

tetdnia,, caracterizada pela contracdo involuntaria da musculatura, paralisia ou morte do
individuo (KIRBY et al., 2000).

1.5.3 Biomarcadores de estresse oxidativo

Durante o processo de respiracdo celular € comum a producdo de algumas espécies
reativas de oxigénio (ERO) que sdo rapidamente convertidas em moléculas néo reativas para
0 organismo. No entanto, quando o organismo € exposto a alguns Xxenobidticos as
concentracdes destas EROs aumentam em concentracdo, podendo resultar em problemas para
0 organismo. O problema com as EROs comeca quando elas excedem o limite de conversédo
dos agentes antioxidantes, entdo dizemos que o organismo esta passando por um quadro de
estresse oxidativo. No momento em que se instala o estado de estresse oxidativo € comum que
0 organismo desenvolva uma série de alteracdes que se estendem do nivel molecular,
causando danos no material genético (BACCHETTA et al., 2017), at¢ o nivel
comportamental, decorrente de fatores secundarios gerados pelo estresse oxidativo (NUNES
et al., 2008).

Dentre as diferentes espécies reativas de oxigénio produzidas durante o metabolismo
celular estdo o perdxido de hidrogénio (H202), radical hidroxila (OHe), superoxido (O2e-) e
singlet oxigénio (*O2) que ndo sdo toxicos, mas reagem com moléculas bioldgicas (APEL et
al., 2004). A presenca destas moléculas dentro da celula desencadeia uma serie de respostas
biolégicas acionando a producdo de proteinas antioxidantes como a glutationa (GSH),
enzimas de defesa antioxidante como as superdxidos dismutase (SOD), catalase (CAT),
glutationa peroxidase (GPx), glutationa-s-transferase (GST), além das vitaminas E e C que
sdo fatores de protecdo exdgenos (Figura 7) (DI GIULIO; MEYER, 2008).

As defesas antioxidantes constituem um grupo de mecanismos composto pelas
vitaminas C e E, enzimas (SOD, a CAT e GPXx) e outros componentes que atuam impedindo e
ou na remediacdo dos danos causados pelas ERO. O estado de estresse oxidativo representa
um denominador comum, se ndo universal, da toxicidade que poderia levar a lesdo tecidual e
ameagar a satde do organismo (GAGNE, 2014b). Além disso, a GSH se apresenta como um
importante peptideo que auxilia na reducdo das EROs (SIES, 1999). A GSH participa dos
processos de transformacgdo auxiliando as enzimas GPx e GST, além de por conta propria
ceder elétrons para as diferentes espécies reativas e estabilizando os danos causados a
membrana fosfolipidica. Ap0s passar por este processo a GSH passa a ser glutationa oxidada
(GSSG) que necessariamente precisa ser reduzida. A enzima responsavel por este processo € a

glutationa redutase (GR) que converte 0 GSSG em GSH utilizando elétrons do fosfato de
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dinucleotideo de adenina e nicotinamida na forma reduzida (NADPH) que passa a ser oxidada
(NADP+) (HUBER et al., 2008).

Figura 7 - Esquema evidenciando os processos de defesa antioxidante e dano a membrana fosfolipidica.
Defesa ndo enzimética (DNE) representada por proteina ndo enzimatica e vitaminas, Vitaminas (Vit.).
Membrana fosfolipidica (Membrana FP).

FP (LH)
N

LOOH+L:

I Produtos Estaveis [ ] Enzimas [7] D.N.E e D P

. Produtos Instaveis Membrana Lipidica e tecidos
Fonte: MARIZ JR (2021)

Alguns dos problemas com as ERO estdo relacionados com a peroxidacao dos lipideos
de membrana. O processo de oxidacao do fosfolipidio inicia resultante do contato entre um
radical lipidico (Re), que entdo sofre rearranjo para um radical dieno conjugado; sob
condicBes aerobicas tipicas, este radical lipidico reagird prontamente com Oz, produzindo um
radical peroxil lipidico (ROO¢) (DI GIULIO; MEYER, 2008). O radical peroxil pode reagir
com outros acidos graxos monoinsaturados da membrana, abstraindo hidrogénio, tornando-se
um peroxido de lipidio (LOOH) e gerando outro (Re¢) (DI GIULIO; MEYER, 2008). A
peroxidacgdo de acidos graxos poli-insaturados presentes nas membranas celulares resulta na
formagcdo de eletrofilos, como aldeidos e, hidroxialdeidos-, cetoaldeidos-a.,B-insaturados e/ou
seus respectivos epdxidos, alguns destes sdo altamente genotdxicos (HUBER et al., 2008). O
radical peroxil lipidico pode continuar a interagir em cadeia com outros acidos graxos
monoinsaturados da membrana, 0 que da inicio a outra reacdo idéntica a ocorrida no
fosfolipidio ao lado e assim sucessivamente. O processo descrito esta diretamente ligado a um

dos processos mais comuns e que mais esta envolvido com eventos de morte celular. O
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processo conhecido como peroxidacao lipidica que ocorre em cadeia na membrana celular e

que leva a apoptose.

1.5.4 Biomarcador morfoldgico do desenvolvimento de DANIO RERIO

O General Morphology Score (GMS) ou indice de desenvolvimento morfoldgico
como 0 nome sugere € um indice proposto com o objetivo de proporcionar uma resposta
quanto ao desenvolvimento normal nos estagios iniciais de vida do Danio rerio. A medida foi
proposta por BEEKHUIJZEN et al. (2015) que sugere 12 parametros morfoldgicos
considerados fundamentais para que organismo seja um individuo normal num periodo de 96
horas. Dentre os parametros avaliados pela BEEKHUIJZEN et al. (2015) estdo a presenca de:
destacamento da cauda, formacao dos somitos, circulacdo sanguinea, movimento e formacao
do olho em 24 horas pos fertilizacdo (hpf); desenvolvimento da cauda, pigmentacdo do olho,
pigmentacdo do corpo, pigmentacdo da cauda e batimentos cardiacos em 48 hpf; nadadeira
peitoral, deslocamento da boca e eclosdo em 72 hpf, e desenvolvimento da boca 2 e absorcéo
do vitelo em 96 hpf.

A ideia inicial do GMS se baseia na pontuacdo diaria cumulativa e ndo retroativa dos
parametros morfoldgicos, que se attm ao momento em que deve estar formado. Se a estrutura
se forma até determinado ponto considerado normal, o organismo recebe a pontuacao
referente. Contudo, se 0 organismo perde a caracteristica por atrofia ou outros fatores, esse
nédo perde a pontuacdo computada. O primeiro incremento do GMS foi realizado por ALVES
et al. (2017) com a adicdo da bexiga natatdria pontuando 1 ao final das 96 hpf, somando 18
pontos diferente aos 17 originais proposto por BEEKHUIJZEN et al. (2015) (Tabela 1). O
método descrito por ALVES et al. (2017) tem sido aplicado pelo laboratério de
ecotoxicologia aquatica/lUFPE (LABECOTOX). Desde entdo, trabalhos de ampla relevancia
para 0 monitoramento ambiental e avaliacdo de toxicidade de substancia puras tém sido
desenvolvidos (ALVES et al., 2023; MARIZ JR et al., 2023). Este modelo foi aplicado nos

capitulos 1 e 2 desta tese com respostas significativas e robustas.



Tabela 1- Estruturas avaliadas pelo GMS segundo as normas iniciais de Beekhuijzen et al. (2015) com as
modificacOes realizadas por Alves et al. (2017). Adicdo da pontuacdo da bexiga natatoria. Em verde as
pontuagdes atribuidas a cada parametro morfolégico com o somatério diario descrito abaixo e ao final das 96 hpf

tem o somatorio geral.
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Embrido Al

Efeito

Descolamento cauda

Formacao dos somitos

Formacéo do olho

Movimentos

Circulacdo sanguinea

Batimento cardiaco

24 hpf

48 hpf

72 hpf

96 hpf

Pigmentagéo cabeca e corpo

Pigmentacdo da cauda

Absorc¢éo do vitelo

Nadadeira peitoral

Boca protrusivel

Eclosdo

Insuflamento da bexiga natatoria

Pontuacgdo Final

Fonte: O autor

LI et al. (2019) também contribuiu significativamente para a avaliacdo do GMS com a

adicdo de mais um tempo de observacdo em 120 horas, a adi¢do dos parametros presenca de

otdlito em 24 hpf, movimento optomotor em 96 hpf, adicdo do movimento caudal em 120 hpf

e 0 deslocamento da pontuacdo dada por absorcdo do vitelo e insuflamento da bexiga

natatoria de 96 hpf para 120 hpf (Tabela 2). Esta terceira metodologia usando o GMS foi

empregada no capitulo 3 dessa dissertacdo com muito sucesso. Em ambas as metodologias

aplicadas a resposta é a mesma, se houve ou nao atraso no desenvolvimento embriolarval das

fases inicias de vida do Danio rerio com a diferenga que na metodologia empregada pelo L1

et al. (2019) existe a possibilidade de remogéo da pontuacdo em caso onde exista a atrofia ou

perda da caracteristica observada. Essa segunda metodologia traz uma resposta mais completa

sobre o efeito do contaminante sobre o desenvolvimento do embrido.
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Tabela 2- Estruturas avaliadas pelo GMS para quantificar unitariamente os marcos morfoldgicos do
desenvolvimento do Danio rerio em fases embriolarvais segundo Li et al. 2019. Em verde os valores utilizados
para a realizagdo do somatorio. Em azul destacado os somatdrios diarios com os valores finais em 120 hpf
representando o somatdrio total dos dias.

Embrido Al

Efeito

24 hpf

48 hpf

72 hpf

96 hpf

120 hpf

Descolamento cauda

Formag&o dos somitos

Formacéo do olho

Presenca de tolito

Movimentos

Circulagdo sanguinea

LI LS

Batimento cardiaco

Pigmentacdo cabeca e corpo

Pigmentacdo da cauda

o L L L L Ll E A T KN

Plelkr|lkr|krlkr|lw||w

o L Ll L L Ll B T NN

Absorcao do vitelo

Nadadeira peitoral

Boca protrusivel

=

N[

Ecloséo

[

[3XY

Insuflamento da bexiga natatéria

Pontuacao final

Fonte: O autor

1.5.4.1 Biomarcadores morfologicos de teratogenicidade em Danio rerio

NI R R N R N R NI SN RS

Anomalias e patologias morfolégicas bem como processos teratogénicos podem ser

avaliados morfologicamente ao longo do desenvolvimento inicial de Danio rerio. As

patologias e anomalias desenvolvidas na morfologia destes organismos durante a fase

embriolarval tem sido avaliada e quantificada em tabelas que registram a proporcdo ou

frequéncia de individuos que apresentam estas anomalias em relacdo ao total exposto nos

diferentes tratamentos. Mais recentemente o uso de indices que englobam estas anomalias e

patologias tém surgido como uma opcdo para este tipo de avaliacdo, gerando um valor

empirico do potencial toxicologico para geracdo de patologias de maneira geral (Tabela 3).
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Tabela 3 - Patologias avaliadas para computar as diferentes alteracfes embiomorfolégicas durante as
120 hpf em 1 embrido e gerar o indice general teratology score (GTS). Em azul o somatorio diario em um
organismo hipotético com todas as patologias e assim sucessivamente assumindo que a mesma patologia se
manteve durante os 5 dias avaliados.

24 hpf | 48 hpf | 72 hpf | 96 hpf | 120 hpf

Auséncia de Circulacao 1 1 1 1
Congestao Sanguinea (Trombose) 1 1 1 1
Coracao deformado (Looping ausente) 1 1 1 1
Edema Saco vitelinico 1 1 1 1 1
Edema Pericardico 1 1 1 1 1
Edema na Cabeca 1 1 1 1 1
Edema Cauda 1 1 1 1 1
Outros edemas 1 1 1 1 1
Auséncia de Bexiga natatoria 1 1
Curvatura dorsal (Lordose) 1 1 1 1 1
Curvatura dorsal (Cifose) 1 1 1 1 1
Curvatura dorsal (Escoliose) 1 1 1 1 1
Nadadeira Peitoral ausente ou mal formada 1 1 1 1 1
Nadadeira caudal mal formada 1 1 1 1 1
Ausencia do olho ou microftalmia 1 1 1 1 1
Deformacao Craniofacial 1 1 1 1 1
Outras Patologias Menos comums

Vitelo deformado 1 1 1 1 1
Vitelo ndo absorvido 1 1
Alteracdo na pigmentacdo 1 1 1 1
Deformacao na notocorda 1 1 1 1 1
Hemorragia 1 1 1 1 1
Deformacgdo do otdlito 1 1 1 1 1
Necrose 1 1 1 1 1

Fonte: O autor

O GTS foi baseado nos trabalhos de VON HELLFELD et al. (2020), que descreve as
principais patologias encontradas em Danio rerio exposto a diferentes agentes xenobiéticos e
LI et al. (2019) que utiliza um estilo de GTS com sistema de pontuagdo semelhante. O GTS
funciona como uma medida integrativa do efeito patoldgico do contaminante, gerando um
numero que relaciona presenca da patologia e a ocorréncia dele ao longo do periodo de
exposicao. Caso haja a presenca da patologia no determinado horario é adicionado 1 ponto, se
a patologia se manteve no dia seguinte recebe outro ponto (Tabela 3). Em casos em que existe
a remisséo da patologia entédo é pausada a insercdo de pontos. Ao final do tempo de exposicao
foi somada a pontuacao ao longo dos dias gerando o valor GTS. Cada embrido da placa de 20
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pogos recebe um valor GTS, funcionando como uma réplica em um n total de 20 organismos
expostos. No indice GTS a bexiga natatdria é observada tanto em 96, quanto em 120 hpf pois
existe o registro do surgimento da estrutura em ambos os horarios. Os tecidos da primeira
camara da bexiga natatdria estdo completamente formados ao final de 72 hpf (WINATA et
al., 2009; YIN et al., 2011).

1.5.4.2 Biomarcadores morfoldgicos do desenvolvimento do sistema cardiorrespiratério em
Danio rerio

Efeitos toxicos que geram problemas no desenvolvimento do coracdo frequentemente
geram alteracfes no desenvolvimento de uma circulacdo sanguinea normal. As células pré-
cardiacas sdo formadas durante a gastrulagdo e migram em direcdo ao eixo embrionério como
parte do mesoderma da placa lateral, formando dois tubos que sdo os primordios do coracao.
Os tubos miocardicos entdo se fundem para envolver as células endocardicas e formar o tubo
cardiaco definitivo. Assim, entre 22 e 24 hpf, o tubo cardiaco est4 batendo e a circulacao
comeca (STAINIER et al., 1996). Até este ponto o coracdo ndo chegou em sua estrutura como
observamos em 48 hpf. Entre 24 e 48 hpf existe o looping cardiaco onde existe a passagem do
atrio para a parte anterior do corpo da larva e o ventriculo passa para a parte inferior.
Contaminantes como os HPAs atuam nestes processos gerando consequéncias tanto ao
desenvolvimento das paredes do cora¢do como também no looping cardiaco (Figura 8). A
interrupcdo da funcdo cardiaca por qualquer meio (isto €, quimico ou genético) durante a
organogénese altera subsequentemente a morfologia cardiaca, o que, por sua vez, alterara
ainda mais a funcdo e iniciard uma cascata de efeitos adversos no desempenho
cardiorrespiratorio (INCARDONA et al., 2017b).

A circulagdo sanguinea é comumente avaliada no GMS 24 hpf, onde é possivel
verificar corrente em todo o corpo do animal. A circula¢do sanguinea durante as fases iniciais
de vida do organismo tem funcdo primordial no fornecimento de energia para os tecidos em
formacéo, esta energia é proveniente do vitelo. Esta energia € direcionada para formacéo de
orgdos importantes para processor de biotransformagdo como o figado que com a auséncia
deste recurso tende a apresentar crescimento prejudicado e perda de sua funcdo dada a
necessidade de circulacdo sanguinea (KORZH et al., 2008). O fato de ambos os fatores,
desenvolvimento normal do coragdo e angiogénese, estarem interligados, em alguns casos
afetar um pode significar gerar consequéncia no outro. Em detrimento disso existe diferentes
patologias geradas por esses disturbios, tais como, edemas, tromboses e hemorragias (Figura
8).
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Figura 8 - Imagens de embrides de Danio rerio com 168 hpf exibindo patologias ao longo do corpo
apos exposicao a fracao soltvel de petroleo. A Larva com seta indicando a presenga de uma congestao sanguinea
na veia caudal, B: larva com 168 hpf apresentando as cAmaras do coragdo com auséncia de looping, a seta
vermelha indica o ventriculo, onde deveria estar o atrio e a seta preta indica o atrio, onde deveria estar o
ventriculo e C: As setas verdes indicam os edemas na cabeca, seta vermelha indicando o edema pericardico, seta
preta indicando o edema Perivitelinico e a seta roxa indicando a ma formagéao da cauda.

Fonte: o Autor

1.5.4.3 Biomarcadores morfol6gicos do desenvolvimento da notocorda, curvaturas dorsais e
nadadeiras em Danio rerio

A notocorda é uma estrutura fundamental para o desenvolvimento de estruturas como
o0 tubo neural e as vertebras da coluna vertebral. Alteracdes nesta estrutura tem sido descrita
como irreversiveis. A principal funcdo desta estrutura é servir como guia para 0
desenvolvimento da coluna e gerar a sustentacdo primordial destes organismos nas fases
embriolarvais de vida. As malformagdes da notocorda podem se desenvolver precocemente e
provavelmente persistirdo, o que, em casos graves, pode levar a fragmentacdo da notocorda
com multiplas quebras na estrutura (Figura 9 D) (VON HELLFELD et al., 2020).

TorgOes nesta estrutura sdo geralmente reportadas com mais frequéncia, dadivo a
facilidade de observacdo. A notocorda normal destes organismos se parece com um tubo reto
e continuo que vai da cabeca ao final da cauda (Figura 13). Contudo, é possivel observar que
a exposicdo HPAs puros e misturas leva ao surgimento de lordoses, escolioses e cifoses
(ALVES et al., 2017; INCARDONA et al., 2004a). Se considerar um organismo com plano
corporal sagital, a lordose se caracteriza pela curvatura dorsal da larva para tras (Figura 9 A e

B) e se considerarmos 0 mesmo plano o inverso é chamado de cifose (Figura 9 C).
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Figura 9 - Quadro de figuras com larvas de Danio rerio 168 hpf exposta a diferentes concentragdes de
fracdo acomodada de petréleo em agua (FAA). A: larva com lordose leve indicada pela seta, B: Larva com
lordose acentuada indicada pela seta preta, C: Larva com cifose indicada pela seta preta, D: maior magnificacéo
sobre a deformacéo na notocorda na regido da cauda da larva, E: Larva com escoliose leve indicada pela seta, F:
Larva com lordose acentuada e G: Larva com lordose na cauda.

Fonte: O autor
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Se considerar um plano corporal dorsal, a escoliose se caracteriza pela torcdo da
notocorda para as laterais (Figura 9 E, F e G). Quanto ao gral de acentuacdo dependera do

angulo determinado pelo autor para se definir o que sera grave e o que sera leve (Figura 9).

As nadadeiras peitorais originam-se aproximadamente entre o coracdo e o figado,
estendendo-se posteriormente ao longo de cada lado da larva e geralmente é observada a
partir de 72 hpf (BEEKHUIJZEN et al., 2015), Contudo as nadadeiras peitorais tém o inicio
de seu desenvolvimento bem antes, sendo possivel observar sua presenga com microscopio
invertido nos embrides ainda dentro do corion. As patologias associadas as nadadeiras
peitorais estdo relacionadas a sua auséncia (Figura 10 C), como demonstrado em larvas de
Danio rerio expostas a derivados de petréleo (ALVES et al., 2017), ou sua ma formacgéo com
surgimento de vilosidades (Figura 10 B). Ja a nadadeira caudal pode apresentar uma série de
deterioracdo dos raios presentes saindo do formato circular, comum nos controles (Figura 10

A), para uma morfologia disforme como visto na figura 8 C.

Figura 10 - Larvas de Danio rerio com 168 hpf. A: Larva controle com duas nadadeiraspeitorais
saudaveis, B: Larva exposta a FAA com apresentando vilosidades apontada pelas setas pretas e C: Larva com a
auséncia de uma das nadadeiras peitorais a seta preta indicaa presenca a nadadeira Unica.

A

Fonte: O autor

1.5.4.4 Biomarcadores morfolégicos do desenvolvimento do cranio, olho, alteracfes
pigmentares e necroses em Danio rerio

A deformacgOes craniofaciais séo alteragcbes no padrdo normal da morfometria e
simetria do crénio do organismo. Estas alteracdes sdo observadas a partir da morfologia
alterada de estruturas como € o caso da boca. A boca é alterada pela exposicdo de fases
iniciais de vida do Danio rerio a HPAs e se caracteriza pelo encurtamento da mandibula
observada histologicamente (INCARDONA et al., 2004a) ou pela auséncia do deslocamento
da estrutura da parte ventral (Figura 11A), de onde se origina, para frente da cabeca. Essa
observagdo e proposta por (BEEKHUIJZEN et al.,, 2015). Outro fator decorrente das
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alteracOes cranio faciais € a inducdo da microftalmia que pode ser gerada por processos de
oclusdo do globo ocular devido as alteracbes 0sseas no cranio do organismo, impedindo seu

crescimento (Figura 11A).

Figura 11 - Figura com larvas de Danio rerio com 168 hpf. Exposta a FAA e controle. A: Larva exposta
demostrando a reducéo significativa no didmetro do olho e seta indicando o posicionamento errado da boca e B:
Larva controle com olhos de tamanho normal e boca posicionada corretamente indicada pela seta preta.

Fonte: O autor

As alteragdes de cores e pigmentos no Danio rerio podem ser indicativos tanto de
alteracdo na propria pigmentacdo do organismo, como a inducdo de necrose tecidual. Os
melandcitos do Danio rerio surgem de um pequeno numero de progenitores melanogénicos
bipotentes que sdo derivados diretamente da crista neural sem um intermediario de células-
tronco durante os primeiros trés dias de desenvolvimento (MORT et al., 2015). As alteragdes
de pigmentacédo s&o descritas como uma patologia de baixo recorréncia por VON HELLFELD
et al. (2020). Na avaliacdo do GMS a presenca de massas pigmentares € observada entre 24 e
48 hpf. Os melandcitos pigmentam os olhos, cabeca, corpo e cauda da larva sendo possivel a
observacdo deste parametro a partir de 48 hpf (BEEKHUIJZEN et al., 2015). A necrose é
caracterizada pela presenca de tecido morto que geralmente da ao tecido bioldgico tonalidades
escuras do cinza ao preto (Figura 12). Diversos fatores podem ocasionar esse tipo de alteracao
como o estresse oxidativo (MCGILL et al., 2013).



46

Figura 12 - Figura com larvas 168 hpf ap6s exposicdo a FAA exibindo caracteristicas de necrose nos
tecidos préximo ao coragdo A e B apontados com a seta.

Fonte: O Autor

1.5.5 Biomarcadores relacionados a bexiga natatoria do Danio rerio

1.5.5.1 Biomarcadores de expressdo génica relacionados ao desenvolvimento da Bexiga
natatéria em Danio rerio
A bexiga natatdria € um 6rgdo complexo que regula a flutuabilidade neutra dos peixes
teledsteos. A modulacdo do desenvolvimento deste 6rgdo por genes especificos ainda é um
tanto confusa. Porém, alguns genes indutores, receptores e coativadores tém sido descritos.
Basicamente, a bexiga natatoria em sua forma madura é composta por trés tecidos: o epitélio,
mesotélio e mesénquima. O tecido interno da cadmara da bexiga natatoria é epitelial derivado
da parede do esb6fago da larva, enquanto o tecido externo € mesotelial e entre os tecidos
citados esta o tecido mesenquimal.

A via Hedgehog (Hh) de expressdo génica regula muitos eventos importantes do
desenvolvimento em vertebrados (INGHAM et al., 2001). Em embrides de Danio rerio, tem
sido demonstrado que a via Hh esta relacionada com a organizagdo celular dos tecidos da
bexiga natatoria, e 0 processo de sinalizacdo comeca proximo ao periodo inicial de
diferenciacdo celular (< 24 hpf) e se estende até (~60 hpf) (WINATA et al., 2009). Neste
processo existe a sinalizacdo antes de 24 hpf modulada pelos produtos da transcricdo dos
genes shha e ihha, e entdo por volta de 48 hpf ha um aumento no tecido mesenquimal
modulado pela inducdo dos genes ptcl e ptc2. Outro processo de sinalizacdo envolvido no
desenvolvimento da bexiga é a via Wnt, que neste caso esta relacionada a especificacdo do
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tecido mesenquimal e que também esté envolvida na formacao do pulmédo de mamiferos (YIN
etal., 2011).

Pouco antes de 24 hpf, inicia-se 0 processo de invaginacdo do epitélio esofagico do
embrido, formando um broto que posteriormente (~36 hpf) é coberto por um aglomerado de
células diferenciando-se do mesénquima modulado pela via Wnt (Wnt5b) (YIN et al., 2011).
Durante esse mesmo periodo, os genes epiteliais hb9 e sox2 e mesotelial fgf10a sdo induzidos
e a inducdo mantida até ~72 hpf (SHASHA, 2023; WINATA et al., 2009). Ao mesmo tempo,
existem processos de sinalizacdo e recepcdo de sinais através da via Hh que garantem um
aumento relativo dos tecidos da bexiga natatdria. Ainda é possivel encontrar genes receptores
Whnt (fz2 e fz7b) e coativadores (lefl e tcf3) expressos nessa mesma época, modulando os
processos de diferenciacdo e organizacdo dos tecidos do epitélio, meséngquima e mesotélio
(YIN et al., 2011). Entre 42 e 72 hpf outros genes estdo induzidos nos tecidos do epitélio
(foxa2 e anxa5), mesénquima (has2 e acta2) e mesotélio (hprtll, elovlla e anxa5) (WINATA
et al., 2009).

1.5.5.2 Biomarcadores comportamentais no desenvolvimento da bexiga natatéria em Danio
rerio

O comportamento surge da interagdo cumulativa de uma variedade de fatores bidticos e
abidticos e representa a resposta do animal a fatores internos (fisiolégicos) e externos
(ambientais, sociais), relacionando um organismo a outro (GERHARDT, 2007). Além disso, a
avaliacdo do comportamento dos organismos pode mostrar alteracbes em comportamentos
essenciais como os reprodutivos que dardo continuidade a populacdes de individuos por meio
do recrutamento (CARVALHO, 2014).

A bexiga natatdria € um 6rgdo primordial para 0 comportamento natatorio de peixes
com implicacBes contundentes sob o sucesso reprodutivos e de forrageio destes animais
(Figura 13). O Danio rerio € um tele6steo fisdstomo tanto na fase embriolarval, quanto na
fase adulta e tem o processo de desenvolvimento de sua bexiga natatoria ja nos primeiros dias
de desenvolvimento embrionario. A bexiga natatéria depende de trés processos para sua
completa funcionalidade. O primeiro é o desenvolvimento normal dos tecidos que compGe a
estrutura, o segundo esta relacionado aos processos comportamentais que atuam diretamente
na degluticdo inicial de ar para seu insuflamento, e o terceiro é a capacidade de regulacéo do
volume de ar da bexiga pelo sistema nervoso central. O insuflamento da bexiga natatdria
permite que as larvas alcancem a flutuabilidade neutra e desenvolvam habilidades de natacéo
adequadas (LINDSEY et al., 2010).
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Ao final de 72 hpf, os tecidos da primeira cdmara da bexiga natatéria sdo formados e o
processo comportamental visando o enchimento da bexiga com ar na superficie da &gua
comeca, e 0 mesmo envolve a natacdo ativa das larvas de Danio rerio até a superficie da agua
para abocanhar ar. Neste estagio a forca peso corporal das larvas € maior que a forca empuxo,
fazendo com que as larvas afundem ao pararem de nadar. Ao atingirem a superficie as larvas
abocanham e deglutem uma quantidade de ar e a empurram pelo ducto pneumaético até a
bexiga natatoria recem-formada (HAGENAARS et al., 2014). Este processo de subida é
realizado diversas vezes até que a larva consiga um volume suficiente para inflar totalmente o
orgdo (WEBB, 2002). Quando existe o insuflamento total a larva passa a ter uma
flutuabilidade positiva gerada pela forca empuxo maior que a forga peso gerado pela massa de
seu corpo, 0 que mantem a larva agora na superficie da agua. Neste ponto a larva inicia
sucessivas tentativas de afundamento na coluna de agua até chegar ao ponto em que o sistema
nervoso autbnomo comeca a regular o volume de ar dentro do 6rgdo (STEEN, 1970), de
forma a equalizar a for¢ca empuxo gerada pelo volume de ar na bexiga com a forca peso da
mesma, permitindo que o organismo fique na coluna d’4gua sem ser arrastado para superficie
pelo empuxo da bexiga ou para o fundo pela peso dos tecidos, atingindo a desejada
flutuabilidade neutra. A exposicdo de fases embriolarvais de Danio rerio a diferentes grupos
de contaminante tém demostrado que a bexiga natatdria é um 6rgéo sensivel (STINCKENS et
al., 2018), podendo apresentar alteragdes no seu desenvolvimento em organismos expostos a

HPAs, como demostrado nos capitulos 1, 2, e 3 desta tese (Figura 9).

Figura 13 - Larva de Danio rerio com 168 hpf. Em destaque pela seta preta
esta a bexiga natatéria vista lateral A e dorc¢al B, C: Vista lateral de uma larva
com 168 hpf com bexiga natatéria ausente indicada pela seta preta.

Fonte: o Autor
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1.5.6 Biomarcador de Genotoxicidade

Genotoxicidade se refere a capacidade de substancias quimicas de danificar o DNA
e/ou componentes celulares que regulam a fidelidade do genoma e inclui todos os efeitos
adversos sobre a informacéo genética (FIMOGNARI et al., 2012). A utilizacdo de marcadores
de genotoxicidade em células nucleadas do sangue de peixes fornece informacdes valiosas
sobre os riscos ambientais, auxiliando no desenvolvimento de estratégias de monitoramento e
conservacdo da biodiversidade aquatica. A deteccdo precoce de danos genémicos pode
sinalizar a presenca de poluentes em concentracdes subletais, permitindo acdes preventivas
antes que efeitos mais graves se manifestem nas populacGes de peixes e em todo o

ecossistema.

O ensaio de micronucleos (MN) destaca-se como um dos métodos mais empregados
na avaliacdo de genotoxicidade. Essa técnica possibilita a identificacdo de micronucleos,
estruturas citoplasmaticas resultantes da exclusdo de fragmentos cromossdmicos (indicando
eventos clastogénicos) ou cromossomos inteiros (sinalizando eventos aneugénicos) que nao
foram incorporados ao ndcleo principal durante a divisdo celular. Morfologicamente
semelhantes ao nucleo, os micronucleos distinguem-se por seu tamanho reduzido, geralmente
variando de 1/16 a 1/3 do didmetro nuclear, e originam-se de falhas na segregacgéo
cromossdmica durante a anédfase normal ou de quebras cromossémicas (CANEDO et al.,
2021; FENECH, 2019).

Os HPAs, assim como outros grupos de moléculas que interagem com o material
genético, sdo denominados agentes genotoxicos (ADAM et al., 2010). Essa interacdo pode
ocorrer de diferentes maneiras, os HPAs especificamente, sdo considerados agentes
genotdxicos intercalantes ou seja, sdo capazes de se posicionar entre as hélices do DNA,
modificando a informacdo genética e lesionando a molécula. Algumas destas alteracdes,
guando a nivel cromossémico, podem gerar quebras a estas estruturas durante o processo de

divisdo celular e ao final do processo gerar os MN e outras alteragdes nucleares.
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1.6 OBJETIVOS

1.6.1 Objetivo geral manuscrito I - (Toxicity of the oil spilled on the Brazilian coast at
different degrees of natural weathering to early life stages of the zebrafish Danio
rerio)

Avaliar a composicdo de hidrocarbonetos policiclicos aromaticos (HPAs) em trés

fracBes acomodadas de 6leo em &gua (FAA) que impactaram o litoral brasileiro, submetidas a

diferentes graus de intemperismo natural, e determinar o potencial toxico dessas fracfes em

fases embriolarvais de Danio rerio por meio da analise de multiplos biomarcadores.

1.6.1.1 Objetivos especificos

e Auvaliar de a exposicdo de embrides de Danio rerio por HPAs provenientes de FAAS
com distintos graus de intemperismo natural promovem alteracbes no
desenvolvimento embrionario e frequéncia cardiaca;

e Verificar se a exposicdo por HPAs provenientes de diferentes FAASs é capaz de induzir
patologias em embrides de Danio rerio;

e Avaliar se a exposicdo de embrides de Danio rerio por HPAs de FAAs com distintos
graus de intemperismo natural promovem alteragdes morfométricas em larvas de

Danio rerio.

1.6.1.2 Hipotese

A exposicdo de fases embriolarvais de Danio rerio a FAA com diferentes graus de
intemperismo natural, induzira alteracfes significativas no desenvolvimento embrionario,
frequéncia cardiaca, morfometria larval e desenvolvimento de patologias, sendo a magnitude
desses efeitos toxicos diretamente proporcional ao grau de intemperismo e a composicdo

especifica das fracdes de HPAs da FAA.

1.6.2 Objetivo geral manuscrito Il - (Ecotoxicological effects of crude oil to early life
stages of Danio rerio: a molecular, morphological and behavioral approach
focused on swim bladder development)

Investigar os mecanismos de expressdo génica e alteracfes bioquimicas, morfologicas

e comportamentais envolvidas na falha do insuflamento da bexiga natatoria na fase

embriolarval de Danio rerio expostos a FAA.
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1.6.2.1 Obijetivos especificos

Avaliar se a exposicdo de fases embriolarvais de Danio rerio a HPAs provenientes de
FAA pode apresentar alteracfes em genes responsaveis pelo desenvolvimento dos
tecidos da bexiga natatoria;

Avaliar se a exposicdo de fases embriolarvais de Danio rerio a HPAs provenientes de
FAA pode alterar a area da bexiga natatoria em 168 hpf;

Verificar se a exposicdo de fases embriolarvais de Danio rerio a HPAs provenientes
de FAA pode gerar alteracbes no comportamento natatorio das larvas e se existe
relacdo com fatores morfométricos e moleculares;

Verificar se existe inducdo de estresse oxidativo nas larvas expostas aos HPAs da

FAA e como este fator se relaciona com a auséncia da bexiga natatoria.

1.6.2.2 Hipotese

A exposicdo de fases embriolarvais de Danio rerio a HPASs presentes na FAA interfere

na expressao de genes dos tecidos da bexiga natatdria, resultando em alteracbes morfoldgicas

do orgdo, comportamentais e bioquimicas, sendo a falha no insuflamento da bexiga natatoria

um efeito central dessas alteragdes interconectadas.

1.6.3 Objetivo geral manuscrito 111 - (Photoenhanced toxicity of polycyclic aromatic

hydrocarbons (PAH) from Brazilian oil spill water accommodated fraction
(WAF) on Danio rerio early life stages exposed to natural sunlight)

Investigar os efeitos da exposicdo combinada a radiacdo ultravioleta (UV) solar

natural e a HPAs presentes na FAA de 6leo sobre o desenvolvimento e a fisiologia de fases

embriolarvais de Danio rerio.

1.6.3.1 Obijetivos especificos

Avaliar se a exposi¢éo de embrides de Danio rerio por HPAs provenientes de FAAs e
radiacdo UV natural simultaneamente aumenta o potencial toxico da FAA,

Quantificar e comparar os efeitos da exposicao isolada e combinada a radiagdo UV
solar natural e aos HPAs da FAA no desenvolvimento embrionario, ocorréncia de
patologias subletais e alteracdes morfométricas em embrides de Danio rerio;

Avaliar se existe alteracdes bioguimicas de estresse oxidativo e biotransformacéo de
fase 2 em fases embriolarvas de Danio rerio apds exposicao isolada e combinada a

radiacéo ultra-violeta (UV) natural solar, e aos HPAs da FAA.
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1.6.3.2 Hipotese

A exposicdo simultanea de fases embriolarvais de Danio rerio FAA e a radiacdo UV
natural aumenta os efeitos toxicos dos HPAs isoladamente, resultando em um aumento
significativo na ocorréncia de malformacbes no desenvolvimento embrionario, maior
incidéncia de patologias, alteragdes morfométricas e inducdo de respostas bioquimicas de
estresse oxidativo e biotransformacdo de fase 2 mais intensas em comparagdo com a

exposicdo a cada fator isoladamente.

1.6.4 Objetivo geral manuscrito IV - (Avaliacdo toxicologica de trés complexos
estuarinos ao logo do litoral pernambucano utilizando o peixe sentinela Eugerres
brasilianus como modelo biolégico: uma abordagem bioquimica, genotdxica e
avaliativa de metabolitos biliares de hidrocarbonetos policiclicos aromaticos)
Avaliar a exposicdo a HPAs e alteragdes em biomarcadores bioquimicos e de

genotoxicidade utilizando o Eugerres brasilianus como espécie sentinela em trés estuarios

impactados pelo dleo que atingiu a costa brasileira

1.6.4.1 Obijetivos especificos

Avaliar se existe concentracdo relevante de metabdlitos de HPA no liquido biliar do

Eugerres brasilianus coletado nos diferentes estuarios avaliados;

e Avaliar se existem valores significativos de alteracdes genotoxicas nas células
sanguineas de Eugerres brasilianus coletado nos diferentes estuarios avaliados e
correlacioné-los com os valores de HPAs biliares encontrados;

e Verificar se existem alteracdes na atividade das enzimas de biotransformacao de fase |
e 11 nos juvenis de Eugerres brasilianus coletados nos diferentes estuarios avaliados;

e Verificar se existem alteracbes na atividade das enzimas de estresse oxidativo nos

juvenis de Eugerres brasilianus coletados nos diferentes estuarios avaliados.

1.6.4.2 Hipotese

A persisténcia de massas de petroleo soterrado nos estuarios afetados pelo
derramamento de 2019-2020 mantém concentracbes de HPAs na &gua, promovendo a
exposicao cronica de peixes estuarinos, o que induz alteragOes significativas na atividade de
enzimas de biotransformacdo de fase | e Il e de defesa antioxidante, resultando em danos

genotoxicos observaveis em suas células sanguineas.
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ABSTRACT

Toxicity of water accommodated fractions (WAF) from the oil spilled on the Brazilian coast
at different stages of weathering were investigated using Danio rerio. Weathering stages
included emulsified oil that reached the coast (OM) and oil collected 50 days later deposited
on beach sand (OS) or adhered to shore rocks (OR). Parent and alkylated naphthalenes
decreased whereas phenanthrenes increased from less weathered WAF-OM to more
weathered WAF-OS and WAF-OR. More weathered WAF-OS and WAF-OR were more
potent inducers of zebrafish developmental delay, suggesting that parent and alkylated
phenanthrenes are involved. However, less weathered WAF-OM was a more potent inducer
of failure in swim-bladder inflation than more weathered WAF-OS and WAF-OR, suggesting
that parent and alkylated naphthalenes are involved. Decreases in heart rates and increased
heart and skeletal deformities were observed in exposed larvae. Lowest observed effect
concentrations for different developmental toxicity endpoints are within environmentally

relevant polycyclic aromatic hydrocarbon concentrations.

1.1 INTRODUCTION

The Brazilian coast was hit by spilled oil from late August 2019 to January 2020,
spreading through 3000 km of the northeastern coastline, affecting a wide diversity of marine
organisms and different habitats (CAMPELO et al., 2021; CRAVEIRO et al., 2021; MAGRIS
et al., 2020; SANTANA et al., 2022; ZACHARIAS; GAMA; FORNARO, 2021). This event
caused social and economic impacts to vulnerable fishing communities and the tourism
production chain (CAMARA et al., 2021; DE OLIVEIRA ESTEVO et al., 2021; ESCOBAR,
2019). The oil residues that reached the coast had a viscous appearance, denser than seawater,
suggesting that weathering processes altered the original composition of the crude oil, but still
included branched, cyclic, and normal alkanes between C14—C41 and toxicologically relevant
parent and alkylated isomers of two to six ring polycyclic aromatic hydrocarbons (PAH)
(LOURENCGCO et al., 2020; REDDY et al., 2022).

The weathering processes generated oil masses with an emulsified appearance and
considerable viscosity, resulting in greater adherence to uneven surfaces. Tidal oscillations
were fundamental in the adhesion processes of this mousse to coral reefs and rocky surfaces,

which at each cycle had its irregular surface exposed, favoring the establishment of the oil.



65

During high tides and on open beaches, oil masses floated over the reefs and were deposited
on the shoreline of sandy beaches. Part of this oil also entered some estuaries, adhering to the
roots and stems of native mangrove plants. Furthermore, submerged oil deposited underneath
sediments of some estuaries in the state of Pernambuco were observed. Shortly after and
during the following 7 months of this event, approximately 5380 tons of emulsified and
residue oil were removed from 3000 km of the Brazilian coastline (BRUM et al., 2020;
SOARES et al., 2022), 50 % of this mass along the coast of Pernambuco State.

The impact on the benthic fauna of reef habitats shortly after oil arrival on Paiva Beach
(Pernambuco State) was verified based on the reduction of population abundances and species
richness followed by a partial recovery two months later (CRAVEIRO et al., 2021; LIRA et
al., 2021). A decrease in female crabs of Pachygrapsus transversus was reported in three
contaminated reefs during this event along the coast of Pernambuco and Alagoas States
(SANTANA et al., 2022). Abundance of oil droplets was quantified in the coastal region of
Tamandaré (Pernambuco State), and traces of oil ingestion were verified in crab larvae
indicating potential effects on microzooplankton (CAMPELO et al., 2021).

Although a significant mass of the oil was removed from affected areas, during and after
the event a significant portion of the hydrocarbon molecules in the oil gradually dissolved into
the water of affected aquatic ecosystems. It has been shown that the dissolution of PAHs from
spilled oil into water can generate a mixture potentially toxic to aquatic organisms, among
which fish embryo-larval stages are possibly the most sensitive (CHERR et al., 2017,
HODSON, 2017). In the laboratory it is possible to simulate this dissolution of PAH and other
compounds leaching from oil into the water by preparing oil water accommodated fractions
(WAF) (SINGER et al., 2000). Zooxanthellae species were exposed to dissolved PAH in
WAF from the oil that hit the Brazilian coast, causing physiological effects and a linear
reduction in population growth (MULLER et al., 2021). Exposure of fish early life stages
(ELS) to very low ug L or even ng L™ water concentrations of PAH causes developmental
abnormalities in fish embryos and early larvae, including effects related to heart development
and function and subsequent physiological and behavioral alterations that might affect
recruitment to adult populations (CHERR et al., 2017; INCARDONA et al., 2015;
PASPARAKIS et al., 2019).
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Figure 1- Photographs of oil at 3 stages of weathering: A and B: submerged oil mousse (OM) at a tidal
pool in Paiva Beach, C and D: oil in sand (OS) stranded on the beach, E and F: oil adhered to rocks
(OR) on the shore.

Zebrafish Danio rerio ELS have been used as a model to understand potential effects of

PAH leached from oil during spill events as the optically transparent embryos and early larvae
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allow for detailed morphological evaluation during early development, together with an array
of molecular, biochemical, developmental and behavioral tools available (CRISTIANO et al.,
2019). Additionally, a standardized general morphology score (GMS) system allows the
evaluation of sublethal toxicity based on assessment of developmental hallmarks during early
embryo-larval development (BEEKHUIJZEN et al., 2015), which has been applied to monitor
water quality along hydrographic basins (ALVES et al., 2023) or the effects of oil spills (LI et
al., 2019; PERRICHON et al., 2016).

Along the coast of Pernambuco typical masses of emulsified oil reached the coast. In
some areas the classic stabilized “oil mousse” (OM) denser than seawater was found
submerged in sandy bottoms within reefs of Paiva Beach (Fig. 1A and B). Part of this mousse
reached the supralittoral strip of sandy beaches, lost water after exposure to the sun, and
became a dense oil residue frequently impregnated with sand particles, named oil in sand (OS,
Fig. 1C and D). In other areas, the oil residues adhered to rocks and underwent weathering
processes by the action of waves and sun exposure, named oil in rock (OR, Fig. 1E and F).
During these three stages of oil weathering, contact of these oil residues with water at each
tidal cycle and with the action of tidal currents and turbulence of waves could gradually
dissolve PAH molecules into the water column. The different environmental factors that acted
on the weathering of the oil may have generated different profiles of PAHSs dissolved to the
water with different toxic potentials for the exposed organisms. Therefore, this study aimed to
evaluate the toxicity of WAFs prepared from the oil spilled on the Brazilian coast at these
three different stages of weathering (OM, OS and OR) using pathological and developmental
morphological endpoints along ELS of Danio rerio.

1.2 MATERIAL AND METHODS

1.2.1 Oil sampling and preparation of the oil water accommodated fraction

Samples of oil mousse (OM) were collected submerged among the tidal pools in coral
reefs of Paiva beach (8°16'56.7"S,34°56'48.6"W) on October 3rd, 2019. Oil in sand (OS)
samples characterized by the weathered emulsified oil after its deposition and subsequent
exposure to the sun over sand in the supralittoral strip were collected at Ponta do Xaréu Beach
(8°17.929'S,34° 57.135'W). Oil in rock (OR) samples were collected from small rocks at the
mesolittoral region of Pedra do Xaréu Beach (8°18.008’S 34°57.014'W). Submerged samples
were collected by hand and brought to the shore, where they were wrapped in aluminum foil.
Oil in sand and oil in rock samples were also collected by hand, blocks of oil deposited on

sand and whole small rocks with adhered oil were also wrapped in aluminum foil. All samples
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were transported in coolers to the laboratory. Paiva and Ponta do Xaréu Beaches are located
in the city of Cabo de Santo Agostinho in the state of Pernambuco Brazil, about 20 km from
Recife, the State capital. OS and OR samples were collected on November 24, 2019, 50 days
after submerged OM samples were collected at the peak of the oil spill. All oil samples were
wrapped in aluminum foil and kept in sealed containers at room temperature (22 to 25 °C)
until WAF preparation. Oil Water Accommodated Fractions were prepared within one week
of receiving the samples based on (JULIE ADAMS, 2017; SINGER et al., 2000). Oil samples
were weighted to the nearest cg (0.01 g) and transferred to a glass 10 L Mariotte flask
(Laborglass, Sdo Paulo, Brazil). A proportion of 10 g of oil:1 L of zebrafish culture
freshwater was used, and 10 L of each WAF was prepared. Zebrafish culture freshwater used
for experiment was monitored with a multiparameter instrument (Professional Plus, YSI,
USA) three times a week and the following parameters were measured (mean + std.
deviation): pH 7.2 £ 0.2, conductivity 115 + 20 pS cm?, alkalinity 60 + 5 mg L%, hardness
70 £ 5 mg L1, dissolved oxygen 7.0 = 0.5 mg L™! and temperature 27.5 + 0.3 =C. Oil and
water were kept under moderate agitation by a mechanical stirrer with a stainless steel rod
inside the sealed aquarium in the dark during 24 h, followed by the separation and removal of
the water phase of the mixture by decantation. The mixture representing the oil WAF was
filtered with a 2 um cellulose filter (Cat. QMP00015071250100, Quimica Moderna®, Brazil)
to remove oil particles, and WAF samples from the 3 oil weathering stages (WAF-OM, WAF-
OS and WAF-OR) were stored at 4 °C in 4 L amber flask vials covered with aluminum foil

and a sealing cap.

1.2.2 Chemical analysis of PAHSs in oil water accommodated fractions

Samples of oil WAFs were liquid-liquid extracted using 20 mL of nhexane (pesticide
grade) on the day the zebrafish exposure solutions were prepared. Prior to that, 100 pL of a
deuterated PAH MIX (Cerilliant, containing acenaphthene-d10, phenanthrene-d10 and
chrysene-d12, at 1000 ng mL™1) were added as surrogate standards in all samples. After
extraction, samples were concentrated down to 1 mL and 100 puL of deuterated PAH fluorene-
d10, benzo[a]anthracene-d12 and benzo[a] pyrene-d12 (Absolute Standards INC at 1000 ng
mL—1) were added to each extract as internal standards to calculate the recovery of
surrogates. The sample concentrated to 1 mL was kept in —20 C refrigeration until injection,
not >2 weeks after preparation. Both parent (non-alkylated) and alkylated PAH (2 to 6 ringed
alkylated homologs of naphtalenes, fluorenes, phenanthrenes + anthracenes, fluoranthenes +

pyrenes, and benzo[a]anthracenes + chrysenes) were analyzed in a gas chromatograph
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(Agilent Technologies, model 7820 A GC System) coupled to a mass spectrometer (Agilent
technologies 5975 series MSD), resulting in 33 investigated analytes. The instrumental and
quantification procedures are described in detail elsewhere (ARRUDA-SANTOS et al., 2018;
DE SOUZA DIAS DA SILVA et al., 2024; ZANARDI-LAMARDO et al., 2019). Recovery
of surrogates ranged from 44.1 to 117.9%. A blank was fortified with a mix of PAH and the
recovery of individual analytes were 62-101%. Those quality control parameters are within
acceptable values according to LAUENSTEIN (1998). The limit of quantification (LOQ) was
determined as the ratio of the lowest point of the calibration curve to the volume of water

extracted, resulting in 0.25 ng L™* for all analytes.

A set of diagnostic ratios to distinguish petrogenic or pyrogenic sources were applied
based on (GHETU et al., 2021). These included the ratios between concentrations of: low
molecular weight/high molecular weight PAHs (LPAH/HPAH), alkylated/parent PAHs
(Alkyl/ParentPAHS), anthracene/anthracene + phenanthrene (Ant/Ant+Phe),
fluoranthene/fluoranthene + pyrene (Flu/Flu+Pyr). The ratio between concentrations of C1
through C4 naphthalenes/total PAHs was calculated as a weathering indicator (PAGE et al.,
2002).

1.2.3 Zebrafish culture and experimental design

The breeding stock of Danio rerio was fed with Artemia nauplii three times a day and
commercial fish food with 40 % protein once a day. Fertilized eggs were obtained from a
group of three males and six females, which were separated the previous afternoon in a 15 L
aquarium. After early-morning spawning and fertilization, selection of fertilized and viable
eggs was made by direct observation using a stereomicroscope Zeiss Stemi 2000 at x50
magnification. Coagulated, opaque or unfertilized eggs were discarded. Accepted fertilization
rates for all experiments were > 90 %. Animal handling and embryo exposures were
performed in accordance with protocols approved by the Ethics Committee for Animal

Experiments from the Federal University of Pernambuco.

The exposure system followed the standards of OECD 236 (OECD, 2013), where viable
embryos at <3 h post-fertilization (hpf) were individually placed in wells of polystyrene 24
well cell culture plates (Greiner®, Cat. N0.-662102). Embryos were exposed during 168 h (7
days) to control zebrafish culture freshwater and to different dilutions of oil WAFs from the 3
different oil weathering stages. Exposure treatments included undiluted Oil WAFs (100 %),
and 50 %, 25 %, 12.5 %, 6.25 %, 3.125 %, and 1.56 % dilutions (v/v) of the 3 oil WAFs. All

WAFs and dilutions were kept in 1 L amber bottles wrapped in aluminum foil refrigerated at
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4 °C throughout the experiment. Before daily changes in exposure wells, the dilutions were
naturally warmed to room temperature. The concentrations of PAH at each dilution were
calculated based on the respective dilution factor applied to the results from the
chromatographic analysis of undiluted (100 %) Oil WAFs.

One 24 well plate was used for each oil WAF dilution treatment, and at each well 2.5 mL
of exposure solutions were added in the beginning of exposure in a semi-static exposure
system, with 2 mL of exposure solutions being replaced every 24 h. The plates were
maintained in an incubator at a constant temperature of 27.8 + 0.2 °C. The light/dark cycle

was set to 14 h:10 h.

In order to monitor possible variations in PAH concentrations during the experiments,
WAF samples from all dilutions were daily measured before exposure water exchanges by a
fixed fluorescence method. Fluorescence of WAF solutions was measured in 1 cm path length
fluorescence quartz cuvettes (Hellma, Germany) using a spectrofluorometer (Spectramax M3,
Molecular Devices) and excitation/emission wavelengths were: 290/335 nm for naphthalene
(NAP), 380/430 nm for benzo[a]pyrene (BaP), 341/383 nm for pyrene (PYR), 260/380 nm for
phenanthrene (PHE), 310/360 nm for chrysene (CHR) listed in (SILVA et al., 2021). Results
are expressed in relative fluorescence units using control water as a blank (supplementary
Table S1).

1.2.4 Mortality rates

During exposure, each embryo was evaluated and death was attributed to any of the
exposed embryos by stereomicroscopic inspection and detection of egg coagulation (24-72
hpf), absence of heartbeat at any time of observation after 48 hpf (48-168 hpf), no tail
detachment (24-168 hpf) and absence of somites (24 hpf) as described at (OECD, 2013).
Mortality was measured daily throughout the experiment. Mortality rates were calculated by
the ratio of the number of accumulated dead embryos or larvae after 96 h or 168 h of exposure

divided by the total number exposed embryos.

1.2.5 General morphology score

The General Morphology Score (GMS) index proposed by (BEEKHUIJZEN et al., 2015)
integrates partial scores attributed to each embryo as it develops hallmark morphological
structures during the first 96 h of development. Each embryo was evaluated every 24 h until
96 hpf for the presence or absence of these morphological structures in an inverted
microscope at magnification ranging from 40x to 100x. Embryos and early larvae receive

points for each developmental hallmark achieved, and a perfectly developed larva at 96 hpf
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receives 18 points as proposed by ALVES et al. (2021). GMS values were converted through
min-max normalization to percentages of the maximal theoretical score taking into account
maximal GMS score decreases verified in the experiment as proposed by LI et al. (2019),
where maximal GMS score decrease is converted to 100 % and minimal decreases (perfect

controls) are converted to 0 %.

1.2.6 Frequency of developmental abnormalities

The frequencies of developmental abnormalities in embryos and larvae were quantified
by the ratio of the number of accumulated embryos or larvae with the specific abnormality
divided by the total number of live exposed embryos after the exposure period considered.
Pericardial and yolk sac edemas were evaluated between 48 and 168 hpf. Deformations in the
morphology of the heart (stretch) and notochord deformities lordosis, kyphosis and scoliosis
were evaluated at 168 hpf. Delay in mouth development was evaluated between 72 and 168
hpf. Failure in yolk sac absorption was evaluated at 96 hpf. Uninflated swim bladder was
evaluated at 96 hpf.

1.2.7 Heartrate

Heart rate was measured at 48 and 72 hpf in 10 embryos from each treatment. The
observations were made under an inverted microscope (DIGILAB®) at a magnification of
20x. Ventricular contractions were counted during a 30-s period with the aid of a stopwatch

and counter. Heart rate was expressed in beats per minute.

1.2.8 Morphometric measurements

Morphometric measurements were performed based on photographs of larvae taken at a
magnification of 20x using a stereomiscroscope (Zeiss, model Stemi 2000C). Larval total
length and eyes vertical and horizontal length were measured with an accuracy of 0.1 mm
with the Software AxioVision (Zeiss, Germany). Assuming that the Danio rerio eye has an

elliptic shape, the area of the eye was calculated based on the equation:
Eye area = vertical radiusxhorizontal radiusx3.1415

1.2.9 Statistical analysis

The lethal or effective concentrations affecting 50 % or 20 % of the organisms during the
considered exposure period (LC50, EC50 or EC20) was calculated based on the logistic
model using DRC package in software R version 4.0.2 (RITZ et al., 2016). Normalized GMS
scores, heart rate and morphometrics endpoints were analyzed by ANOVA when data were

normal and homoscedasticity, or by Kruskall-Wallis when normality or homoscedasticity
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failed. Normality was checked by Kolmogorov Smirnov test and homoscedasticity by Levene
median test. When differences were detected, multiple comparison tests Dunnett (ANOVA) or
Dunn (Kruskall Wallis) were performed to evaluate differences between different treatments
and controls on software Sigmaplot 12.0 (Jandel Scientific, Erkrath, Germany). Differences
between the frequencies of developmental abnormalities among exposure treatments and the
controls were evaluated by the t-test for two proportions on software Statistics Calculator
(StatPac, Northfield, USA).

1.3 RESULTS

1.3.1 Chemical analysis of PAHSs in oil water accommodated fractions

Total PAH concentrations including parent + alkylated molecules (}PAHt) (in WAF-
OM, WAF-0S and WAF-OR) were 71.8; 29.0 and 26.4 pg L%, respectively, and total
concentration of all alkylated molecules represent 87 %, 76 % and 80 % of > PAHt (Table 1).
Percent contribution > PAHt of molecules with 2, 3, 4, 5 and 6 aromatic rings in WAF-OM
was 66%, 25%, 8.6%. 0.2% and 0.1%; in WAF-OS was 41%, 44%, 14.5%, 0.3% and 0.1%,
and in WAF-OR was 29%, 48%, 22.9%, 0.5% and 0.3%, respectively (Table 1). Percent
contribution relative to > PAHt molecules with 2 aromatic rings tend to decrease while
molecules with 3 and 4 aromatic rings tend to increase from less weathered WAF-OM to
more weathered WAF-OR. Percent contribution relative to > PAHt of 5 and 6-ring PAH tend
to increase from less weathered WAF-OM to more weathered WAF-OR. Within parent PAH
molecules, Fluorene, Phenanthene Among alkylated molecules, 2-ring C1-, C2- and C3-
Naphthalenes, C1, C2 and C3-Fluorenes and 3-ring C1, C2 and C3- Phenanthrenes +
Anthracenes predominate in all WAFs (Table 1 and Fig. S1 in supplementary material).
Ratios Alkyl/ Parent-PAHs, Ant/Ant+Phe and Flu/Flu+Pyr indicate petrogenic origin of all
WAFs, regardless of the weathering stage. Ratio C1-C4 Naphthalenes/ > PAHt decreased
from 0.4 to 0.1 from less weathered WAF-OM to more weathered WAF-OR (Table 1).

A small variation in fluorescence for all WAF solutions used during exposure
experiments was verified based on mean and standard deviations, providing quantitative
information that WAF PAH concentrations were stable during exposure experiments

(supplementary Table S1).
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Table 1. Polycyclic Aromatic Hydrocarbons concentrations (g L'l) in oil water accommodated fractions (WAF) from oil
samples at different stages of natural weathering sampled at Paiva Beach and Ponta do Xaréu Beach along the coast of

Pernambuco

Analyte n-Ar WAF-OM 9% YPAHt WAF-OS % YPAHt WAF-OR % Y PAHt

Naphthalene 2 0.064 0.1% 0.023 0.1% 0.021 0.1%
C1 Naphthalenes 2 5.999 8.4% 0.346 1.2% 0.020 0.1%
C2 Naphthalenes 2 12.027 16.8% 1.752 6.0% 0.255 1.0%
C3 Naphthalenes 2 8.357 11.6% 1.775 6.1% 0.738 2.8%
C4 Naphthalenes 2 2.868 4.0% 0.719 2.5% 0.594 2.3%
Acenaphthylene 2 ND ND ND ND ND ND
Acenaphthene 2 1.040 1.4% 0.181 0.6% 0.042 0.2%
Fluorene 2 2.159 3.0% 0.463 1.6% 0.138 0.5%
C1 Fluorenes 2 6.561 9.1% 2.089 7.2% 1.334 5.1%
C2 Fluorenes 2 5.160 7.2% 2.352 8.1% 2.073 7.9%
C3 Fluorenes 2 3.457 4.8% 2.133 7.3% 2.377 9.0%
Sum of 2 aromatic ring molecules 2 47.69 66% 11.83 41% 7.59 29%
Phenanthrene 3 4.527 6.3% 4.759 16.4% 3.530 13.4%
Anthracene 3 0.404 0.6% 0.230 0.8% 0.137 0.5%
C1 Phenanthrenes + Anthracenes 3 5.489 7.6% 3.427 11.8% 3.094 11.7%
C2 Phenanthrenes + Anthracenes 3 4.120 5.7% 2.344 8.1% 2.838 10.8%
C3 Phenanthrenes + Anthracenes 3 2.075 2.9% 1.281 4.4% 1.812 6.9%
C4 Phenanthrenes + Anthracenes 3 0.974 1.4% 0.720 2.5% 1.027 3.9%
Fluoranthene 3 0.090 0.1% 0.116 0.4% 0.122 0.5%
Sum of 3 aromatic ring molecules 3 17.680 25% 12.876 44% 12.559 48%
Pyrene 4 0.442 0.6% 0.735 2.5% 0.456 1.7%
C1 Fluoranthenes + Pyrenes 4 0.974 1.4% 0.639 2.2% 0.884 3.4%
C2 Fluoranthenes + Pyrenes 4 1.116 1.6% 0.760 2.6% 1.147 4.3%
C3 Fluoranthenes + Pyrenes 4 0.870 1.2% 0.705 2.4% 1.130 4.3%
Benzo[a]anthracene 4 0.304 0.4% 0.123 0.4% 0.182 0.7%
Chrysene 4 0.309 0.4% 0.152 0.5% 0.234 0.9%
C1 Benzo[a]anthracenes + Chrysenes 4 0.780 1.1% 0.336 1.2% 0.538 2.0%
C2 Benzo[a]anthracenes + Chrysenes 4 0.797 1.1% 0.425 1.5% 0.791 3.0%
C3 Benzo[a]anthracenes + Chrysenes 4 0.483 0.7% 0.271 0.9% 0.473 1.8%
Benzo[b]fluoranthene 4 0.095 0.1% 0.066 0.2% 0.206 0.8%
Benzo[k]fluoranthene 4 0.006 0.01% 0.007 0.03% ND ND
Sum of 4 aromatic ring molecules 4 6.175 9% 4.219 15% 6.042 23%
Benzo[a]pyrene 5 0.113 0.2% 0.050 0.2% 0.059 0.2%
Dibenzo[a,h]anthracene 5 0.047 0.1% 0.023 0.1% 0.060 0.2%
Sum of 5 aromatic ring molecules 5 0.160 0.2% 0.073 0.3% 0.119 0.5%
Indeno[1,2,3-cd]pyrene 6 0.012 0.02% 0.007 0.02% 0.015 0.1%
Benzo[ghi]perylene 6 0.048 0.1% 0.027 0.1% 0.061 0.2%
Sum of 6 aromatic ring molecules 6 0.059 0.1% 0.034 0.1% 0.076 0.3%
> total PAH (parent +alkylated):Y. PAHt 71.8 100% 29.0 100% 26.4 100%
> parent 16 PAH (% of Y, PAHt) 9.7 13% 7.0 24% 5.3 20%
> alkkylated PAH (% of). PAHt) 62.1 87% 221 76% 211 80%
Total LPAH 65.4 91% 24.7 85% 20.2 76%
Total HPAH 6.4 9% 4.3 15% 6.2 24%
Ratio LPAH/HPAH > 2.3 * 5.6 4.3 2.8

Ratio alkylated/parent PAH > 2.3 * 6.4 3.2 4.0

Ratio Ant/Ant + Phe < 0.1* 0.08 0.05 0.04

Ratio FIu/Flu + Pyr < 0.4* 0.2 0.1 0.2

Ratio C1-C4 Naphthalenes/Y’ PAHt 0.41 0.16 0.06

n-Ar: number of aromatic rings in molecule. ND: not detected. LPAH: Low molecular weight PAHs, HPAH: High molecular
weight PAHs. OM: oil mousse; OS: oil in sand; OR: oil in rock; Ant: Anthracene; Phe: Phenanthrene; Fluo: Fluoranthene;
Pyr: Pyrene. *: expected ratio value for petrogenic origin of PAH mixture according to Ghetu et al., (2021).

1.3.2 Mortality rates

Mortality rates of zebrafish exposed during 96 h to the different dilutions of oil WAF-
OM, WAF-OS and WAF-OR were 10%, 0% and 5%, respectively, at the highest

concentration exposures (100 % WAF), and LC50s could not be estimated (Supplementary
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Table S2). Mortality rates of zebrafish exposed during 168 h to the different dilutions of oil
WAFOM could be modelled and a LC50-168 h of 43.21 pg YPAHt L™t was estimated.
Mortality rates of zebrafish exposed during 168 h to the different dilutions of oil WAF-OS
and WAF-OR reached 10 % and 0 % at the highest concentration exposures (100% WAF),
and LC50s could not be estimated.

1.3.3 General morphology score

Results indicated a concentration dependent delay in zebrafish embryo-larval
development after exposure to all WAFs based on global morphology scores. The lowest
observed effect concentration (LOEC) for normalized GMS values were 2.2, 3.6 and 1.6 pg
YPAHt L or 0.30, 0.87 and 0.33 pg Lt sum of parent PAH (3 PAHp) for WAF-OM, WAF-
OS and WAF-OR, respectively (Fig. 2). The effective concentration causing a 20 % increase
in normalized GMS values (EC20-GMS) were 7.6 = 1.0, 3.4 £ 1.7 and 1.8 £ 1.1 pg Y PAHt
LYor1.0+0.1,0.8 + 0.4 and 0.4 = 0.2 ug YPAHp L™ (EC20-GMS =+ Standard Error) for
WAF-OM, WAF-OS and WAF-OR, respectively (Fig. 2).
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Fig 2. General Morphology Score (GMS) values for the embryo-larval phase of Danio rerio exposed to different
PAH concentrations of oil water accommodated fractions (WAF) from oil samples at different stages of
weathering sampled at Paiva Beach (WAF-OM) and Ponta do Xaréu Beach (WAF-0OS and WAF-OR) along the
coast of Pernambuco. Box plot continuous horizontal lines (lower, middle, and upper) indicate quartiles of 25, 50
(median), and 75%, respectively. A: (Kruskal-Wallis H = 129.3, p < 0.001, Dunn, p < 0.05); B: (Kruskal-Wallis
H =93.8, p <0.001; Dunn, p < 0.05); C: (Kruskal-Wallis H = 62.38 p < 0.001; Dunn, p < 0.05).

(*) statistically significant difference compared to Control and dotted line indicating mean GMS. (3 PAHLt) total
PAH (Parent + alkylated) and (3 PAHp) total 16 parent PAH.

1.3.4 Frequency of developmental abnormalities
Zebrafish exposed to different dilutions of WAF-OM, WAF-OS and WAF-OR indicated

concentration dependent increases in frequency of developmental abnormalities represented
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by pericardial and yolk sac edema, incomplete protrusible mouth, incomplete absorption of
the yolk sac, deformed heart and absence of swim bladder (Table 2).

WAF effect concentrations causing a frequency of 50 % of larvae to develop incomplete
yolk sac absorption (EC50-yolk sac) was equal to 8.0 + 0.7, 20.3 + 2.7 and 12.5 = 2.3 g
SPAHt L™t (mean + standard error) for larvae exposed to WAF-OM, WAF-OS and WAF-
OR, respectively. WAF effect concentrations causing a frequency of 50 % of larvae to
develop uninflated swim bladders (EC50-swimbladder) was equal to 1.62 + 0.31, 22.4 + 4.1
and 16.9 = 2.3 ug YPAHt L™ (mean =+ standard error) for larvae exposed to WAF-OM, WAF-
OS and WAF-OR, respectively.

Table 2. Frequency (percentage) of developmental abnormalities in Danio rerio larvae after exposure to different
PAH concentrations of oil water accommodated fractions (WAF) from oil samples at different stages of
weathering sampled at Paiva Beach (WAF-OM) and Ponta do Xaréu Beach (WAF-0OS and WAF-OR) along the

coast of Pernambuco.

. . Incomplete  Incomplete Uninflated
> PAHt Pericardial Yolk sac protrusible  Yolk sac Deformed Dorsal curvature 168 hpf Swim
edema edema - heart
mouth absorption bladder
pg L™ N~ 48- 168 hpf 48 - 168 hpf 72 - 96 hpf 96 hpf 168 hpf  Kyphosis Lordosis Scoliosis 96 hpf
0 48 0% 0% 0% 0% 0% 0% 0% 0% 10%
1.12 20 15%* 0% 0% 0% 0% 0% 0% 0% 40%*
s 2.24 20 5% 3% 5% 20%* 5% 0% 0% 5% 65%*
S 4.49 19 0% 0% 3% 37%* 0% 0% 0% 5% 63%*
. 0 0 (] 0 0 0 (] 0 0
< 8.97 20 0% 0% 13%* 50%* 0% 5% 0% 5% 85%*
= 17.9 20 23%* 20%* 10%* 70%* 40%* 20%* 0% 5% 95%*
35.9 17 45%* 74%* 50%* 89%* 90%* 10%*  30%* 0% 100%*
71.8 16 66%* 43%* 50%* 100%* 86%* 0% 57%* 0% 100%*
0 48 2% 0% 3% 4% 0% 0% 0% 0% 4%
1) 181 20 0% 0% 20%* 0% 0% 0% 0% 0% 10%
S 3.63 20 0% 5% 15%* 15% 0% 0% 0% 0% 15%
. 0 0 0 0 0 (] 0 (] 0
%‘f 7.26 20 0% 0% 15%* 20%* 0% 0% 0% 0% 20%*
145 20 0% 0% 45%* 15% 0% 0% 0% 0% 15%
29 20 54%* 28%* 70%* 85%* 0% 0% 56%* 0% 70%*
0 44 0% 5% 0% 2% 0% 0% 5% 2% 6%
o 1.65 20 8% 10% 15%* 10%* 10%* 0% 5% 13%* 15%
8 33 20 5% 10% 10%* 15%* 12%* 0% 0% 10%* 10%
. 0 (] (] 0 0 0 (] (] 0
< 6.6 20 8% 25%* 25%* 35%* 10%* 0% 7% 7% 15%
= 13.2 19 8% 32%* 5% 37%* 5% 0% 7% 14%* 32%*
26.4 20 50%* 78%* 40%* 85%* 35%* 0% 5% 63%* 75%*

(*) Statistically different from control (t-test for two proportions, p< 0.05). hpf: hours post-fertilization. (N~)
approximate number of organisms exposed. >’ PAHLt: parent + alkylated PAHs

1.3.5 Heartrate

Heart rates of zebrafish at 48 hpf exposed to different dilutions WAF-OM increased 6 %
relative to controls (tachycardia) at 8.97 and 17.9 ug YPAHt L™! and decreased 7 % and 14 %
(bradycardia) at 35.9 and 71.8 ug YPAHt L1, respectively (Fig. 3A). At 72 hpf these trends
were maintained, and heart rates increased 9 % relative to controls (tachycardia) at 17.9 ug
YPAHt L™t and decreased 13 % at 71.8 pg YPAHt L respectively (Fig. 3A). Heart rates at
48 hpf in WAF-OS increased 5 % and 8 % relative to controls (tachycardia) at 1.81 and 14.5
ug SPAHt L respectively (Fig. 3B), and at 72 hpf these trends were inverted, as heart rates
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decreased 6 % and 14 % at 14.5 and 29 ug YPAHt L ! respectively (Fig. 3B). Heart rates at
48 hpf in WAF-OR did not differ from controls (Fig. 3C), and at 72 hpf heart rates increased
12 % and 14 % at 1.65 and 3.3 ug YPAHt L%, respectively (Fig. 3C).

1.3.6 Morphometric measurements

The eye area of zebrafish larvae at 168 hpf exposed to the different dilutions of WAF-
OM decreased 6 %, 22 %, 36 % and 50 % relative to controls (microphthalmia) at 4.49, 17.9,
35.9 and 71.8 ug YPAHt L2, respectively (Fig. 4A). Eye area in WAF-OS exposed larvae
decreased 9 % and 28 % relative to controls at 14.5 and 29 pg YPAHt L2, respectively (Fig.
4B). Eye area in WAF-OR exposed larvae decreased 22 %, 19 %, 13 %, 20 % and 32 %
relative to controls at 3.30, 6.60, 13.2 and 26.4 ug at 17.9, 35.9 and 71.8 pg, respectively (Fig.
4C).
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Fig 4. Eye area of Danio rerio larvae at 168 hpf exposed to different PAH concentrations of oil water
accommodated fractions (WAF) from oil samples at different stages of weathering sampled at Paiva Beach
(WAF-OM) and Ponta do Xaréu Beach (WAF-OS and WAF-OR) along the coast of Pernambuco. Box plot
dashed horizontal lines indicate mean values, and box plot continuous horizontal lines (lower, middle, and
upper) indicate quartiles of 25, 50 (median), and 75%, respectively.

A: (ANOVA F =49.65 p <0.001; Dunnett, p < 0.05); B: (Kruskal-Wallis H = 23.92 p < 0.001; Dunn, p < 0.05);
C: (Kruskal-Wallis H=53.38 p <0.001; Dunn, p < 0.05).

(*) Statistically significant difference compared to Control and dotted line indicating mean.

Total length of zebrafish larvae at 168 hpf exposed to the different dilutions of WAF-OM
decreased 9 %, 17 % and 27 % relative to controls at 17.9, 35.9 and 71.8 pg at 17.9, 35.9 and
71.8 pg YPAHt L1, respectively (Fig. 5A). Total length in WAF-OS exposed larvae did not
differ from controls (Fig. 5B). Total length in WAF-OR exposed larvae decreased 10 %, 10
%, 7 %, 9 % and 16 % relative to controls at 1.65, 3.30, 6.60, 13.2 and 26.4 ug YPAHt LY,
respectively (Fig. 5C).
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Fig 5. Total length of Danio rerio larvae at 168 hpf exposed to different PAH concentrations of oil water
accommodated fractions (WAF) from oil samples at different stages of weathering sampled at Paiva Beach
(WAF-OM) and Ponta do Xaréu Beach (WAF-OS and WAF-OR) along the coast of Pernambuco.Box plot
dashed horizontal lines indicate mean values, and box plot continuous horizontal lines (lower, middle, and
upper) indicate quartiles of 25, 50 (median), and 75%, respectively.

A: (ANOVA F=61.98, p<0.001; Dunnett, p<0.05); B: (ANOVA F=1.93, p=0.094); C: (Kruskal-Wallis H=58.7,
p<0.001; Dunn, p<0.05).

(*) Statistically significant difference compared to Control and dotted line indicating mean.

1.4 DISCUSSION

Our results indicated significant changes in the relative concentration of parent and
alkylated PAHs in the 3 analyzed WAFs from oil samples at different stages of weathering,
and that these mixtures can induce concentration dependent toxicity to zebrafish embryo-
larval stages based on developmental and morphological endpoints. Furthermore, changes in
the proportion of different PAH molecules in each WAF were associated with different

patterns of developmental abnormalities and associated concentration response patterns.

Alkylated PAH molecules largely predominated in WAF-OM, WAF-0OS and WAF-OR,
representing 87 %, 76 % and 80 % of Y PAHt respectively, a main characteristic of petrogenic
PAH mixtures (BOEHM, 1964), and which can contribute significantly to the toxicity of a
sample (ANDERSSON et al., 2015). High ratios LPAH/HPAH ranging from 5.6 in less
weathered WAF-OM to 2.8 in more weathered WAF-OR were verified, and all of them
significantly above 2.3 reinforce a petrogenic characteristic for all WAFs (GHETU et al.,
2021), even after 50 days of weathering under intense sunlight and action of waves as
occurred in WAF-OS and WAF-OR.

Alkylated naphthalenes in the less weathered WAF-OM represented 40.8 % of total PAHs
and decreased to 15.9 % and 6.2 % in WAF-OS and WAF-OR (Table 1 and supplementary
Fig. S1), a pattern which is also diagnosed by the weathering ratio C1-C4 Naphthalenes/
>'PAHLt, equal to 0.41 for less weathered WAF-OM, and reduced to 0.16 and 0.06 in WAF-

OS and WAF-OR, respectively. This pattern indicates clear and progressive weathering from
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OM = 0OS = OR (PAGE et al., 2002). Interestingly, the value of 0.41 in this study is equal
to the one calculated for the recently spilled oil from the Exxon valdez accident, which also
decreased to values close to zero as weathering progressed, although through a more extended
period from 1990 to 1993 (PAGE et al., 2002), whereas in this study only 51 days separate
emulsified OM that landed on Paiva Beach from more weathered OS and OR in adjacent
Pedra do Xaréu Beach. Results similar to this study were found in a weathering study after the
Deepwater Horizon spill where concentrations of alkylated naphthalenes also decreased in
samples at three stages of weathering, from less weathered Macondo Well oil and surface oil
slicks, to more weathered oil-soaked sands and oil-covered rocks (AEPPLI et al., 2012).
Parent Naphthalene is the most volatile PAH, and it is expected that a large portion evaporates
after an oil spill and subsequent spreading and mixing with water. However, alkylated
naphthalenes are less volatile and do not evaporate after oil spills (SCARLETT et al., 2011).
Therefore, it is interesting to highlight that even after 50 days impregnated in sand and rocks
under intense sunlight, a significant mass of these alkylated naphthalenes could still be
released into the water. Additionally, alkylated naphthalenes are more hydrophobic and
bioaccumulative in aquatic organisms and were important contributors to toxicity measured as
significant luminescence inhibition in Aliivibrio fischeri after exposure to a crude oil WAF
(KANG et al., 2014).

Relative proportion of 3-ring phenanthrene, anthracene and their alkylated compounds
increased from 25 % of total PAHSs in less weathered WAF-OM to 44 % and 48 % in more
weathered WAF-OS and WAFOR, respectively. Additionally, the proportion of 4 ring parent
and alkylated PAHSs increased from 9 % in WAF-OM to 15 % and 23 % in WAF-OS and
WAF-OR (Table 1 and supplementary Fig. S1). This pattern of decreases of 2-ring lower
molecular weight PAHs during weathering coupled with increases in proportion of tricyclic
PAHs and their alkylated homologs has been associated with increased frequencies of
malformations typically associated with oil-induced toxicity in larval teleosts, including
pericardial and yolk sac edema, impacts on heart development, jaw reduction and curvature of
the body axis (INCARDONA et al., 2005; JUNG et al., 2013). A similar tendency is observed
in our study based on the smaller potencies of the less weathered WAF-OM to induce delay in
zebrafish embryo-larval development (ECz0-cms = 1.0 pg YPAHp L™') compared to more
weathered WAF-OS (ECzo-cms = 0.8 pug YPAHp L) and WAF-OR (ECz-oms = 0.4 pg
SPAHp L1). These results agree with the weathering studies with different crude oils that

indicate increased potency of water PAH mixtures as overall composition changes over time
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towards a larger fraction of 3-ring PAH phenanthrene and alkylated congeners (ESBAUGH et
al., 2016; INCARDONA et al., 2024).

Other studies reported GMS based developmental delays in zebrafish exposed to Oman
and Merey unweathred crude Oils with ECz0.gms of 4.55 and 4.23 pg YPAHp L™ respectively
(LI et al., 2019). These EC20 concentrations are 4 to 10 times higher than EC20-GMS values
from this study, indicating that WAFs from the oil that reached the Brazilian coast are
significantly more potent than these unwethered crude oil, again suggesting that weathering

increases developmental toxicity.

Yolk provides hormones, nutrients and energy during early development of fishes (Hilton
et al., 2008; Kamler, 2007). This study suggests that exposure of zebrafish to different
weathered oil WAFs induce concentration dependent failure of yolk sac absorption (Table 2),
and highest potency was verified for WAF-OM and WAF-OR (ECso-yoik of 8 and 12.5 ng
YPAHt L2, respectively). This failure in complete yolk sac absorption supposedly implies
less overall energy reserves mobilized for growth, and a highest potency of WAF-OM and
WAF-OR was also verified for decreased total length of larvae (Fig. 5A and C) and
microphthalmia (Fig. 4A and C). This failure in yolk sac absorption leads to cholesterol
deprivation and upregulation of cholesterol biosynthetic genes in Melanogrammus aeglefinus
embryos and larvae exposed to crude oil, visibly unable to effectively mobilize yolk
SORHUS et al. (2017).

The 3-ring PAHSs fluorene, dibenzothiophene, phenanthrene and alkylated phenanthrenes
are cardiotoxic (ABRAMOCHKIN et al., 2023; AL-MOUBARAK et al., 2021,
INCARDONA et al., 2004b; INCARDONA et al., 2024). Zebrafish embryos exposed to a
mixture of them show decreases in heart rates and rhythm, disrupting cardiac function.
Prolonged exposure also indicated secondary defects in cardiac morphogenesis, culminating
in heart failure and edema accumulation, and other subsequent morphological defects in jaw
or microphthalmia (INCARDONA et al., 2017a). This study verified the typical bradycardia
in heart rate in larvae at 48 and 72 hpf exposed to WAF-OM and WAF-OS (Fig. 3). Parent
Fluorene and Phenanthrene represent 6.69 and 5.22 ug L™ and 9 and 18 % of total PAH,
respectively, and could be contributing to these observed effects. Reductions in heart rates
were verified in zebrafish larvae at 120 hpf after exposure to WAFs from Oman Crude oil and
Merey crude oil at LOECs of 3.81 and 3.25 YPAHp L (LI et al., 2019), values which are in
the same range of the LOECs for reduced heart rates of 4.8 and 2.6 ug S PAHp L verified in

this study (Fig. 2). On the other hand, tachycardia in heart rates were also verified at smaller
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WAF concentrations of WAF-OR (Fig. 3). Tachycardia in fish exposed to PAH is not a
commonly observed response in Danio rerio ELS, but it has been verified in ELS of Danio
rerio exposed to crude oil WAF at 48 hpf PHILIBERT et al. (2019), and in zebrafish ELS (72
hpf) exposed to phenanthrene concentrations starting at 0.09 pg L™ (ZHANG et al., 2013),

where increased heart rate was interpreted as compensation for reduced stroke volume.

In this study high frequencies of heart deformities characterized by collapse of heart
chambers and generation of a string-like appearance of the heart were verified in larvae
exposed to WAF-OM and WAF-OR (Table 2), such as those described by (GARRITY et al.,
2002; INCARDONA et al., 2004b). Pericardial and yolk sac edemas were also verified
starting at 72 hpf, and high frequencies were verified at higher concentrations at 96 and 168
hpf at all WAFs tested (Table 2). This chronology of pericardial edema development is typical
of 2,3,7,8-tetrachlorodibenzo-pdioxin (TCDD) toxicity to zebrafish larvae (ANTKIEWICZ et
al., 2005) and PAH with higher molecular weight, such as 5- ring PAHSs, due to its similar
mechanism mediated by the Ah receptor (INCARDONA et al., 2017a), which are present in
our WAF mixtures, although at small concentrations (Table 1). In another study, exposure of
zebrafish to retene, a C-4 alkylated phenanthrene induced pericardial edemas at 72 hpf and
heart deformities through aryl hydrocarbon receptor-2 (AhR2) activation (SCOTT et al.,
2011). Recently it has been demonstrated that 14 alkylated phenanthrenes cause
developmental cardiotoxicity to zebrafish based on multiple mechanisms affecting specific
endpoints of cardiac function or development (INCARDONA et al., 2024). C1-C4-alkylated
phenanthrenes + anthracenes were quantified at concentrations of 0.97 ug PAH L™ (18 % of
SPAHt L™), 0.72 pg PAH L™t (27 % of YPAHt L) and 1.03 ug PAH L™ (33 % of Y PAHt
L) in WAF-OM, OS and OR, respectively (Table 1), and this complex group of alkylated

PAHSs is probably contributing to the developmental abnormalities detected in this study.

Initial swim bladder inflation is a critical stage of development at around 96 hpf during
early zebrafish development that allows the larvae to achieve neutral buoyancy and proper
swimming skills (LINDSEY et al., 2010). Failed or delayed inflation of the swim bladder has
been observed during early development of larval fishes exposed to parent PAHs or oil
mixtures (PRICE et al., 2020). In this study, all WAFs induced significant failure in swim
bladder inflation (Table 2). However, for this endpoint an opposite trend compared to GMS
results was verified, with a higher potency for WAF-OM, decreasing in WAF-OS and WAF-
OR, With ECso-swimbladder of 1.6, 22.4 and 16.9 ug Y PAHt L1, respectively. This opposite trend

suggests that 2-ring alkylated naphthalenes, which are present in higher concentrations in
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WAF-OM could be an important factor involved. However, it is important to note that
exposure of zebrafish to different parental PAHs in isolation or in complex mixtures,
including naphthalene, phenanthrene and alkylated PAHs have been associated with
uninflation of swim bladder, and potential mechanisms involved are presumed to be either
secondary effects of reduced cardiac function or direct effects on the swimbladder caused by
different PAHs (PRICE et al., 2020). Other mechanisms that can prevent swim bladder
inflation relate to the fact that zebrafish larvae need to swim to the water surface and gulp air
to initially inflate it. Oil film in the surface, improper motor swimming skills of the larvae, or
jaw deformities, could also affect this initial inflation (PRICE et al., 2020). In this study, oil
films were not present at any of the exposure wells. However, increases in frequency of larvae
with incomplete protrusible mouths were verified after exposure to all WAFs (Table 2), which
could be involved in the increased frequencies of larvae with failed swim bladder inflation.
Further studies are necessary to characterize the potencies and mechanisms through which
different PAHSs are involved in swim bladder inflation toxicity.

Oil exposure during early life stages affects the performance of adult zebrafish HICKEN
et al. (2011). Likewise, exposure to embryonic crude oil in salmon and herring resulted in
heart developmental defects during organogenesis, subsequently leading to diminished
cardiorespiratory performance in juvenile fish later on (INCARDONA et al., 2015). These
studies suggest a physiological mechanism linking individual-based toxicity and population-
level responses that have been verified in Danio rerio and other marine fishes such as mahi-
mahi Coryphaena hippurus (MAGER et al.,, 2014), red drum Sciaenops ocellatus
(KHURSIGARA et al., 2017) as well as other fishes reviewed in (MAGER et al., 2024).
Therefore, it is reasonable to suppose that the observations in zebrafish in this study are a

good indicator that indigenous species could be impacted the same way.

This study found LOECs for endpoints focused on developmental delay, failure in yolk
sac absorption, swim bladder inflation, and mouth development are within detected
environmental PAH concentrations in field samples. Water concentrations of PAHSs in coral
reef areas with clear presence of oil varied from 0.75 to 7.1 ug YPAHt L™ (ALVES et al.,
2024), suggesting these endpoints can be found in the field. This is accordance with a notable
decline in larval populations, reduced taxonomic diversity, diminished larval size, and rise in
some typical morphological abnormalities such as skeletal, head and yolk sac deformation
among fish larvae and eggs sampled in coastal waters heavily affected by the oil spill off the
Brazilian coast that is involved in this study (DE SOUZA et al., 2022).
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CONCLUSION

Parent and alkylated PAHs dissolved into the water from the weathered emulsified oil that
contaminated the Brazilian coast can cause concentration dependent toxicity to zebrafish
embryo-larval stages based on developmental and morphological endpoints. The emulsified
oil after 50 days of subsequent weathering was a potent inducer of developmental delay and
ecologically relevant abnormalities in zebrafish. More weathered WAF-OS and WAF-OR
were more potent inducers of zebrafish developmental delay, suggesting that parent and
alkylated phenanthrenes are involved. Lowest observed effect concentrations for different
developmental toxicity endpoints are within environmentally relevant polycyclic aromatic

hydrocarbon concentrations and indigenous species could be affected.
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Fig. S1: Relative contribution (% of total polycyclic aromatic hydrocarbon
concentrations) of parent and alkylated PAH molecules in water accommodated
fractions (WAF) of oil at different stages of weathering. A: WAF-OM (oil mousse),
B: WAF-OS (oil in sand) and C: WAF-OR (oil in rock).

NAPH = naphthalene; ACFTL = Acenaphthylene; ACFT = Acenaphthene; FLUO
Fluorene; PHE = phenanthrene; ANT = anthracene; FLT = fluoranthene; PYR
pyrene; B[a]JA = Benz[a]anthracene; CHRY = Chrysene; BJ[b]F
Benzo[b]fluoranthene; B[k]JF = Benzo[k]fluoranthene; B[a]P = Benzo[a]pyrene;
D[a,h]A = Dibenzo[a,h]anthracene; 1[1,2,3-cd]P = Indeno[1,2,3-cd]pyrene; B[ghi]P
= Benzo[ghi]perylene. C1 to C4 indicates the number of alkyl groups attached to the
respective PAH.
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Table S1- Relative fluorescence units (RFU) of the diferent solutions of water accommodated fractions used

during exposure experiments measured daily before exposure water exchanges.

> PAHt NAPH PHE PYR CHRYS B[a]P

pngL! Mean SD Mean SD Mean SD Mean SD Mean  SD

1.12 2.69 0.24 524 026 2.36 0.36 1.59 0.05 1.15 0.11

2.24 3.52 0.15 7.29 0.22 2.44 0.23 1.94 0.09 1.19 0.08

% 4.49 5.23 0.14 11.65 0.46 3.13 0.40 2.76 0.21 1.25 0.21
w897 8.52 030 1836 0.36 4.19 0.37 4.15 0.15 1.38 0.19
g 17.9 1443 0.21 28.89 0.52 5.44 0.55 6.37 0.18 1.58 0.18
35.9 2523 0.62 4544 0.38 8.23 0.57 10.39 0.28 1.91 0.17

71.8 41.80 096 69.82 0.12 13.10 0.79 1638 0.34 2.35 0.30

1.81 2.22 1.39 4.57 0.72 1.74 0.46 1.70 1.25 0.21 0.02

8 3.63 3.63 0.97 10.00 2.12 3.38 1.06 2.52 0.51 0.47 0.18
Eﬂ: 7.26 5.92 1.54 1776 424  5.02 1.41 4.35 1.01 0.88 0.33
= 14.5 10.84 271 32,66 7.82 9.49 2.67 7.96 1.88 1.62 0.49
29.0 19.53 520 58.37 1559 15.65 4.73 14.60 3.62 2.99 0.93

1.65 1.12 0.43 460  0.57 1.68 0.31 1.21 0.15 0.27 0.13

% 33 2.60 0.29 9.99 0.37 3.89 1.17 2.50 0.21 0.46 0.18
K 6.6 4.67 049 18.18 0.75 5.36 0.92 4.37 0.09 0.81 0.11
é 13.2 8.10 0.52 32.53 0.78 9.04 1.16 7.43 0.32 1.52 0.24
26.4 14.03 0.50 57.60 143 1427 1.07 1292 0.51 2.60 0.14

> PAHLt: Total PAH concentrations including parent + alkylated molecules (GC-MS concentrations)

NAP-RFU: relative fluorescence units for naphthalene
PHE-RFU: relative fluorescence units for phenathrene
CHR-RFU: relative fluorescence units for chrysene

PYR-RFU: relative fluorescence units for pyrene
BaP-RFU: relative fluorescence units for Benzo(a)pyrene

SD: standard deviation



ANEXO-3

Table. S2: Mortality rate measured every 24 hours of experiment in Danio rerio early life
stages after exposure to different PAH concentrations of oil water accommodated
fractions (WAF) from oil samples at different stages of weathering sampled at Paiva
Beach (WAF-OM) and Ponta do Xaréu Beach (WAF-OS and WAF-OR) along the coast
of Pernambuco.

> PAHt %Mortality
ng L
N 24 48 72 96 120 144 168 hpf
0 48 0 0 0 0 0 0 0
112 20 0 0 0 0 0 0 0
S 224 20 0 0 0 0 0 0 0
Q 449 20 5 5 5 5 5 5 5
= 897 20 0 0 0 0 0 0 0
Z 179 20 0 0 0 0 0 0 0
359 20 5 5 5 5 50 50 50
718 20 5 5 5 10 65 65 65
0 48 0 0 0 0 0 0 0
v 181 20 0 0 0 0 0 0 0
? 363 20 0 0 0 0 0 0 0
< 726 20 0 0 0 0 0 0 0
Z 145 20 0 0 0 0 0 0 0
29 20 0 0 0 0 10 10 10
0 48 625 83 83 83 83 83 8.3
© 165 20 0 0 0 0 0 0 0
g 33 20 0 0 0 0 0 0 0
2 66 20 0 0 0 0 0 0 0
Z 132 20 0 0 5 5 5 5 5
264 20 0 0 0 0 0 0 0

hpf: hours post-fertilization. (N) number of organisms exposed initially.
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IV MANUSCRITO 2 (Ecotoxicological effects of crude oil to early life stages of Danio
rerio: a molecular, morphological and behavioral approach focused on swim

bladder development)

ABSTRACT

Proper development and inflation of the swim bladder is essential for swimming and foraging
behavior in fish. To characterize the effects of the Brazilian oil spill that occurred between
2019 and 2020 to early life stages of fish, the expression of genes involved in swim bladder
development were evaluated through biochemical assays, morphologic analysis, and behavior.
The swim bladder was focused on due to recent findings of being a target of polycyclic
aromatic hydrocarbons (PAHS) present in oil. Zebrafish (Danio rerio) were exposed to oil
water accommodated fractions (WAF) at concentrations measured following the spill, 1.12 to
71.8 total PAHs (ug-XPAHt L?). Larvae exposed to 4.49 and 17.9 pg-XPAHt L had a
downregulation in swim bladder development genes, hb9, sox2, has2, and elovlla, at 48 hours
post fertilization (hpf). Downregulation in these genes was associated with a high frequency
of uninflated swim bladders at 96 and 168 hpf, with uninflated swim bladders detected in
100% of 96 to 168 hpf larvae exposed to 35.9 and 71.8 ug-PAHt L. SOD and CAT levels
were inhibited in larvae exposed to 1.12 and 2.24 ug-SPAHt L, respectively. There was an
increase in GST and GSH levels in exposed larvae. Average swimming speed and distance
were reduced in larvae exposed to 1.12 ug-ZPAHt L. This suggests that complex mixtures of
PAHs from crude oil can inhibit the transcription of genes involved in swim bladder tissue
development and proper swim-up behavior, which may have implications for the viability and

success of developing larvae, impacting recruitment.

Keywords: Polycyclic aromatic hydrocarbons, water accommodated fraction, swim bladder,

zebrafish, swimming behavior, gqPCR
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1.1 INTRODUCTION

The oil spill off the northeastern coast of Brazil between 2019 and 2020 was the
largest oil spill event in Brazilian history (CHOUERI et al., 2024; DE OLIVEIRA ESTEVO
etal., 2021; MAGALHAES et al., 2022; SOARES et al., 2022). Although the direct cause or
source of the spill remains uncertain, it is presumed to be the result of either a leak or
intentional dumping by a tanker of 5,000 - 12,500 m? of oil 400 km off of the coast. A total of
3,000 km of Brazilian coastline was affected (ZACHARIAS; GAMA; HARARI; et al., 2021).
Oil residues reaching the coast in September/October 2019 were viscous and similar to
classic, semi-solid, brownish water-in-oil emulsions (MELO ALVES et al., 2024). During
cleanup operations, a total of 5,379 tons of emulsified oil was removed from the environment
(SOARES et al., 2022; ZACHARIAS; GAMA; HARARI; et al., 2021).

Coastal ecosystems were impacted by direct oil exposure following the spill, as
evidenced by an increase in spine deformities and yolk sack edema in ichthyoplankton
embryos and larvae from affected areas (DE SOUZA et al., 2022). Additionally, reductions in
population abundance and species richness of benthic fauna in oil-impacted reef habitats were
seen (CRAVEIRO et al., 2021; LIRA et al., 2021; SANTANA et al., 2022), with an increase
in ethoxy-resorufin-O-deethylase and catalase activity in reef fish in tandem with accumulated
polycyclic aromatic hydrocarbons (PAHS) in bile (MELO ALVES et al., 2024). Parent and
alkylated PAHs are among the most toxic constituents in crude oil (DUBIEL et al., 2023).
Malformations in larval fish mouth, fin, notochord, cardiac, and eye development following
oil and PAH exposure can lead to consequences for swimming, orientation and swim bladder
formation (ALVES et al., 2017; BRETTE et al., 2017; MAGNUSON et al., 2020;
PASPARAKIS et al., 2019; PRICE et al., 2020). Specifically, a reduced capacity of larvae to
swallow air for initial bladder inflation has been identified as a sensitive endpoint and
potential target of crude oil and its derivatives (BRETTE et al., 2017; PASPARAKIS et al.,
2019; PRICE et al., 2020). The swim bladder is a primordial organ that allows fish to achieve
neutral buoyancy, and it plays an important role in swimming behavior and foraging success
(LINDSEY et al., 2010). Swim bladder development and functional establishment is a three-
stage process composed of: 1) normal development of swim bladder structure composed of
three tissues (inner epithelium, middle mesenchyme, and outer mesothelium), 2) larva
swimming up to the surface to swallow air required for inflation, and 3) regulation of the

volume of air inside the swim bladder through the autonomic nervous system.
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In zebrafish (Danio rerio) that are between 36 and 72 hours post fertilization (hpf), a
subset of genes involved in pathways important for swim bladder development and function
are upregulated in the epithelium (foxa2, anxab, hb9, and sox2), mesenchyme (has2 and
acta2), and mesothelium (hprtll, fgf10a, elovlla, and anxa5) (SHASHA, 2023; WINATA et
al., 2009; YIN et al., 2011). The Hedgehog (Hh) and Wnt signaling pathways play a large
role in regulating swim bladder chamber development (INGHAM et al., 2001; YIN et al.,
2011). In addition, these signaling pathways and swim bladder layer genes are crucial for the
emergence, growth, and organization of cells that make up the swim bladder itself (SHASHA,
2023; WINATA et al., 2009). By 72 hpf, the tissues in the posterior chamber of the swim
bladder are formed and larvae can start swimming to the surface to gulp air, a behavior
dependent on the sox2 gene, whose knockout leads to deficits in tail flick and swim-up
behaviors in zebrafish larvae (SHASHA, 2023).

LI et al. (2019) demonstrated that zebrafish exposed to 60% oil water accommodated
fractions (WAFs; 2.52 mg L of total petroleum hydrocarbon content) from Oman crude oil
exhibited significant downregulations in hb9 and anxa5 expression by 120 hpf, suggesting
that PAHs can disrupt the specification and development of the epithelium and outer
mesothelium of the swim bladder in early life stages of zebrafish. These findings align with
observations from the 2019 oil spill off the Brazilian coast, where larval zebrafish exposed to
collected weathered oil displayed developmental delays following exposure to 2.24 pg PAH
L%, increased heart and skeletal deformities at 17.9 pg *PAH L, and uninflated swim
bladders at 1.12 pg *PAH L (MARIZ JR et al., 2024). Despite these observations, the
specific mechanisms by which oil disrupts swim bladder development and function in early
life stage fish remains largely unknown.

This study aimed to characterize the effects of PAHs from crude oil to swim bladder
development and function in early life stage zebrafish, using molecular, biochemical,
morphometric, and swimming behavioral endpoints. We tested the hypothesis that the
expression of swim bladder development and swimming behavior-associated genes are
disrupted during key developmental stages of zebrafish. Improving the mechanistic
understanding of how crude oil impairs the swim bladder during early life stage development
in fish will better inform the impact of the Brazilian oil spill, as well as serve as a potential

sensitive endpoint to include in ecological risk assessments.



94

1.2 MATERIALS AND METHODS

1.2.1 Oil water accommodated fraction (WAF) preparation and chemical analysis

Oil that remained on the northeastern coast of Brazil was characterized as oil mousse
(OM), with samples submerged among tidal pools in coral reefs of Paiva Beach (8°16'56.7"S,
34°56'48.6"W) and collected on October 3, 2019. Samples were wrapped in aluminum foil
and transported in coolers to the laboratory, with further details about WAF preparations
provided in MARIZ JR et al. (2024). Briefly, 50 g of OM was mixed in 5 L of freshwater,
same as that prepared for the zebrafish culture, under moderate agitation by a mechanical
stirrer inside a sealed Mariotte flask in the dark for 24 h. This was followed by a filtration of
the water phase of the mixture with a 2 um cellulose filter to eliminate oil droplets, as oil
droplets have been previously suggested to induce additional toxic effects (REDMAN et al.,
2012). Cellulose filters were used as they were reported to have a low sorption to PAHs
(JONKER, 2008). The rate of filtration occurred quite rapidly, ~ 1 L/min. Filtered WAF was
stored at 4 °C in amber flask vials. Exposure assays started on the same day as the WAF
preparation, where 1 L was extracted for PAH chemical characterization and the remaining 4

L used for dilution and embryo exposures.

A detailed description of the chromatographic procedures used in the analysis of 33
parent and alkylated PAHs quantified in the WAF used for exposures is provided in MARIZ
JR et al., (2024). Briefly, this consisted of a hexane-based liquid-liquid extraction of a 1 L
WAF 100% solution. The addition of deuterated PAH internal standards was followed by
guantitative measurements using a gas chromatograph (GC-Agilent Technologies, model
7820) coupled to mass spectrometry (MS-Agilent Technologies, model 5975C). Exposure
concentrations were expressed as total concentrations of 33 parent and alkylated PAHs (ug-
TPAHt LY), total concentrations of 16 priority parent PAHs (ug-X16PAH L) as defined by
the U.S. Environmental Protection Agency (EPA), total concentrations of 17 alkylated PAHs
(ug-ZPAHalk L), and concentrations of individual PAHs. The 16 parent PAHs assessed
were naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene,
fluoranthene, pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene,
benzo[k]fluoranthene, benzo[a]pyrene, dibenzo[a,h]anthracene, indeno[1,2,3-cd]pyrene, and
benzo[ghi]perylene. The 17 alkylated PAHs assessed were C1 to C4 naphthalenes, C1 to C3
fluorenes, C1 to C4 phenanthrenes + anthracenes, C1 to C3 fluoranthenes + pyrenes, and C1

to C3 benzo[a]anthracenes + chrysenes.
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1.2.2 Experimental design

Wild type adult short-tailed zebrafish were maintained at the Laboratorio de
Ecotoxicologia Aquatica (LABECOTOX) from Federal University of Pernambuco (UFPE).
Fish were fed daily with freshly hatched Artemia nauplii and 40% protein dry fish food
(Guabi®), with freshwater used for cultivation. WAF water parameters were monitored with a
YSI Professional Plus multiparametric meter (pH 7.6 £ 0.2, dissolved oxygen 6.0 £ 0.2 mg L~
! and temperature 28 + 0.5 °C, mean + standard deviation). The total ammonia concentration
was below 0.02 mg L. The day before the experiment, adults were separated in three 15 L
aquariums with UV-treated water at 28 °C at a ratio of 3:1 (male:female). The following
morning, eggs < 3 hpf were collected and assessed for fertilization and proper development
under a Stemi 2000 C stereomicroscope at 40x (Zeiss, Germany), following OECD 236
guidance (OECD, 2013).

For morphometric and behavior endpoints, viable eggs (<3 hpf) were exposed to WAF
dilutions of 100%, 50%, 25%, 12.5%, 6.25%, 3.13%, and 1.53% in 24-well polystyrene cell
culture plates (Greiner, Cat. N0.-662102), with one plate for each WAF dilution (n = 24
embryos per dilution, one in each well). PAH concentrations were measured by fixed
fluorescence from the beginning to the end of exposures, with minimal variation in
concentrations observed, as previously described (MARIZ JR et al., 2024). Molecular and
biochemical evaluations were assessed with pooled larvae exposed in 6-well cell culture
plates, with one plate for each dilution. Individual wells of the 24- or 6-well culture plates
were filled with 2.5 or 10 mL of exposure solution in a semi-static renewal system, with 2 mL
and 8 mL being replaced every 24 hours, respectively. Larvae were randomly selected from
plates during sampling to produce pools. All plates were maintained at a constant temperature
(27.8 °C £ 0.03) and light (14h light:10h dark) in a controlled incubator during exposures.
The control treatment consisted of two separate 24- and 6-well exposure plates. Embryo
exposures started at 3 hpf and continued for up to 168 hpf (7 days). Subsamples were
collected for transcript expression assessment in 48, 72, 96, and 168 hpf larvae (Fig. 1). At 96
hpf, larval samples were also collected for biochemical analysis. Individual larvae were
examined at 96 and 168 hpf for the presence of a swim bladder. Behavioral parameters, such

as swimming speed, distance traveled, and duration, were assessed in 168 hpf larvae (Fig. 1).
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EXPOSURE TO OIL WATER ACCOMMODATED FRACTIONS
.5 <3 hpf 48 hpf 72 hpf 96 hpf 168 hpf
2| Exposure start | = Transcript * Transcript * Swim bladder |+ Swim bladder
= expression expression observation observation
E » Biochemistry [+ Swim bladder
assessment measurements
+ Transcript * Swimming
expression activity
* Transcript
expression

Fig. 1. Experimental design and endpoints measured at different developmental stages in
zebrafish (Danio rerio) exposed to oil water accommodated fractions (WAF).
Hours post fertilization (hpf).

1.2.3 mRNA gene expression analysis

Zebrafish were exposed to control water, low (6.25% WAF dilution, 4.49 ug-XPAHt
L), and intermediate (25% WAF dilution, 17.9 pg-ZPAHt L) PAH concentrations until
larvae were 48, 72, 96, and 168 hpf and then assessed for targeted mRNA gene expression.
Each treatment consisted of five replicate pools (n = 5), with each pool comprised of 20
larvae. This study used two exposure concentrations and control for the mRNA evaluation
due to the limited number of organisms in the entire experiment and financial limitations.
Larvae were homogenized using a mechanical homogenizer with a pestle. Total RNA was
extracted with QIAzol Lysis (Qiagen, Germany), according to manufacturer’s instructions.
The quality and concentration of total RNA was determined using a NanoDrop 2000 (Thermo
Scientific, USA), with 260/280 and 260/230 ratios between 1.9 and 2.1. The synthesis of the
first cONA strand of each RNA sample was achieved using the Roche Universal Transcriptor
cDNA Master kit with a total reaction volume of 20 uL in a C1000 Touch Thermal Cycler
(Bio-Rad, USA).

The expression of four genes related to swim bladder tissue development and swim-up
behavior were targeted: epithelial (hb9 and sox2), mesenchyme (has2), mesothelium
(elovlla), and swim-up behavior (sox2). p-actin was used as a reference gene, as it did not
exhibit altered expression between treatments. Furthermore, p-actin has been a reliable
reference gene for normalizing expression data, with previous work using it when evaluating
swim bladder development in zebrafish throughout different stages of development (XU et
al., 2017; ZHANG et al., 2022). The RT-PCR evaluation was performed using a ReadyMix
JumpStart Tag SYBR Green kit. The accession numbers, sequences, amplicon sizes, and
primer efficiency (%) of the primers are listed in Table S1. The RT-PCR thermal conditions
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were as follows: 2 min at 94 °C followed by 39 cycles of 3 amplification steps (denaturation
for 15 s at 94 °C, annealing for 15 s at 50 °C, and extension for 30 s at 60 °C). A melt curve
from 60 to 90 °C, with increments of 0.5 °C, was carried out. Expression fold changes
between treatment and control groups were calculated by the 2724t method (LIVAK et al.,
2001).

1.2.4 Biochemical assessment

A total of 4 pooled, 96 hpf larvae from each treatment was homogenized with 100 uL
of potassium phosphate buffer (KPi 0.1 M, pH 7.4). The homogenate was centrifuged at 9000
x g for 20 min at 4 °C and used in glutathione-S-transferase (GST) assays. For total
glutathione (GSH), catalase (CAT), and superoxide dismutase (SOD) assays, a pool of 40
larvae that were 96 hpf (n=4) was homogenized in 200 pL of buffer (Tris-HCI 100 mM, pH
7.4) and centrifuged at 12000 x g for 15 min at 4 °C. For reactive oxygen species (ROS),
pools of 20 larvae that were 96 hpf were homogenized with 100 uL of sodium phosphate
buffer saline (PBS 0.7 M, pH 7.4) and centrifuged at 12000 x g for 30 min at 4 °C. Total
protein concentration was determined with the Bradford assay and a bovine serum albumin
analytical curve of R?>0.99 (BRADFORD, 1976).

1.2.4.1 Glutathione-S-transferase (GST)

GST activity was determined following HABIG et al. (1974). A total of 5 uL of
homogenate and 200 uL of a GST mix (Ultra-pure water, KPi buffer 0.25 M, and GSH 100
mM) was added to wells of 96-well plates. Following a baseline reading, the substrate, 1-
chloro-2,4-dinitrobenzene (CDNB) in ethanol, was added and absorbance measured at a 340
nm wavelength at a temperature of 25 °C. GST activity was quantified using the molar
absorptivity coefficient (€=9.6 mM™* cm™), with the activity expressed in umol CDNB min*

mg protein™.

1.2.4.2 Total glutathione (GSH)

GSH concentrations were determined following BEUTLER et al. (1963). An aliquot
of the sample was homogenized with trichloroacetic acid (TCA, 6%) at a ratio of 1:1 (v:v),
and then centrifuged at 900 x g for 5 min at 4 °C. After centrifugation, the homogenate was
mixed with 2.2 mM 5,5-dithiobis-2-nitrobenzoic acid (DTNB) in KPi solution (0.1 M, pH
7.4) in the wells of a 96-well plate. GSH levels were determined from the conjugation of
glutathione (GSH) with 2.2 mM DTNB at a wavelength of 412 nm and temperature of 25 °C.

Concentrations were expressed as ug GSH mg protein™.
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1.2.4.3 Superoxide dismutase

Superoxide dismutase (SOD) activity was quantified following MARKLUND et al.
(1974) and adapted by MAHARAJAN et al. (2018). In a 96-well microplate, 140 uL of buffer
(tris—HCI 0.05 M, EDTA 1 mM, pH 8.5), 52.5 uL of sample, and 52.5 uL of water were
added and absorbance read at a wavelength of 420 nm and temperature of 25 °C. After the
baseline reading, 35 puL of 6 mM pyrogallol in 0.05 M HCI solution was added to the reaction

well. SOD activity was expressed as U SOD min* mg protein™.

1.2.4.4 Catalase

Catalase (CAT) activity was determined following BEERS et al. (1952), adapted by
LI, Y. et al. (2007). The test was performed by adding 5 puL of sample and 250 uL of reaction
mix (KPi 0.05 M, pH 7.4, and 0.15 mM H20) to a 96-well microplate. Absorbance was
measured at a wavelength of 240 nm and temperature of 25 °C. CAT activity was calculated
based on the molar absorptivity coefficient (€ = 43.6 M cm™) and the values expressed in

umol of H,0, min"t mg protein™.

1.2.4.5 Reactive oxygen species

Reactive oxygen species (ROS) was determined following ZHAO et al. (2013). In
wells of a black 96-well plate, 20 uL of sample, 100 uL of PBS, and 8.3 uL of 2,7-
dichlorofluorescin diacetate (DCF-DA) at 1 mg mL™? in dimethyl sulfoxide (DMSO) were
mixed. Subsequently, the plate was incubated for 30 min at 37 °C. After the incubation
period, fluorescence was read in relative fluorescence units (RFU) with excitation/emission
wavelengths of 485/520 nm, respectively, at a temperature of 25 °C. ROS was expressed as

fluorescence measured in exposed samples relative to controls (% control RFU mg protein™).

1.25 Swim bladder area

Morphometric measurements were assessed using images generated on a Stemi 2000
C stereomicroscope (Zeiss) under a magnification of 20x. The vertical and horizontal
diameter of the swim bladder was measured with an accuracy of 0.1 mm using AxioVision

software (Zeiss). The swim bladder area was calculated using the following equation:
Ellipse area = (Vertical diameter/2) x (Horizontal diameter/2) x (3.1415)

1.2.6 Swimming behavior
Surviving larvae at 168 hpf (n~24) from each treatment were individually transferred
with Pasteur pipettes to 12-well cell culture plates (experimental arenas were 3.8 cm?)

containing 3 mL of clean freshwater. Larvae were acclimated to arenas for 5 min and
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subsequently filmed for 5 min at 28 °C in top view with video cameras (model VP600H,
Intellbras, So José, Brazil) that had variable zoom lenses (6-60 mm). Illumination came from
below through white translucent Plexiglass plates. Videos were recorded on a computer with a
video capture card at 30 frames per second (model GV900A, Geovision). Swimming behavior
endpoints were measured from 5 min (300 s) video files using the Spontaneous Motor
Activity Recording & Tracking (SMART) software (PanLabs, Harvard Apparatus, USA).
Average swimming speed and average maximum speed were calculated and expressed in cm
s, movement time in 300 s was expressed in seconds (s), and the total distance traveled was

expressed in cm.

1.2.7 Statistical analysis

Effect (uninflated swim bladder) concentrations in 50% of exposed larvae at 96 and
168 hpf (EC5096n and EC50168n) Were calculated based on the logistic model using the DRC
package in R software version 4.0.2 (Ritz et al., 2016). Biochemical and molecular
biomarkers, morphometric measures, and swimming behavior endpoints were analyzed by a
parametric one-way analysis of variance (ANOVA) when the data were normal and
homoscedastic, or by a non-parametric Kruskal-Wallis (KW) otherwise. Normality was
verified by a Shapiro-Wilk test and homoscedasticity by Levene’s median test. Post hoc
comparison tests used a Dunnett (ANOVA) or Dunn (Kruskal-Wallis) to evaluate differences
between treatments using SigmaPlot 12.0 software (Jandel Scientific, Erkrath, Germany),
which was also used to generate graphs. A p-value < 0.05 was used to denote statistical

significance.
1.3 RESULTS

1.3.1 Chemical analysis of PAHSs in oil water accommodated fraction

The total concentration of alkylated PAHs, and 16 parent PAHs (X16PAH) in
undiluted WAF was 71.78 pg-TPAHt L7, 62.11 ug-XPAHalk L?, and 9.66 pg-Z16PAH L*,
respectively (Fig.2, Table S2).
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Fig. 2. Concentrations of parent and alkylated polycyclic aromatic hydrocarbons (PAHS) to
total PAH concentration in a water accommodated fraction (WAF) of oil. (NAPH =
Naphthalene; ACFTL = Acenaphthylene; ACFT = Acenaphthene; FLUO = Fluorene; PHE =
Phenanthrene; ANT = Anthracene; FLT = Fluoranthene; PYR = Pyrene; B[A]JA =
Benz[a]anthracene; CHRY = Chrysene; B[B]F = Benzo[B]fluoranthene; B[K]F =
Benzo[Kk]fluoranthene; B[A]P = Benzo[A]pyrene; D[A,H]JA = Dibenzo[a,h]anthracene;
I[1,2,3-CD]JP = Indeno[1,2,3-CD]pyrene; B[GHI]P = Benzo[GHI]perylene. C1 to C4
indicates the number of alkyl groups attached to the respective PAH. Adapted data from
Mariz Jr, (2024).

1.3.2 RNA transcript expression during zebrafish development

When comparing expression patterns across controls at different stages of
development, hb9 (Fhbe = 7.16, p < 0.001, Dunnett test, p < 0.05), elovlla (Feioviza = 6.82, p =
0.001, Dunnett test, p < 0.05), and has2 (Fnasz2 = 19.72, p < 0.001, Dunnett test, p < 0.05)
MRNA expression was significantly decreased in 72 and 96 hpf larvae, relative to 48 hpf
zebrafish (Fig. 3). The mRNA expression of sox2 was also significantly decreased in 72 hpf
larvae, compared to 48 hpf larvae (Fsoxz =25.93, p < 0.001, p < 0.05). sox2 expression was not
evaluated in 96 and 168 hpf larvae. In 168 hpf larvae, there was an increase in the mRNA

expression of elovlla and has2 relative to 48 hpf larvae (Fig. 3).
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Fig. 3. Comparison of control treatments across developmental time, 48, 72, 96, and 168
hours post fertilization (hpf), to determine the relative mRNA expression (mean + standard
deviation) of hb9, sox2, has2, and elovlila normalized to g-actin in zebrafish (Danio rerio).
The 72, 96, and 168 hpf time points are compared to differences in 48 hpf larvae (n=5). *:
statistically different compared to the 48 hpf time point (ANOVA followed by a Dunnet test,
p <0.05).

The mRNA expression of sox2 (Fsoxe = 4.86, p = 0.016, Dunnett test, p < 0.05), hb9
(Fhoe = 5.3, p = 0.011, Dunnett test, p < 0.05), and elovlla (Feioviza = 5.012, p = 0.014, Dunnett
test, p < 0.05) was significantly downregulated in 48 hpf larvae exposed to 4.49 and 17.9 nug-
TPAHt L compared to controls, and in has2 expression in larvae exposed to 4.4 pg-TPAHt
L (Fhasz = 9.63, p < 0.001, Dunnett test, p < 0.05) (Fig. 4A). The mRNA expression of hb9,
sox2, has2, and elovlla was reduced by 22%, 54%, 24%, and 20% in larvae exposed to 17.9
ug-ZPAHt L relative to 48 hpf control larvae. In 72 hpf larvae, no significant differences in
MRNA expression were seen between exposed larvae and controls (Fig. 4B). In 96 hpf larvae
exposed to 17.9 pg-PAHt L, elovlla expression was significantly upregulated compared to
controls (Felovita = 6.85, p = 0.006, Dunnett test, p < 0.05) (Fig 4C). In 168 hpf larvae exposed
to 17.9 pg-TPAHt L, hb9 (Hnps = 16.59, p < 0.001, Dunn’s test, p < 0.05), has2 (Hhas2 =
15.69, p <0.001, Dunn’s test, p < 0.05), and elovlla (Heioviza = 10.47, p = 0.005, Dunnett test,
p < 0.05) expression was downregulated by 18%, 22%, and 25% compared to controls (Fig
4D).
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1.3.3 Biochemical biomarkers at 96 hpf

GST activity and GSH concentrations were increased in a concentration-dependent
manner, with the lowest observed effect concentration (LOEC) being 17.9 and 8.97 ng-
YPAHt L7, respectively (Fest = 9.44, p < 0.001, Dunnett, p < 0.05, Fig 5A; GSH Fgsh =
11.90, p < 0.001, Dunnett, p < 0.05, Fig. 5B). The activity of antioxidant defense enzymes,
SOD and CAT, were inhibited in larvae in a concentration-dependent manner and the LOEC
was 1.12 and 2.24 ug-TPAHt L1, respectively (Fsop = 11.80, p < 0.001, Dunnett, p < 0.05,
Fig. 5C; Fcat = 12.98, p < 0.001, Dunnett, p < 0.05, Fig. 5D). There were no significant
alterations in the levels of ROS in larvae across exposure treatments (Fros = 0.201, p = 0.982,
Fig. 5E).

2.5 6.0
_| NI hb9 (Epithelium) 'B
6 A Y 544 [ sox2 (Epithelium) T
Q-‘ _ .
& 20 < B /as2 (Mesenchyme)
2~ N 3 | T3 elovlla (Mesothelium)
=58 T £ 4.0 1
= 51.5 1 g 8 .
2 2 22
v QO N = -
§ ; g- g 30 | 1
o % * <« E 2.0
< - * * Z ~
% 0.5 - ﬁ . *x | B 10 4 ﬂ
0.0 - 0.0 =
0 4.49 17.9 0 4.49 17.9
12 3.0
. 1
“ 10 - C B 254 _ T D
2= 2. ]
= 5 8- — £20 -
s E SET
S o g O
2 2 6 'z % 1.5
= 9 ) L |
; S 4 - o< 1.0 1
— < —
Z ~ .
s 2 % 05 * %
] El 1 *
0 0.0 iﬁ
0 4.49 17.9 0 4.49 17.9
g SPAHt L™ ng SPAHt L™

Fig. 4. Relative mRNA expression (mean * standard deviation) of hb9, sox2, has2, and
elovlla normalized to B-actin in zebrafish (Danio rerio) exposed to different total polycyclic
aromatic hydrocarbon concentrations (XPAHt) at A) 48 hours post fertilization (hpf) B) 72
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hpf, C) 96 hpf, and D) 168 hpf (n=5). (*) Asterisk indicates statistical difference compared to
control treatment (0 ng-XPAHt L-1); ANOVA followed by a Dunnet test, p < 0.05.
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Fig. 5. Biochemical biomarkers (mean + standard deviation) in larval zebrafish (Danio rerio)
at 96 hpf exposed to different total polycyclic aromatic hydrocarbon concentrations (XPAHt).
A) Glutathione S-transferase (GST) activity, B) Glutathione (GSH) concentration, C)
Superoxide (SOD) activity, D) Catalase (CAT) activity and E) Reactive oxygen species
(ROS) Relative fluorescence unit (RFU). (*) Asterisk indicates statistical difference compared
to control treatment (0 pg-ZPAHt L1); ANOVA followed by a Dunnet test, p < 0.05.

1.3.4 Swim bladder morphology
The EC5096n and EC5016sn for uninflated swim bladders in zebrafish larvae were 1.62

and 17.8 pg-XPAHt L, respectively (Fig. 6A). Swim bladder area was reduced by 21% in
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larvae at 168 hpf exposed to 17.9 ug-ZPAHt L, compared to control larvae (F = 3.29, p =
0.008, Dunnett, p < 0.05, Fig. 6B).
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Fig. 6. A) Percentage of zebrafish (Danio rerio) larvae at 96 and 168 hours post fertilization
(hpf) without inflated swim bladders after exposure to different total polycyclic aromatic
hydrocarbon concentrations (XPAHt) and dose response curves based on logistic modelling.
Dotted lines indicate effect (uninflated swim bladder) concentration to 50% of the exposed
larvae (EC50) at 96 hpf and 168 hpf (mean + standard error of EC50s). B) Swim bladder area
in 168 hpf larvae exposed to different ZPAHt. C) Control larva with normal swim bladder. D)
Larvae exposed to 17.9 pg-XPAHt L. E) Larvae exposed to 17.9 pg-XPAHt L with
uninflated swim bladder. F) Larvae exposed to 35.9 pg-LPAHt L with uninflated swim
bladder. (*) Asterisk indicates statistical difference compared to control treatment (0 pg-
TPAHt LY); (F=3.29, p = 0.008, Dunnet test, p < 0.05).
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1.3.5 Swimming activity

Decreases in larval swimming speeds (Fig. 7A) and distances (Fig. 7B) were seen,
with LOECs equal to 1.12 pg-XPAHt L (F = 8.12, p < 0.001, Dunnett, p < 0.05 and F =15.4,
p < 0.001, Dunnett, p < 0.05, respectively). Time spent swimming (Fig. 7C) and maximum
swimming speed (Fig. 7D) were decreased in exposed larvae, with LOECs equal to 17.9 ug-
TPAHt L (F = 10.74, p < 0.001, Dunnett, p < 0.05 and F = 6.89, p < 0.001, Dunnett, p <
0.05, respectively).
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Fig. 7. Swimming behavior endpoints (mean * standard deviation) in 168 hour post
fertilization (hpf) zebrafish (Danio rerio) larvae exposed to different total polycyclic aromatic
hydrocarbon concentrations (XPAHt). A) Average swimming speed, B) swimming distance,
C) time spent swimming, and D) average maximum swimming speed. (*) Asterisk indicates
statistical difference compared to control treatment (0 ug-XPAHt L); ANOVA followed by a
Dunnet test, p < 0.05.
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1.4 DISCUSSION

Swim bladder development and inflation is a complex process that can be affected by
multiple physiological mechanisms in organisms exposed to different classes of contaminants
(HORIE et al., 2017; STINCKENS et al., 2018) and PAH mixtures (PRICE et al., 2020). This
study identified a downregulation of genes involved in swim bladder development that was
associated with an increased frequency of uninflated swim bladders and decreased swimming
speeds in early life stage zebrafish exposed to a complex mixture of PAHs from the 2019
Brazilian oil spill. Larvae (48 hpf) exposed to 4.49 and 17.9 pg-ZPAHt L exhibited a
downregulation of swim bladder development genes, including hb9 (epithelium), sox2
(epithelium and swim-up behavior), has2 (mesenchyme), and elovlila (mesothelium). It has
been shown that hb9, sox2, has2, and elovlla expression profiles are typically upregulated
between 36 and 72 hpf, with these genes important in the development of the cell layers that
make up the anterior swim bladder (SHASHA, 2023; WINATA et al., 2009; YIN et al.,
2011). Larvae exposed to 4.49 and 17.9 ng-PAHt L™ had a concentration-dependent increase
in uninflated swim bladders in 96 hpf and 168 hpf larvae (Fig. 6). Furthermore, 168 hpf larvae
exposed to 4.49 pg-TPAHt L™ recovered and inflated their swim bladders properly, whereas
larvae exposed to 17.9 pg-PAHt Lt only partially recovered, as 50% of the larvae either did
not inflate at all or the remaining 50% that did inflate presented a 21% reduction in overall
area (Fig. 6B and D). Although we did not measure gene expression in larvae exposed to the
highest concentrations of 35.9 and 71.8 pg-ZPAHt L™ due to limited sample size (Fig. 6F),
100% of these individuals did not inflate their swim bladders by 96 hpf or 168 hpf, indicating

a lack of recovery in the inflation process (Fig. 6A).

The absence of a visibly inflated swim bladder or the reduction in its area in larvae
exposed to 17.9 pg-PAHt Lt may be a result of alterations in either the development and/or
differentiation of swim bladder layers, a deficiency in swimming skills to gulp air during
initial inflation, or inadequate maintenance of swim bladder volume after initial inflation.
These effects may result from cardiac impairment or direct damage to the gas gland or rete
mirabile, making it difficult to differentiate from unsuccessful primary inflation (PRICE et
al., 2020). However, future studies could be conducted to assess histological endpoints to
support this hypothesis. By 72 hpf, the tissues in the posterior chamber of the swim bladder in
healthy larvae are formed. Larvae can then start swimming to the surface to gulp air, a
behavior that relies on the expression of the sox2 gene, whose knockout leads to deficits in

motor neuron development and associated tail flick and swim-up behaviors in zebrafish larvae
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(SHASHA, 2023). There was a significant downregulation in sox2 expression in 48 hpf
larvae, suggesting that dysregulations at this early time point may influence swim-up behavior
and initial inflation. Although there was a significant hypoactivity observed in oil-exposed
larvae by 168 hpf, which may be influenced by sox2 inhibition at 48 hpf, the expression of
sox2 was not assessed at the later time points. Even though there is this limitation in
comparisons between molecular and behavioral endpoints in the current study, it is worth a

more mechanistic focus in follow up exposure scenarios to better understand this relationship.

A previous study used whole-mount in situ hybridization in early life stage zebrafish
to better assess baseline expression profiles of hb9, sox2, has2, and elovlla and relation to
swim bladder development, whose genes are typically upregulated between 36 and 72 hpf
(SHASHA, 2023; WINATA et al., 2009; YIN et al., 2011). We found that our expression
results in control larvae, through targeted gPCR, are consistent with these findings, as these
genes were detected from 48 hpf to 96 hpf. However, we found that hb9, sox2, elovlla, and
has2 expression are greater at 48 hpf, with significant decreases in 72 and 96 hpf larvae (Fig.
3). The first stage of the posterior swim bladder is a bud of epithelial tissue detected between
30 and 60 hpf, which is associated with the expression of hb9 (WINATA et al., 2009) and
sox2 (YIN et al., 2011). The expression of has2 (mesenchyme) and elovila (mesothelium)
was greater in 168 hpf larvae compared to 48 hpf (Fig. 3). The upregulation of these genes is
likely to be related to the development of the subsequent layers that form the posterior swim
bladder. When exposed to 17.9 ug-ZPAHt L, larvae had a downregulation in elovlla and
has2 expression, which could possibly affect the development of the posterior swim bladder
that typically inflates at 21 days post fertilization (WINATA et al., 2009). Furthermore, there
was a downregulation in the epithelium gene, hb9, in 48 hpf larvae exposed to 2.43 ug-
TPAHp L. This was similarly seen in zebrafish larvae exposed to Oman and Merey crude oil
WAFs at concentrations of 3.81 and 4.88 ug-XPAHp L™, respectively, which also indicated a
downregulation of hb9, as well as a gene from the mesothelium, anxa5, although in 120 hpf
larvae (LI et al., 2019). Larval zebrafish exposed to 14.19 ug S-metolachlor L%, an herbicide,
also exhibited a downregulation of epithelium and mesothelium anxa5 expression in 144 hpf

larvae, which was associated with a reduction in swim bladder area (YANG et al., 2021).

Fish exposed to oil and PAHSs are susceptible to oxidative stress from the imbalance
between the production of ROS and antioxidant defenses, among which SOD and CAT
catabolize the superoxide anion and hydrogen peroxide, respectively (ESTEBAN-SANCHEZ
et al., 2021; LUSHCHAK, 2016). WAF exposure inhibited antioxidant defense in early life
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stage zebrafish larvae, as SOD and CAT levels were reduced in larvae, with LOECs of 1.12
and 2.24 ug-TPAHt L7, respectively (Fig. 5). Although ROS was not significantly
dysregulated after WAF exposure, GST and GSH can have a significant supplemental
antioxidant role in the cell (GUERREIRO et al., 2024). ZHANG et al. (2022) demonstrated
that larval zebrafish exposed to 0.25 mg L™ Cd had an excessive induction in ROS production
leading to the inhibition of Wnt and Hh signaling pathways, which are responsible for the
signaling and organization of swim bladder tissues. The inhibition of antioxidant defenses in
larvae exposed to baseline ROS levels may have contributed to the downregulation of
membrane regulatory genes, potentially due to increased cellular vulnerability to those
molecules. GAO et al. (2023) found that the exposure of eight chemicals (not including
PAHs) to embryonic zebrafish can induce an excessive production of ROS leading to an
inhibition of the activity of the deiodinase (DIO) enzymes, which are expressed in the three
tissue layers of primordium in the swim bladder at the early life stage from 36 to 72 hpf and
are vital to swim bladder inflation. Future studies that assess if PAH-induced oxidative stress
is involved in the downregulation of the genes measured in this study may be beneficial to

better characterize this direct relationship.

Swimming performance is a fundamental trait that mediates fitness and survival in
aquatic animals, having important roles in dispersal processes, habitat selection, predator-prey
interactions, and reproduction (CARVALHO, 2014; SLOMAN et al.,, 2012). Average
swimming speed and distance traveled were reduced in a concentration-dependent manner in
WAF-exposed larvae with a LOEC of 1.12 pg-PAHt L (Fig. 7), whereas the percentage of
larvae lacking inflated swim bladders also increased in a concentration-dependent manner
(Fig. 6). This suggests that the absence of a swim bladder may have contributed to a reduction
in swimming activity, which would likely impair survival and fitness, as proper swim bladder
inflation is needed for successful recruitment of fish larvae (CZESNY et al., 2005). This
study identified toxic responses in early life stage fish exposed to concentrations of PAHs
detected in the environment, impairing proper swim bladder development and swimming
speed. Water concentrations of PAHSs in coral reef areas following the spill ranged from 0.75
to 7.1 pg-PAHt L't (MELO ALVES et al., 2024), suggesting that these effects could happen

in the natural system to early life stage fish.

CONCLUSION
Concentrations of crude oil detected from a Brazilian oil spill dysregulated genes

involved in swim bladder formation and swim-up behavior. Subsequently, swim bladder
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inflation and area were decreased in oil-exposed larvae. Reductions in swimming activity
were likely due to impaired swim bladder development, which could have implications for
early life stage fish survival in the wild following exposure. This suggests that the swim
bladder is a sensitive endpoint following crude oil exposure and that follow up studies may be
beneficial to gain a better understanding of the underlying upstream factors that could
influence swim bladder development and inflation in fish.
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Table S1. Target and reference genes with their respective primer sequences, accession number, and

efficiency.
Gene Primer Forward (F) and Reverse (R) (5'-3") Accession N°  Efficiency (%)
hb9  R: ACA CGC AGT GGT CAT GGA TA NM _001009885.2 26 pb 79.3
F:  TGC AGA GGT GAC ATC CAC AT
sox2 R:  GCCTCT GTT CGT TCT CTC AT NM 213118.1 23 pb 120.0
F:  GAA CGG TAG GAA CTC CAC AC
has2 R: CGC AGG TAG GTA ATG GGC GT NM 153650.2 21 pb 84.1
F: CGT GGG TCT CCT TCC TGA GC
elovila R: CGC ATT ACC GTT TTC CAA GT NM _001005989.3 20 pb 93.0
F: CAT CCT GAT CTA CGG CACCT
p-actin  R:  CAA CGG AAA CGCTCATTGC AF _057040.1 20 pb 82.7
F:  CGA GCA GGA GAT GGG AACC




ANEXO-2

Table S2. Polycyclic aromatic hydrocarbon (PAH)
concentrations (ug L!) in water accommodated fractions
(WAF) of oil samples from Paiva Beach, off the coast of
Pernambuco, Brazil.

Analyte n-Ar WAF
Naphthalene 2 0.064
C1 Naphthalenes 2 5.999
C2 Naphthalenes 2 12.027
C3 Naphthalenes 2 8.357
C4 Naphthalenes 2 2.868
Acenaphthylene 2 ND
Acenaphthene 2 1.040
Fluorene 2 2.159
C1 Fluorenes 2 6.561
C2 Fluorenes 2 5.160
C3 Fluorenes 2 3.457
Sum of 2 aromatic ring molecules 2 47.69
Phenanthrene 3 4.527
Anthracene 3 0.404
C1 Phenanthrenes + Anthracenes 3 5.489
C2 Phenanthrenes + Anthracenes 3 4.120
C3 Phenanthrenes + Anthracenes 3 2.075
C4 Phenanthrenes + Anthracenes 3 0.974
Fluoranthene 3 0.090
Sum of 3 aromatic ring molecules 3 17.680
Pyrene 4 0.442
C1 Fluoranthenes + Pyrenes 4 0.974
C2 Fluoranthenes + Pyrenes 4 1.116
C3 Fluoranthenes + Pyrenes 4 0.870
Benzo[a]anthracene 4 0.304
Chrysene 4 0.309
C1 Benzo[a]anthracenes + Chrysenes 4 0.780
C2 Benzo[a]anthracenes + Chrysenes 4 0.797
C3 Benzo[a]anthracenes + Chrysenes 4 0.483
Benzo[b]fluoranthene 4 0.095
Benzo[k]fluoranthene 4 0.006
Sum of 4 aromatic ring molecules 4 6.175
Benzo[a]pyrene 5 0.113
Dibenzo[a,h]anthracene 5 0.047
Sum of 5 aromatic ring molecules 5 0.160
Indeno[1,2,3-cd]pyrene 6 0.012
Benzo[ghi]perylene 6 0.048
Sum of 6 aromatic ring molecules 6 0.059
> total PAH (parent +alkylated):Y’ PAHt 71.8
> parent 16 PAH (% of Y, PAHY) 9.7
> alkylated PAH (% of Y PAHLY) 62.1
Total LPAH 65.4
Total HPAH 6.4
Ratio LPAH/HPAH > 2.3 * 5.6
Ratio alkylated/parent PAH > 2.3 * 6.4
Ratio Ant/Ant + Phe < 0.1* 0.08
Ratio Flu/Flu + Pyr < 0.4* 0.2
Ratio C1-C4 Naphthalenes/>. PAHt 0.41
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n-Ar: number of aromatic rings in molecule. ND: not
detected. LPAH: Low molecular weight PAHs, HPAH: High
molecular weight PAHs.; Ant: anthracene; Phe: Phenanthrene;
Fluo: Fluoranthene; Pyr: Pyrene. *: expected ratio value for
petrogenic origin of PAH mixture according to Ghetu et al.,
(2021). Table adapted from Mariz Jr et al., (2024).

Ghetu, C., Scott, R., Wilson, G., Liu-May, R., Anderson, K., 2021.
Improvements in identification and quantitation of alkylated PAHs and
forensic ratio sourcing. Analytical and

Bioanalytical Chemistry 413, 1-14. 10.1007/s00216-020-03127-0

Mariz Jr, C.F., Nascimento, J.V.G., Morais, B.S., Alves, M.K.M., Rojas,
L.A.V,, Zanardi-Lamardo, E., Carvalho, P.S.M., 2024. Toxicity of the oil
spilled on the Brazilian coast at different degrees of natural weathering to
carly life stages of the zebrafish Danio rerio. Marine pollution bulletin
207, 116819.
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V MANUSCRITO 3 (Photoenhanced toxicity of polycyclic aromatic hydrocarbons
(PAH) from Brazilian oil spill water accommodated fraction (WAF) on Danio rerio

early life stages exposed to natural sunlight)

ABSTRACT

Oil spills on the ocean have been studied due to their proportion and acute destructive
capacity for aquatic ecosystems. The Brazilian coast experienced an incident with emulsified
weathered oil, that bring consequences to economy, ecosystems and socials between 2019-
2020. A total polycyclic aromatic hydrocarbons (PAH) concentration of 32.95 pg-XPAHt L
was measured in the 100% water accommodated fraction (WAF) sample. Of this, 22.4% were
parent PAHs without alkylation, and 77.6% were alkylated PAHs. The lethal concentration
for 20% of the Danio rerio exposed (LC20) of the WAF presented a LC2016gnpt = 29.11 +
5.83 nug-XPAHt L?, while the organisms exposed WAF plus UV radiation presented a
L.C20168npt = 8.416 + 0.66 pg-ZPAHt L. Embryonic development delays assessed by GMS,
pathology development assessed by GTS, and heart rate presented a fourfold reduction in
LOEC in early life stage (ELS) exposed to WAF-UV. Other endpoints such as total length
and eye area had their LOECs reduced by eight and sixteen times in ELS exposed to WAF-
UV, respectively. In this study, the absence of cardiac looping observed during the
experiment reached 52 and 64% at concentrations of 32.95 and 8.24 ug-PAHt L, for WAF
and WAF-UV, respectively. This factor may have been one of the aggravating factors in the
evaluation of heart rate, which was statistically reduced in the higher treatments compared to
the control and compared between experimental situations. Biochemical parameters evaluated
in this work demonstrate induction of the state of oxidative stress and a possible correlation
with an increase in the frequency of pathology and delay in the development of fish.

Keywords: Solar radiation, Oil spill, GMS, GTS, oxidative stress.

1.1 INTRODUCTION

Marine environments are frequently exposed to oil contamination as a result of
transportation, oil drilling, fuel usage, or spillage (BRUSSAARD et al., 2016). Between the
2019-2020, 3000 km of the Brazilian coast were affected by ~5400 tons of weathered oil with
emulsified texture (SOARES et al., 2022; ZACHARIAS; GAMA; HARARI; et al., 2021).
The weathered and emulsified oil adhered to irregular surfaces such as coral reefs and roots of
the mangroves, making it difficult to remove the residues. This oil remains induced the
emergence of pathologies in the fish early life stage (ELS) (DE SOUZA et al., 2022) and

bioaccumulation of polycyclic aromatic hydrocarbons (PAH) metabolites in bile of adult fish
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resulting in biochemical alterations (ALVES et al., 2024). Additionally, oil-impacted reef
habitats showed a reduction in benthic fauna species richness and population abundance
(CRAVEIRO et al., 2021; LIRA et al., 2021; SANTANA et al., 2022).

Brazil is a tropical country with high levels of solar and consequently ultraviolet (UV)
radiation (PEREIRA et al., 2017), and it is impossible not to expose aquatic organisms to UV
radiation and PAHs simultaneously. The oil remnants in the reef provided a slow but constant
introduction of some PAH molecules to the water, making them bioavailable to local
organisms. Water concentrations of PAHs in coral reef areas visibly impacted by oil ranged
from 0.75 to 7.1 pg PAH L. PAHs are considered the most toxic component of oil
(PULSTER et al., 2020). These molecules are linked to numerous biological changes, such as
cardiac dysfunctions (MAGER et al., 2024), teratogenic (ALVES et al., 2017), and genotoxic
alterations for DNA damage (PERRICHON et al., 2016). Sunlight can interact with certain
xenobiotic compounds in a phenomenon known as photo-induced, photo-enhanced, photo-
activated, or photo-toxicity (ROBERTS et al., 2017). The same process occurs with PAHs
under solar radiation (BARRON, 2017).

The phototoxicity of oil occurs through two mechanisms: the formation of directly
toxic intermediates via photo-modification, or the photo-induction of bioaccumulated residues
that cause tissue damage through a process known as photosensitization — when sunlight
activates an oxidized molecule in the body causing damage to healthy cells (BARRON,
2017). The exposure of juvenile fish to PAH and UV radiation induces anthracene toxicity
which when pure is non-toxic (ORIS et al., 1986; ORIS et al., 1984; ORIS et al., 1985). The
transparency of tissues and chorion in embryo stages facilitate the photo-induction of
biotransformed PAHSs. The effects for embryos are increase in mortality and the incidence of
developmental malformations, with the skin and gills being the most affected tissues in larvae
(ALVES et al., 2020). Despite lower tissue PAH concentrations, Gadus morhua transparent
embryos exposed to oil and UV radiation exhibited a heightened cypla expression response,
indicating that photomodification of absorbed PAHs may be occurring (ARANGUREN-
ABADIA et al., 2022). Furthermore, same situation resulted in severe tissue necrosis in
Melanogrammus aeglefinus transparent embryos and reduced in 60% the lethal concentrations
to 50% (LC50) of embryos (SORHUS et al., 2022).

This study used a water accommodated fraction (WAF) prepared from the oil that
arrived at the Brazilian coast. The emulsified oil sample has natural weathering processes and

presented a low concentration of parental PAHs and high concentrations of alkylated PAH
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species (MARIZ JR et al., 2024). The establishment of this oil in coral reefs and natural areas
during the accident provided combined exposure of WAF and intense solar radiation, due to
the tropical climate of the country. The objective of this work was to perform a combined
exposure of Danio rerio embryo/larva stages to WAF and solar radiation simulating what
happen in coral reefs in Brazilian coastline, to answer the hypothesis that during the accident
the PAH was photoinduced and compounds dissolved/dispersed in the tide pools were

harmful to local biota.
1.2 MATERIALS AND METHODS

1.2.1 Zebrafish culture and experimental design

Wild short-tailed Danio rerio (zebrafish) cultivated at the Laboratory of Aquatic
Ecotoxicology (LABECOTOX) were kept in 100 L aquariums, and the culture water quality
standards remained constant, with total ammonia concentration below 0.02 pg L*, pH
between 6.6 and 7.4, and dissolved oxygen between 6.0 + 0.4 mg L, temperature 28 + 0.2
°C. The daily diet of the breeding is carried out with a diet of 40% fish protein and freshly
hatched live nauplios of Artemia salina. To obtain the fertilized eggs, 9 mature females and
18 males were transferred to spawning aquariums (15 L) in the afternoon of the day before the
beginning of the experiment. After spawning and fertilization at dawn, a screening and
selection of fertilized and viable eggs was performed by direct observation on a Zeiss®
stereomicroscope with 50x magnification. The fertilization rate was over 90% and the eggs
were used up to <3 hours post-fertilization (hpf). The fertilized eggs were arranged in 24-well
polystyrene plates, following the exposure system laid out in OECD 236 (OECD, 2013). In
each well, 2.5 mL of the WAF solution was added at different concentrations and 2 mL was
changed daily for the purpose of maintaining internal concentrations and oxygenation.

Sun exposure was performed in an experimental cold bath that kept the plate solution
at a stable temperature during the period of sun exposure of 5 h-48 hpf and 5 h-72 hpf (Fig.
S1). The plates were arranged in floating stations in a temperature-controlled aquarium with a
thermostat coupled to a reservoir of cold water that constantly pumped water at low
temperature into the cold bath. Cold water enters the system where it was homogenized by a
pump that kept the water homogeneous and circulating internally, consequently bringing the
thermostat to 28 °C. Both the protected (WAF) and UV-exposed (WAF-UV) plates were kept
in the same system, with the WAF covered with a UV-protective fabric. The average
temperature inside the sun-exposed embryo/larva wells was 28.00 £ 0.08 °C and at the non-

exposed wells (or the sun-protected wells) the temperature remained at 28.1 = 0.2 °C.



119

1.2.2 UV radiation measurement

Daily time series of UV A (315-400 nm) and B (280-315) were obtained from GOME-
2 instrument (Global Ozone Monitoring Experiment) on board the Metop-A/B/C satellites and
just readings from December 6th and 7th, 2023 were used, corresponding to the days of the
exposure experiment. The data were expressed in kilojoules per square meter (Kj m) and are
available online and free for download through the website

(https://safserver.fmi.fi/index.html).

1.2.3 Oil water accommodated fraction (WAF) preparation and chemical analysis
WAF production followed established protocols (JULIE ADAMS, 2017; SINGER et
al., 2000). Oil samples were weighed to the nearest 0.01 g and transferred to 10-liter glass
Mariotte flasks. A 1:100 oil-to-water ratio (1 g oil: 100 mL water) was used to prepare 10
liters of WAF. The freshwater used for WAF preparation was the same as the Zebrafish
culture, and it was monitored twice weekly using a multiparameter instrument. The following
parameters were maintained: pH 7.2 + 0.2, conductivity 115 + 20 uS cm, alkalinity 60 + 5
mg L, hardness 70 + 5 mg L™, dissolved oxygen 7.0 + 0.5 mg L™, and temperature 27.5 +
0.3 °C. Oil and water mixtures were subjected to 24 hours of moderate agitation in sealed,
dark aquariums. Subsequently, the water phase was decanted and filtered through a 2-
micrometer cellulose filter to remove oil particles. The filtered WAF samples were stored at 4
°C in 4-liter amber glass vials. The WAF was then diluted with zebrafish culture water in
proportions of 100%, 50%, 25%, 12.5%, 6.25%, 3.13% and 1.53% and kept in amber glass
vials at 4 °C. During the daily changes, the solutions were warmed to the exposure

temperature of 28 °C before changing the solutions in the exposure wells.

On the day of zebrafish exposure solution preparation, 1-liter aliquots of oil WAF
samples were subjected to liquid-liquid extraction with 20 mL of n-hexane to quantify PAH
concentrations. To ensure accurate quantification, deuterated PAHs (acenaphthene-d10,
phenanthrene-d10, and chrysene-d12) were added as surrogate standards. After extraction,
samples were concentrated to 1 mL, and additional deuterated PAHs (fluorene-d10,
benzo[a]anthracene-d12, and benzo[a]pyrene-d12) were added as internal standards. Extracts
were stored at -20 °C until analysis, which occurred within two weeks of preparation. Both
parent and alkylated PAHs (2-6 rings homologs) were analyzed using a gas chromatograph-
mass spectrometer (GC-MS). A total of 33 analytes were investigated, with detailed analytical
procedures described in previous studies (ARRUDA-SANTOS et al.,, 2018; DE SOUZA
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DIAS DA SILVA et al., 2024; ZANARDI-LAMARDO et al., 2019). Surrogate recoveries
ranged from 44.1% to 117.9%, and fortified blank recoveries were between 62% and 101%.
These values are within acceptable limits according to Lauenstein (1998). The limit of
quantification (LOQ) for all analytes was determined as the ratio of the lowest concentration
at analytical curve and the volume analyzed, resulting in 1 ng L. Diagnostic ratios to
distinguish petrogenic or pyrogenic sources followed GHETU et al. (2021).

1.2.4 Mortality and General Morphology Score

General Morphology Score (GMS) is an index that evaluates the morphological
development of fundamental structures for a healthy Danio rerio embryo/larva. The original
GMS evaluates the Danio rerio development from 24 to 96 hpf (BEEKHUIJZEN et al.,
2015), however in this study the GMS index was evaluated following LI et al. (2019), which
evaluates from 24 to 120 hpf. This new index includes the presence of otolith at 24 hpf,
presence of optomotor movement at 96 hpf, the displacement of the yolk sac absorption
assessment from 96 hpf to 120 hpf, caudal movement at 120 hpf, and the swim bladder at 120
hpf. The data are arranged in the maximum-minimum system where all the data are
distributed between the highest and the lowest scores found. This put the data on a scale 0-
100%, where the closer the value is to zero, the smaller the change in development, and the
closer to 100, the greater the delay in the development of the embryos. Mortality was
evaluated during the entire exposure period, and considered when the individual coagulates,
does not develop somites, the tail not detached of yolk sac, and/or heart rate is absent from 48
hpf OECD (2013).

1.2.5 General Teratology Score and pathology

General Teratology Score (GTS) index was created for this study based on the survey
of the most common pathologies in Danio rerio (VON HELLFELD et al. (2020), and the
daily scoring system is based on LI et al. (2019). The embryo/larvae with any of the
pathologies at any time receives 1 point and, if the pathology remains the next day, it receives
another point. The animal will continue to score until the end of the experiment if there is no
recovery. The score over the days of exposure was added at the end of the exposure time. The
GTS values are converted into a minimum - maximum scale, considering the minimum -
maximum score determined within the data matrix. The GTS calculated in this study was up
to 120 hpf. The main pathologies values were ratio between the number of organisms with the

pathology to the number of organisms alive on the specific day. The final values were added
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and divided by the number of exposure days (5 days). Those pathologies found were arranged
in a table with the average percentage obtained from the entire experiment.

1.2.6 Heartrate

Heart rate measurements were taken at 72 hpf in 10 larvae from each treatment group.
Observations were conducted using an inverted microscope (DIGILAB®) at a 20X
magnification. Ventricular contractions were counted for 30 seconds using a stopwatch and

counter. Heart rate was calculated as beats per minute (bpm).

1.2.7 Morphometric measurement

Morphometric measurements were assessed using a Stemi 2000 C stereomicroscope
(Zeiss®) at a 20X magnification. The vertical and horizontal diameters of the swim bladder
were measured with an accuracy of 0.1 mm using AxioVision (Zeiss®) software. The swim

bladder and eyes areas were calculated using the following equation:
Ellipse area = (Vertical diameter/2) x (Horizontal diameter/2) x (3.1415)
1.2.8 Biochemistry assessment

1.2.8.1 Homogenate production and protein quantification

Each treatment had 4 representative pools of 40 larvae exposed on 6-well culture cells
plates with 10 mL of WAF and daily changes of 8 mL. The plates used for biochemistry had
the same sun exposure system already described. Pools were homogenized with 300 uL of
PBS buffer (0.15 M, pH 7.4) using a mechanical homogenizer and pistil. The samples were
centrifuged at 12000g, for 30 min at 4 °C. Protein quantification was performed using the
Bradford total protein evaluation method, using a protein curve with r>>0.99 (BRADFORD,
1976).

1.2.8.2 Glutathione-S-transferase (GST)

GST enzyme activity assessment was determined according to HABIG et al. (1974). A
total of 5 uL of homogenate and 200 pL of a GST mix (Ultra-pure water, KPI buffer 0.25 M,
and GSH 100 mM) were added to duplicate wells of 96-well plates. Following baseline
reading, the substrate 1-chloro-2,4-dinitrobenzene (CDNB) in ethanol was added and
absorbance measured at a 340 nm wavelength at a temperature of 25 °C. GST activity was
quantified using the molar absorptivity coefficient (€=9.6 mM™ cm™) and the activity

expressed in pmol CDNB min mg protein™.
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1.4.1.1 Total glutathione (GSH)

Total GSH level was adapted to microplate following the method of BEUTLER et al.
(1963). An aliquot of the sample was homogenized with trichloroacetic acid (TCA) 6% at a
ratio of 1:1 (v:v), and then centrifuged at 900g for 5 min at 4 °C. After centrifugation, the
homogenate was mixed with 2.2 mM 5,5-dithiobis-2-nitrobenzoic acid (DTNB) in KPI (0.1
M, pH 7.4) solution on duplicate wells of a 96-well plate. The glutathione (GSH) conjugated
with 2.2 mM DTNB, forming thiolate (TNB), which was detected at a wavelength of 412 nm

at 25 °C. Concentrations were expressed as pg GSH mg protein™.

1.4.1.2 Reactive oxygen species (ROS)

ROS was determined in duplicate using the protocol described by ZHAO et al. (2013).
In a black 96-well plate for fluorescence, aliquots of 20 uL of each sample were mixed with
100 pL of PBS (0.15 M, pH 7.4), and 8.3 uL of 2,7- dichlorofluorescin diacetate (DCF-DA) at
1 mg mL* in dimethyl sulfoxide (DMSO) with subsequent incubation of the plate for 30 min
at 37 °C. After that, fluorescence was assessed in relative fluorescence units (RFU) with
excitation/emission wavelengths of 485/520 nm, respectively, at a temperature of 25 °C. ROS
was expressed as fluorescence measured in exposed samples relative to controls (% control

RFU mg protein™).

1.4.1.3 Superoxide dismutase (SOD)

The SOD enzyme activity assessed was established by MARKLUND et al. (1974),
adapted to microplates (MAHARAJAN et al., 2018). SOD assay is based on the pyrogallol
autooxidation inhibition that occurs at alkaline pH. In a microplate of 96-wells were added
140 pL of buffer (tris—HCI 0.05 M and EDTA 1 mM, pH 8.5), 52.5 uL of sample, 52.5 pL of
water. The assay followed with a baseline assessed at 420 nm. After baseline evaluated, 35 uL
of 6 mM pyrogallol solution diluted in 0.05 M HCI and the absorbance was assessed again on
the same wavelength. Enzyme activity was expressed in units of SOD (U SOD min*? mg

protein™).

1.4.1.4 Catalase (CAT)

The activity of the enzyme catalase was performed following the method of BEERS et
al. (1952) adapted to microplates (LI, Y1 et al. (2007). The test was performed using 5 pL of
sample and 250 pL of the reaction mix (KPI 0.5 M, pH 7.4 and 0.15 mM H20) on a
translucent UV reading plate. The reaction was quantified by absorbance at 240 nm in the

fluorimeter spectrum (SpectraMax® M3) and quantifying the consumption of the (H20) was
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calculated based on the molar absorptivity coefficient (€ = 43.6 Mt cm™). The activity values

were expressed in (umol H202 min™ mg protein™).

1.4.1.5 Lipid Peroxidation (LPO)

The quantification of lipid peroxidation followed the thiobarbituric acid reactive
substances (TBARS) method following UTLEY et al. (1967) with adaption established by
ADEYEMI et al. (2014). LPO quantification was performed using a mix of 20 uL of
homogenate, 160 uL of PBS buffer (0.15 M, pH 7.4), 10 uL of butylated hydroxytoluene
(BHT), and 50 pL of 50% trichloroacetic acid (TCA), and the baseline fluorescence reading
was performed in the spectrum (SpectraMax® M3) at excitation/emission of 535/590 nm.
After this procedure, 75 uL of 1.3% thiobarbituric acid (TBA) was added and the plate was
incubated at 60 °C for 60 min. Then a new assessment was done in the spectrum with same
wavelength. The fluorescence values obtained were applied to the MDA analytical curve

r>>0.99. The values were quantified in (UM MDA mg protein™).

1.2.9 Statistical evaluation

The effective concentrations (EC) and lethal concentration (LC) for 50% or 20% of the
exposed organisms were calculated based on the logistic model using the DRC package in the
R version software 4.0.2 (RITZ et al., 2016). Biochemical biomarkers, GTS index, GMS
index, heart rate, morphometric and biochemical measurements were analyzed by ANOVA
when the data were normal and homoscedastic, or by Kruskall-Wallis (KW) when normality
or homoscedasticity failed. Normality was verified by the Shapiro-Wilks test and
homoscedasticity by the Levene median test. When differences were detected, multiple
comparison tests using Dunnett (ANOVA) or Dunn (Kruskall Wallis) were used to assess
differences between different treatments and controls using the Sigmaplot 12.0 software
(Jandel Scientific, Erkrath, Germany). Frequencies of pathologies were compared with the
control using the two-sample t test for proportions using the Statistic Calculator software
(StatPac, Northfield, USA).

1.3 RESULTS

1.3.1 Oil water accommodated fraction preparation and chemical analysis

The total PAHSs (alkylated PAHs + parental PAHs expressed as > PAHt) concentration
in the 100% WAF was 32.95 nug-XPAHt L. Most of them (77.6%) were alkylated PAHs
(> )PAHa) (Table 1). The relative distribution of PAH showed a predominance of two and
three -rings compounds (46.5% and 48.4%, respectively) (Fig. S2). In addition, the
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distribution reveals a clear bell shape among parent and homologous alkylated PAH, typical
of petroleum oils well preserved or little degradation.

1.3.2 UV radiation measurement

The UV-A and UV-B doses for the first day of sunlight exposure (48 hpf- 5h exposure)
were 349.4 and 10.3 Kj m, respectively, and on the second day (72 hpf- 5h exposure) it was
253.5 and 7.6 Kj m, respectively. The irradiance per hour was 465.8 and 13.7 Wh m2 of
UV-A and UV-B at 48 hpf, respectively, and 388.1 and 10.1 Wh m of UV-A and UV-B at
72 hpf, respectively. The total exposure value during the 10 h were 4019.4 and 119.1 Wh m™
of UV-A and UV-B, respectively.

1.3.3 Mortality and General Morphology Score

The mortality of embryos exposed to WAF (32.95 pug-ZPAHt L) was 25% at 168 hpf
(Table S1). Embryos exposed to the natural UV sunlight at the same concentration presented
100% mortality 24 h after the first battery of 5 h of sunlight exposure at 72 hpf (Table S1) and
the other concentrations tested in the WAF-UV experiment also had relevant mortality. The
lethal concentration for 50% (LC50) and for 20% (LC20) of the organisms were calculated
resulting in LC50120npt = 10.45 + 0.63 pg-XPAHt L™ (estimated value + standard erro) for the
WAF-UV exposed organisms; LC201esnpt = 29.11 + 5.83 pg-TPAHt L for WAF and
L.C20168hpt = 8.416 = 0.66 ug-ZPAHt L for WAF-UV experiments.

The low observed effect concentration (LOEC) for GMS in WAF-UV was 2.06 pg-
TPAHt L (Fig.1A), while the larvae exposed to WAF had LOEC of 8.24 pg-TPAHt L?
(Fig.1B). The evaluation of the effect concentration for 20% of the organisms exposed (EC20)
for the larvae exposed to WAF was EC20120npt = 15.94 + 2.04 pg-PAHt L, while for the
larvae exposed to WAF-UV it was twice as low EC20120npf = 7.00 + 1.01 pg-XPAHt L™,
Delayed endpoints were observed, except for absence of pectoral fin, absence of heartbeat,

and absence of somites that did not present altered values (Table 2).
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Table 1. Polycyclic Aromatic Hydrocarbons concentrations (PAH) in oil

water accommodated fractions (WAF) from oil samples collected at Paiva

Beach.

. % dentro de
Analitos n-Ar pg L™ S HPAt
Naftaleno 2 0.065 0.2%
1-Metilnaftaleno 2 1.10 3.2%
2-Metilnaftaleno 2 1.53 4.4%
C1 Naftalenos 2 2.63 7.6%
C2 Naftalenos 2 7.07 20.5%
C3 Naftalenos 2 4.04 11.7%
C4 Naftalenos 2 1.12 3.2%
Acenaftileno 2 0.003 0.0%
Acenafteno 2 0.399 1.2%
Fluoreno 2 0.813 2.4%
C1 Fluorenos 2 2.12 6.2%
C2 Fluorenos 2 2.24 6.5%
C3 Fluorenos 2 1.14 3.3%
Fenantreno 3 5.58 16.2%
Antraceno 3 0.172 0.5%
C1 Fenantrenos + Antracenos 3 2.20 6.4%
C2 Fenantrenos + Antracenos 3 0.988 2.9%
C3 Fenantrenos + Antracenos 3 0.473 1.4%
C4 Fenantrenos + Antracenos 3 0.219 0.6%
Fluoranteno 3 0.054 0.2%
Pireno 4 0.139 0.4%
C1 Fluorantenos + Pirenos 4 0.308 0.9%
C2 Fluorantenos + Pirenos 4 0.319 0.9%
C3 Fluorantenos + Pirenos 4 0.249 0.7%
Benzo[a]antraceno 4 0.023 0.1%
Criseno 4 0.093 0.3%
C1 Benzo[a]antracenos + Crisenos 4 0.177 0.5%
C2 Benzo[a]antracenos + Crisenos 4 0.180 0.5%
C3 Benzo[a]antracenos + Crisenos 4 0.119 0.3%
Benzo[b]fluoranteno 4 0.004 0.0%
Benzo[K]fluoranteno 4 0.010 0.0%
Benzo[a]pireno 5 0.006 0.0%
Dibenzo[a,h]antraceno 5 0.003 0.0%
Indeno[1,2,3-cd]pireno 5 ND ND
Benzo[ghi]perileno 6 0.004 0.0%
> HPAp 7.36
> HPAa 27.07
> HPAt 34.43
> LHPA 33.94
> HHPA 1.63
Razdo LHPA/HHPA > 2.3 * 25.09
Razdo alquilado/parental HPA > 2.3 * 3.68
Razdo Ant/Ant + Fen < 0.1* 0.03
Razdo Flu/Flu + Pir < 0.4* 0.28
Razdo C1-C4 Naftaleno/>’ HPAt 0.43

n-Ar: number of aromatic rings in molecules. ND: not detected. LPAH:
Low molecular weight PAHs, HPAH: High molecular weight PAHs. Ant:

Anthracene, Phe; Phenanthrene, Flu; Fluoranthene, Pyr; Pyrene.
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Fig. 1. GMS and GTS indices of Danio rerio 120 hpf embryos/larva exposed to WAF dilutions. A:
GMS of larvae exposed to FSA; B: GMS of larvae exposed to WAF-UV; C: GTS of larvae exposed to
WAF and D: GTS of larvae exposed to WAF-UV. Box plot dashed horizontal lines indicate mean

values, and box plot continuous horizontal lines (lower, middle, and upper) indicate quartiles of 25, 50

(median), and 75 %, respectively.

A: (KW, H = 95.59, p < 0.001, Dunn, p < 0.05); B (KW, H = 57.20, p < 0.001, Dunn, p < 0.05); C:
(KW, H=109.31, p<0.001, Dunn, p <0.05); D: (KW, H=289.48, p <0.001, Dunn, p <0.05.
(*): Statistical difference when compared to the control group (0 pug-XPAHt LY).
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Table 2. GMS index details are from 24 to 120 hpf. Frequency (%) of endpoint absence in Danio rerio larvae

120 hpf after exposure to different PAH concentrations of oil water accommodated fractions (WAF) from oil

samples.

120 24-120° 24-120 24-120 24-120  24-120  48-120 48-120 72-120 120 72-120 120
ngl’ Nat Yolksac Eye _ Embryo Headand o) Yolksack ~ Mouth Swim
YPAHt . Otolith movement  Blood body . .

tail development - . . pigment absorption development bladder
. lack and tail stasis pigment absent
detachment  alteration lack lack delay lack
beat lack lack
0 47 0 0 0 21 8.5 21 0 19.1 43 43 4.3
051 24 0 4.2 0 0 16.7 0 0 16.7 0 0 4.2
103 23 43 43 0 43 17.4 43 0 8.7 43 43 0
% 206 23 13 17.4 8.7 43 21.7 13 0 13 43 17.4 17.4
2= 412 23 0 0 0 8.7 13 47.8 0 4.3 43 43 43
824 23 8.7 43 8.7 304 17.4 478 0 17.4 8.7 17.4 217
16.47 23 4.3 13 174 17.4 34.8 34.8 8.7 13 21.7 39.1 65.2
3295 20 40 40 30 40 50 10 0 40 90 85 95
0 47 0 0 0 0 43 43 0 0 0 0 2.1
> 051 23 43 43 8.7 43 17.4 43 0 8.7 0 0 17.4
i 1.03 23 8.7 8.7 8.7 8.7 8.7 8.7 0 0 43 8.7 13
< 206 23 43 8.7 43 8.7 174 26.1 0 0 8.7 26.1 13
= 412 22 9.1 9.1 9.1 318 22.7 318 0 45 13.6 13.6 227
824 20 20 10 15 20 20 10 0 5 65 35 60

a8 Assessment time in hours post-fertilization; Bold, indicates statistically significant differences between
treatments compared to the control (0 pg-XPAHt LY). (t-test, p<0.05)
1.3.4 General Terathology Score and pathology

The WAF LOEC for the GTS index was 4.12 pg-XPAHt L' (Fig.1C), while for the
WAF-UV 1.03 ug-XPAHt L' (Fig.1D). WAF-UV LOEC was four times lower than the
embryos that were not exposed just to WAF. The EC20 found for the embryos exposed just to
WATF was three times lower 15.94+2.04 ug-XPAHt L' than WAF-UV 5.19+0.5 ug-XPAHt L°
!, The pathologies that contributed most to the significant increases observed in the GTS of
embryos exposed to WAF were pericardial edema, yolk sac edema, lack of swim bladder,
deformed mouth and unabsorbed yolk sac (Table 3). The pathologies that most influenced
GTS in WAF-UV were heart deformation, lack of swim bladder, deformed pectoral and tail
fins, and unabsorbed yolk sac, which presented frequencies higher than 50% at 8.24 pg-
TPAHt L' (Table 3). The EC50 estimate for malformed hearts, which constitute individuals
with heart absence of looping, in embryos exposed to WAF dilutions was 17.86 + 0.1 pg-
TPAHt L' and WAF-UV was 6.98 + 0.86 pg-XPAHt L', The lack of swim bladder had EC50
=12.84 £ 1.196 ug-XPAHt L' for WAF and EC50 = 6.57 + 1.39 ug-XPAHt L' for WAF-UV.
The unabsorbed yolk sac presented EC50 = 21.26 + 1.51 pg-XPAHt L' for embryos exposed
to WAF and 6.33 + 0.42 pg-XPAHt L! for WAF-UV. Other pathologies that have contributed
little to GTS index are available on Table S2 and Table S3.
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Table 3. GTS index details are from 24 to 120 hpf. Frequency (%) of developmental abnormalities in Danio
rerio larvae 120 hpf after exposure to different PAH concentrations of oil water accommodated fractions (WAF)

from oil sample.

ZPAHt Deformed  Pericardic Yolk LacI_( of Pectoral fin Tail Yolksac  Unabsorbed Deformed Otollth
N~ sac swim R deformation
heart edema malformed malformed deformation  Yolk sac mouth

pe Lt edema  bladder or absence
0 48 0 4.3 2.1 4.3 2.1 0 0 4.3 0 0
051 24 4.2 4.2 4.2 2.1 0 0 4.2 0 0 0
1.03 24 0 8.7 0 0 0 4.3 0 4.3 4.3 4.3

';<" 206 24 8.7 23.9 0 174 8.7 13 43 13 8.7 4.3
= 412 24 4.3 8.7 4.3 4.3 4.3 0 4.3 0 4.3 0
824 24 4.3 28.3 0 21.7 4.3 7.6 6.5 8.7 10.9 7.2
16.47 24 18.3 34.8 30.4 65.2 5.8 4.3 13 21.7 18.8 12
3295 24 52 80.4 97.5 100 36 239 29.8 90 88.4 a47.7
0 48 0 4.3 0 4.3 0 0 0 0 0 0

> 051 24 0 7.2 4.3 174 6.5 4.3 0 0 0 4.3
E 103 24 21.7 14.5 6.5 13 8.7 13 4.3 4.3 10.1 5.8
< 206 24 4.3 10.9 8.7 13 15.9 10.9 4.3 13 4.3 4.3
= 412 24 13 18.9 0 22.7 28.7 28.3 6 18.2 8.7 6.5
8.24 24 64 36.8 34.3 65 83.4 51.3 18.3 70 18.8 12

Bold indicates statistically significant differences between treatments compared to the control (0 pg-XPAHt L1).
(t-test, p<0.05)
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1.3.5 Heartrate

The LOEC found for organisms exposed to WAF was 8.24 ug-TPAHt L™, while
organisms exposed to WAF-UV was 4.12 ng-XPAHt L (Fig. 2). Embryos exposed to WAF-
UV 8.24 and 16.47 pg-XPAHt L™ had a lower heart rate than animals exposed to the same
WAF treatments (ANOVA, F = 23.96, p < 0.001, Tukey, p <0.05).

210
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180
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150 - 1 T7*

135 A

-
-

Heart rate (bpm)

120 1

105 A
o WAF
90 ® WAF-UV
0 T T T T T T T T
QDN D L O 0 5

ug SPAH(L™!

Fig. 2. Frequency of ventricular contractions (mean and
standard deviation) quantified in Danio rerio 72 hpf
larvae exposed to different PAH concentrations of oil
water accommodated fractions (WAF) and WAF-UV. (*)
Statistically significant difference compared to Control (0
Ug-ZPAHL L),

A: WAF, (ANOVA, F=19.46, p<0.001, Dunnett, p<0.05);
B WAF-UV, (ANOVA, F=30.60, p<0.001, Dunnett,
p<0.05).

1.3.6 Morphometric measurement

The total length of larvae exposed to WAF and WAF-UV decreased at 168 hpf and
presented LOEC of 16.47 and 2.06 ug-ZPAHt L™ respectively (Fig. 3A). The eye area of the
larvae presented an LOEC of 8.24 and 0.51 ug-XPAHt L for the larvae exposed to WAF and
WAF-UV, respectively (Fig. 3B). A statistical reduction in the swim bladder area was
observed in larvae exposed to WAF from 8.24 ug-PAHt L treatment (Fig. 3C).
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Fig. 3. Morphometric measurements assessed in Danio rerio larvae 168 hpf exposed to different WAF and
WAF-UV dilutions. A: Total length larvae 168 hpf; B: Eye area 168 hpf and C: Swim bladder area 168 hpf. Box
plot dashed horizontal lines indicate mean values, and box plot continuous horizontal lines (lower, middle, and
upper) indicate quartiles of 25, 50 (median), and 75 %, respectively.

A: WAF ANOVA, F =9.16, p < 0.001, Dunnett, p < 0.05, WAF-UV KW, H = 26.58, p < 0.001, Dunn, p < 0.05;
B: WAF KW, H = 96.82, p <0.001, Dunn, p < 0.05, WAF-UV ANOVA, F =9.15, p < 0.001, Dunnett, p < 0.05;
C: WAF KW, H = 35.58, p <0.001, Dunn, p < 0.05, WAF-UV ANOVA, F = 1.41, p =0.224.

(*): Statistical difference when compared to the control group (0 pg-ZPAHt L™Y).
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1.3.7 Biochemistry assessment

GST activity enzyme was statistically induced in embryos exposed to WAF 16.47 ug-
YPAHt LT (ANOVA, F = 36.76, p < 0.001, Dunnett, p < 0.05), while organisms exposed to
WAF-UV were induced in 4.12 pug-ZPAHt Lt (ANOVA, F = 22.24, p < 0.001, Dunnett, p <
0.05), compared to their respectively control (Fig. 4A). An induction was observed in larvae
exposed to 4.12 pg-XPAHt L of WAF-UV compared to larvae of the same treatment in WAF
only (ANOVA, F=28.29, p<0.001, Tukey, p<0.05). Despite this, GSH concentrations did not
present statistical differences compared to the control or between experiments (ANOVA,
F=3.82, p=0.01, Tukey, p<0.05) (Fig. 4B).

ROS levels and SOD activity were statistically higher in organisms exposed to WAF
16.47 ug-XPAHt Lt (ANOVA, F = 20.88, p < 0.001, Dunnett, p < 0.05 and ANOVA, F =
24.13, p < 0.001, Dunnett, p < 0.05, respectively). Larvae exposed to WAF-UV presented a
reduction in ROS levels and SOD activity in lower PAH concentration (4.12 pg-XPAHt L™,
ANOVA, F =457, p = 0.043, Dunnett, p < 0.05 and ANOVA, F =7.53, p = 0.012, Dunnett, p
< 0.05) (Fig. 4C; 4D). The evaluation of both experiments among similar treatments did not
show statistical differences (ANOVA, F=21.28, p<0.001, Tukey, p<0.05).

CAT activity was induced in WAF 16.47 pg-TPAHt L* (ANOVA, F = 13.78, p <
0.001, Dunnett, p < 0.05), while the organisms exposed to WAF-UV did not present
differences compared to the control (ANOVA, F = 2.20, p = 0.167) (Fig. 4E). Larvae
compared between experimental situations did not present alterations (ANOVA, F =8.99, p <
0.001, Tukey, p < 0.05).

LPO levels were reduced in organisms exposed to a WAF 16.47 ug-IPAHt L%
(ANOVA, F = 15.83, p < 0.001, Dunnett, p < 0.05), while organisms exposed to WAF-UV
4.12 ng-XPAHt L presented an LPO level increase (ANOVA, F=7.53, p=0.012, Dunnett,
p<0.05) (Fig. 4F). The comparison between similar treatments showed no statistical
alterations (ANOVA, F = 11.98, p < 0.001, Tukey, p <0.05).



132

T 21 300
= O  WAF K
E A ® WAF-UV 2 B
N 1.8 ﬁ* - % 250 &
= Q o
= IOD 15 o 5 E m
& € E* n % 200 T
Ex % 12+ T © 35 %
© B * % % =
O 09 - S 150
5
E ool — (1 o1
= 0 1.03 4.12 1647 0 1.03 4.12 1647
’—g 1.8 ~ 170
= C k= 60 - D
S 1.5 * o E %*
5 < £ E 50
B 12 3 w
2% 1% S E 0w g
e~ OQ-‘D 0.9 - 8 IQ 30 - O
g * 8 %
= 0.6 20
2 00 1 . , ¥ S |
. 0 1.03 4.12 1647 0 1.03 4.12 16.47
ol 20.0
£ E x| o F
3 60 - % ©15.0 -
‘E a. - & E*
T ] 520,
Ecj g 40 - % € f é ﬁ
< & & % *
O - | o
2 30 . 2 50
S 20 €
= 1 1
fom) 0 T T T T 0,0 T T T T
0 1.03 4.12 1647 0 1.03 4.12 1647
ug SPAH "] ug SPAH L

Fig. 4. Biochemical analyses performed on Danio rerio 120 hpf larvae exposed to dilutions of WAF and
WAF-UV. A: GST enzyme activity; B: total GSH levels; C: ROS levels; D: Activity of the SOD enzyme;

E: Activity of the enzyme CAT and F: LPO levels.
(*): Statistical difference when compared to the control group (0 pug-ZPAHt LY).

1.4 DISCUSSION
The emulsified oil that arrived on the Brazilian coast had a great toxic potential

(MARIZ JR et al. (2024). An increase in its toxicity is expected when under UV radiation, as

demonstrated by the significant alterations in organisms exposed to WAF-UV compared to
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those exposed only to WAF. Larvae exposed to WAF presented a LC201egnpr = 29.11 + 5.83
ug-PAHt L, while the organisms exposed WAF-UV presented a much lower LC2016snpr =
8.416 + 0.66 pug-ZPAHt L. Embryonic development delays assessed by GMS, pathology
development assessed by GTS, and heart rate presented a fourfold reduction in LOEC in ELS
exposed to WAF-UV. Other endpoints such as total length and eye area had their LOECs
reduced by eight and sixteen times in ELS exposed to WAF-UV, respectively. Photoenhanced
toxicity is the twofold to greater than 1000-fold increase in toxicity of a chemical in the
presence of UV light compared to normal condition (BARRON, 2017; WILLIS et al., 2014).

PAH with high molecular weight (3-5 ring PAHs and heterocycles) are primarily
responsible for petroleum's enhanced toxicity under UV light, however alkyl PAHs have no
effect or increase the degree of photoenhanced toxicity (BARRON, 2017; FINCH, 2015).
Larger conjugated p-orbital systems absorb light at longer wavelengths, with four-or-more-
ring PAHs showing greater absorption than two-or-three-ring PAHs (WANG et al., 2007).
Benzo[b]fluoranthene, fluoranthene, naphthalene, phenanthrene, and dibenz[a,h]anthracene
have been shown no photomutagenic activity to bacteria (FU et al., 2012). Furthermore, Two-
or-three-ring PAHS, except anthracene, lack acute photocytotoxicity to human skin cells,
while four-or-more-ring PAHs are generally photocytotoxic, excluding chrysene and
benzo[k]fluoranthene (WANG et al., 2007). The WAF used in this study was dominated by
compounds with 2- 3 rings PAHs, where two and Three rings PAH represents 31.26 ug-
TPAHt L. Despite that, 1.69 ng-PAHt L are four-or-more-ring PAHSs that could be them
toxicity photoenhanced. Among 2- 3 rings PAHs in WAF used in this study, 18% is
phenanthrene that has a significantly lower phototoxic development, with a twice increase and
its toxic potential under UV radiation, on the other hand, anthracene and pyrene photoenhance
their toxic potential by 18 and 26 times, respectively (WILLIS et al., 2014). Therefore, it is
plausible to conclude that the toxicity observed in this study was related to the low PAH

concentrations of 3-6 rings PAHSs, even though at low concentrations.

After the exposure period under sunlight, an increase in the mortality rate of organisms
exposed to higher concentrations of WAF-UV was observed. At the end of the 168 hpf
experiment period, the LC50 verified for the Danio rerio ELS was 9.6 ng-*PAHt L™ to WAF-
UV treatments. A LC50 = 3.42 ug-XPAHt L was calculated for newly hatched larvae of
Sciaenops ocellatus and LC50 = 0.827 pg-XPAHt L for Cynoscion nebulosus, after exposed
to WAF from the weathered oil of the Deepwater Horizon (DWH) accident (ALLOY et al.,

2017). This suggests that those organisms are more sensitive to combining WAF + UV
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radiation than D. rerio or the unknown degradation period may turn the oil much more toxic.
In a similar experiment the LC50 for Melanogrammus aeglefinus larvae was 0.241 png-XPAHt
L (SBRHUS et al., 2022), suggesting that Danio rerio ELS is more resistant than marine

fish larvae.

The embryo development delay in organisms exposed to PAH mixtures demonstrate a
clear sensitivity of Danio rerio to these compounds disregarding solar radiation (ALVES et
al., 2017; LI et al., 2019). The exposure to solar radiation is an important factor to increase
the toxic potential as observed to GMS (EC20 decreased two times). The morphological
structures most delayed were mouth development, uninflated swim bladder and lack of yolk
sac absorption, in addition to embryonic movement and blood circulation (Table 2). The
greatest delay in embryonic development seen in Danio rerio larvae exposed to WAF-UV is
mainly due to the translucent condition of these organisms. These results point out that
photoenhanced toxicity should be considered in risk management of oil spills due to the
vulnerability of transparent pelagic fish embryos and larvae, often found near the surface
(ARANGUREN-ABADIA et al., 2022).

The swim bladder is a fundamental organ for the maintenance of fish in the water
column. It is known that swim bladder tissues are compromised in larvae exposed from 4.49
ug-PAHt L, which is directly related to the absence of the organ at 96 hpf and the reduction
of its area (Mariz Jr et al., 2025, submitted). Other factors such as low local hydrodynamics
and the physical barrier due to the oil film adhered to the organism are factors that influence
the maintenance of the gas inside the organ and the insufflation itself, respectively (PRICE et
al., 2020; WINATA et al., 2010). In this study, a 2-fold reduction in the EC50 value
uninflated swim bladder of larvae exposed to WAF-UV was observed. Although the swim
bladder evaluation is performed at 120 hpf, it has been seen that the effect of combined WAF-

UV exposure during the embryonic and larval stages lasts up to 120 hpf.

Fish ELS exposure to crude oil causes a characteristic syndrome of cardiotoxic effects,
of which the most prominent and widely reported is pericardiac and yolk sac edema (MAGER
et al., 2023). This study demonstrates that in addition to these most common pathologies,
there is a significant increase in the absence of cardiac loop (Table 3) and a reduction in
cardiac function indicated by the presence of bradycardia in embryos with 72 hpf in WAF and
WAF-UV (Fig. 2). A similar situation was found in 284 and 383 pg-XPAHt Lt WAF from
Iranian and Alaskan oil that resulted in 44 and 40% absence of cardiac looping in Danio rerio

48 hpf, respectively, as well as 43 and 30% reduction of ventricular contractions, respectively
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(JUNG et al., 2013). In this study, the absence of cardiac looping observed at 48 hpf was 52
and 64% at concentrations of 32.95 and 8.24 pg-PAHt L, of the WAF and WAF-UV,
respectively. These results demonstrate not only the high toxic potential of the weathered oil
that reached the coast of Brazil, but also the photoinduction of toxicity generated in organisms
exposed to WAF-UV. The reduction in heart rate, in turn, was lower than those exposed by
(JUNG et al.,, 2013) where our data show a reduction of 16 and 33% in ventricular
contractions in larvae exposed to 32.95 and 8.24 pg-PAHt L, from WAF and WAF-UV,
respectively. In another study using Melanogrammus aeglefinus larvae, it has seen that only
larvae co-exposed to WAF and UV showed changes in cardiac morphology (SGRHUS et al.,
2022) while in our work we found in both experimental situations, but more severe with the
addition of the UV light.

Bone deformities, such as craniofacial and notochord deformations, as well as the non-
absorption of the yolk sack that can delay the development of embryos are factors that can
influence the ELS growth (HILTON et al., 2008; INCARDONA et al., 2004b; KAMLER,
2007). The total length evaluation presented LOECs of 16.47 ug-XPAHt L™ and 2.06 ug-
TPAHt L for organisms exposed to WAF and WAF-UV, respectively. This was a
photoinduction of eight-fold. Danio rerio 96 hpf exposed to DWH-WAF at 38.5 pg-XPAHt L
! had been shorter than larvae exposed to control, where the WAF used presented a
predominance of 3- (>60%) and 4- (>20%) PAHSs rings (MAGNUSON et al., 2020). The
present study dealt with a mixture predominated by lower PAHSs 2 rings >65% 3 rings >28%
had a high similarity of results. Furthermore, larvae exposed to WAF-UV had a LOEC of 0.51
ng-ZPAHt L, while organisms exposed only to WAF was 8.24 pg-TPAHt L?, clearly
demonstrating a 16-fold increase in the toxic potential of WAF. MAGNUSON et al. (2020)
found reductions in optomotor activity and eye diameter in Danio rerio larvae exposed to
12.8, 38.5 and 64.2 ug-ZPAHt L of WAF, finding a relationship between eye development

and behavior to predatory response.

It was verified that in the larvae exposed to 16.47 pug-ZPAHt L of WAF there was an
induction of the oxidative stress represented by the increase of the antioxidant defenses SOD,
CAT and GST, while the ROS concentration increased and the LPO concentration decreased.
In larvae exposed to 4.12 ug-EPAHt L' WAF-UV, there was SOD inhibition, GST induction,
followed by a reduction in ROS concentration and an increase in LPO concentration. Larvae
exposed to WAF-UV demonstrate an inhibitory or inert response of the main antioxidant

defenses, SOD and CAT, which certainly led to increased oxidative damage, represented by
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the LPO concentration increase. On the other hand, ROS showed lower concentration at 4.12
ug-ZPAHt LT WAF-UV, indicating possible activity of other defense pathways or even GST
activity induced on the same treatment. However, it is known that biotransformed molecules
within the translucent organism when exposed to UV radiation acquire the ability to interact
with biomolecules through the oxidative molecule generation, in a process called
photosensitization. In this process, the energy transfer to oxygen generates reactive oxygen
species, triggering a cascade of lipid peroxidation and cell death, ultimately causing mortality
with prolonged exposure (WILLIS et al., 2014).

CONCLUSION

In this study, 2- to 16-fold increases in the toxic potential of WAF for Danio rerio early life
stages were observed when addicted UV radiation. The LC20 for larvae exposed to WAF-UV
was significantly lower, indicating increased mortality after UV exposure. Notably, UV
radiation significantly amplified the toxicity of the WAF, resulting in a fourfold reduction in
LOEC for developmental delays and heart rate. The dramatic reduction in LOEC for total
length and eye area, by eight and sixteen times respectively, further highlights the synergistic
impact of UV exposure. The observed absence of cardiac looping, coupled with statistically
reduced heart rates, reveals critical physiological disruptions. Furthermore, the induction of
oxidative stress, evidenced by biochemical parameters, directly links PAH exposure to
increased pathology and developmental delays. The study highlights the potential for
photoenhanced toxicity of weathered oil, where UV radiation amplifies the harmful effects of
the oil. Furthermore, these findings emphasize the long-term ecological risks associated with
weathered oil spills and the heightened vulnerability of early life stages to combined chemical

and environmental stressors.
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ANEXO-1
A
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Fig. S1. Experimental cold bath developed in the laboratory to keep the temperatures in the exposure

wells at 28 °C, including the protected (WAF) and UV-exposed plates. A: Overhead view of the cold

shower and B: Side view of the cold shower.
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Fig. S2. Contribution of parent and alkylated polycyclic aromatic hydrocarbons (PAHS)

evaluated in 100% treatment of water accommodated fraction (WAF) of oil.

A.R. — Aromatic rings. NAPH = naphthalene; ACFTL = Acenaphthylene; ACFT
Acenaphthene; FLUO = Fluorene; PHE = phenanthrene; ANT = anthracene; FLT
fluoranthene; PYR = pyrene; B[A]JA = Benz[A]anthracene; CHRY = Chrysene; B[B]F
Benzo[B]fluoranthene; B[K]F = Benzo[K]fluoranthene; B[A]P = Benzo[A]pyrene; D[A,H]A
= Dibenzo[A,H]anthracene; 1[1,2,3-CD]JP = Indeno[1,2,3-CD]pyrene; B[GHI]P =
Benzo[GHI]perylene. C1 to C4 indicates the number of alkyl groups attached to the

respective PAH.
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Table. S1. Mortality rate (%) over the period of exposure of Danio rerio to water
accommodated fraction (WAF) and WAF added of ultraviolet light (WAF-UV).
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2PAHL 24 48 T2 9 120 144 168
hg L
000 48 21 2.1 2.1 2.1 2.1 2.1 4.2
051 24 00 0.0 0.0 0.0 0.0 0.0 4.2
103 24 42 4.2 4.2 4.2 4.2 4.2 4.2
< 206 24 42 4.2 4.2 4.2 4.2 4.2 4.2
= 412 24 42 4.2 4.2 4.2 4.2 4.2 4.2
824 24 42 4.2 4.2 4.2 4.2 4.2 8.3
16.47 24 42 4.2 4.2 4.2 4.2 4.2 4.2
3295 24 00 4.2 42 167 167 167 250
000 24 21 2.1 2.1 2.1 2.1 2.1 4.2
051 24 42 4.2 4.2 4.2 4.2 4.2 4.2
> 103 24 42 4.2 4.2 4.2 4.2 8.3 8.3
= 206 24 42 4.2 4.2 4.2 42 1250 125
< 412 24 42 4.2 4.2 8.3 8.3 8.3 8.3
= 824 24 00 00 125 167 167 167 167
1647 24 42 42 750 958 958 958 100
3295 24 42 4.2 100 100 100 100 100

(*): period of sunlight exposure for 5 h. (0 ug-ZPAHt L?)
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Table S2. Frequency (percentage) of developmental abnormalities in Danio rerio larvae after
exposure to different PAH concentrations of oil water accommodated fractions (WAF) from oil
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samples.
XPAHt Blood Blood Head Tail Other  Hatching
pg L stasis congestion Haemorrhage edema edema edema delay  Lordosis
0.00 48 9% 0% 0% 0% 0% 0% 21% 0%
0.51 24 17% 0% 0% 0% 4% 8% 17% 0%
1.03 24 9% 4% 0% 0% 0% 0% 4% 4%
é 2.06 24 11% 4% 4% 0% 0% 9% 13% 4%
= 412 24 13% 0% 0% 0% 0% 4% 4% 4%
8.24 24 9% 4% 0% 4% 4% 4% 17% 0%
16.47 24 9% 9% 7% 0% 0% 17% 22% 0%
32.95 24 56% 10% 22% 20% 15% 49% 39% 39%
0.00 48 4% 0% 0% 0% 0% 0% 0% 0%
> 051 24 17% 0% 4% 0% 0% 0% 9% 0%
i 1.03 24 4% 0% 4% 0% 0% 9% 0% 4%
< 2.06 24 11% 0% 4% 0% 0% 9% 9% 4%
S 412 24 1% 0% 4% 0% 0% 0% 4% 0%
8.24 24 8% 0% 0% 0% 0% 5% 0% 5%

Bold indicates statistically significant differences between treatments compared to the control

(t-test, p<0.05)
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Table S3. Frequency (percentage) of developmental abnormalities in Danio rerio larvae after
exposure to different PAH concentrations of oil water accommodated fractions (WAF) from

oil samples.

YPAHt . .. Notochord Craniofacial Low .
ug L1 n Kyphosis Scoliosis Deformation Exophthalmos deformation pigmientation Necrosis
0.00 48 2% 0% 0% 2% 0% 4% 0%
0.51 24 0% 0% 0% 4% 0% 0% 0%
1.03 24 4% 9% 4% 13% 0% 4% 4%
% 2.06 24 9% 8% 9% 13% 0% 13% 0%
= 412 24 9% 4% 0% 0% 0% 26% 0%
8.24 24 9% 6% 4% 4% 0% 30% 4%
16.47 24 14% 4% 4% 11% 22% 17% 0%
32.95 24 0% 5% 0% 64% 95% 5% 50%
0.00 48 4% 0% 0% 0% 0% 4% 0%
> 051 24 4% 7% 9% 4% 0% 4% 0%
i 1.03 24 0% 6% 7% 4% 0% 7% 6%
< 2.06 24 0% 7% 4% 9% 0% 13% 0%
2 412 24 14% 9% 0% 7% 0% 16% 0%
8.24 24 20% 5% 0% 13% 5% 5% 13%

Bold indicates statistically significant differences between treatments compared to the control
(t-test, p<0.05)
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VI MANUSCRITO 4 (Avaliacdo toxicologica de trés complexos estuarinos ao logo do
litoral pernambucano utilizando o peixe sentinela Eugerres brasilianus como modelo
biolégico: uma abordagem bioquimica, genotdxica e avaliativa de metabolitos

biliares de hidrocarbonetos policiclicos aromaticos)

RESUMO

Os manguezais sdo ecossistemas costeiros de transi¢cdo Unicos, entre ambientes marinhos e
terrestres, geralmente confinados as regies tropicais e subtropicais, com 0s componentes
marinhos, fluviais, terrestres e atmosféricos, cada um influenciando a ocorréncia, especiacéo,
biodisponibilidade e destino de vestigios quimicos. Entre os anos de 2019 e 2020 o litoral
brasileiro foi acometido pelo desastre com 6leo emulsificado que alcangcou 0 manguezal em
diferentes pontos do litoral do estado de Pernambuco, levantando a ideia de que estas regides
poderiam estar com concentracdes ainda maiores destes compostos. Dentre as regides
afetadas estavam os Complexos estuarinos de Barra de Catuama (BCEC), Complexo
estuarino de Suape (SEC) e Complexo estuarino de Rio Formoso (FRES). Nesse contexto,
juvenis do peixe Eugerres brasilianus, conhecido como carapeba, se apresentam como uma
importante ferramenta para avaliacdo desses ambientes impactados dada sua ecologia. Os
estuarios avaliados neste trabalho sdo capazes de induzir algum nivel de alteracdo bioldgica
nos peixes residentes, contudo foi demostrado que os peixes coletados em FRES e SEC
apresentaram uma maior similaridade de efeitos como demonstrado pela PC1-71,03%. Em
contrapartida, os peixes coletados em BCEC representam um grupo oposto dentro da PCA. A
PERMANOVA realizada a partir dos dados bioquimicos, de metabolitos biliares totais e
alteracdes nucleares demostra que existem trés grupos distintos sendo avaliado (p<0,05),
apesar da similaridade de FRES e SEC. A EROD e GST, biomarcadores de biotransformacao
de fase 1 e 2 esteve fortemente correlacionado a BCEC, apesar das baixas concentracfes de
HPAs biliares, bem como os marcadores CAT, POL e GSH de estresse oxidativo. O aumento
nas concentrages de HPAs biliares estiveram correlacionados com o ponto FRES e SEC. A
SOD foi inversamente proporcional ao somatorio de alteragdes nucleares, indicando que a
presenca destas alteragdes esta relacionada a inibicdo da enzima que é responsavel pela defesa
inicial contra a espécies oxidativa superdxido. Este trabalho apresenta dados relevantes para
entender a saude dos estuarios nesta regido, contudo estes estuarios ainda merecem maior
atencdo, principalmente com relacdo a composicdo de xenobioticos presente na agua para
entender melhor como isso pode estar alterando estas medidas bioldgicas registradas neste
trabalho.
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1.1 INTRODUCAO

Os manguezais sdo ecossistemas costeiros de transicdo Unicos, entre ambientes
marinhos e terrestres, geralmente confinados as regides tropicais e subtropicais, com 0s
componentes marinhos, fluviais, terrestres e atmosféricos, cada um influenciando a
ocorréncia, especiacdo, biodisponibilidade e destino de vestigios quimicos (BAYEN, 2012).
Por décadas 0s manguezais sofrem pressdes antropicas, tornando a dgua desse ecossistema
uma mistura complexa de diferentes contaminantes quimicos, provenientes de processos
industriais, escoamento urbano e esgoto domeéstico. Nos paises latino-americanos cerca de
20% das aguas residuais geradas passam por tratamento, em parte porque muitos paises ndo
possuem sistemas bem desenvolvidos de coleta e tratamento destes efluentes (SATO et al.,
2013). Como consequéncia estes ecossistemas recebem cargas de diferentes moléculas como:
horménios (FROEHNER et al., 2011), HPAs, (MARTINS et al., 2011), metais pesados
(BAYEN, 2012), produtos de higiene pessoal e farmacéuticos (VERLICCHI et al., 2015),
entre outros. Tais contaminantes podem gerar misturas potencialmente toxicas e

desconhecidas paras 0s organismos residentes.

Os HPAs sdo originarios de varias fontes antropogénicas, incluindo queima de
combustiveis fosseis, efluentes municipais e industriais, transporte atmosférico e
derramamento ou descarte de petrdleo e derivados, bem como escoamento urbano e agricola,
producdo de asfalto e incineracao de residuos (MIRZA et al., 2014). Entre os anos de 2019 e
2020 o litoral brasileiro foi acometido pelo desastre com dleo emulsificado que alcangou o
manguezal em diferentes pontos do litoral do estado de Pernambuco, levantando a ideia de
que estas regides poderiam estar com concentracdes ainda maiores destes compostos. Apesar
disso, alguns destes manguezais ja apresentava a contaminacdo por estas moléculas como
demostrado por (SILVA et al., 2021), que atribuiu a presenca de metabolitos biliares de HPAs

em Eugerres brasilianus a alta urbanizacéo e atividades turisticas.

Os HPAs possuem potencial mutagénico, carcinogénico, teratogénico,
imunossupressor, altera o0 processo reprodutivo de organismos, bem como seus
comportamentos (KENNEDY, 2014). A avaliacdo do potencial toxico dos diferentes grupos
de moléculas encontrados em misturas de HPAs, até em experimentagdo usando os HPAs
isoladamente, tem demostrado que moléculas com alto peso molecular, 4-6 aneis aromaticos,
possui caminhos de alteragdes bioldgicas diferentes dos encontrados para HPAs de baixo peso
molecular. Um dos processos envolvidos estd naqueles mediados pelo receptor de
hidrocarboneto aril (AhR), tipico de toxicidade de dioxina (INCARDONA et al., 2004a). O
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contato destes HPAs de alto peso molecular com o receptor AhR desencadeia um processo
para remocao deste grupo xenobioticos de dentro do organismo. Enzimas de biotransformagéo
de fase | e fase Il estdo envolvidas nesse processo, como CYP1A etoxiresorufina-O-desetilase
(EROD) e glutationa S-transferase (GST), respectivamente (SILVA et al., 2021). Este
processo facilita a excrecdo destes metabdlitos biotransformados nos hepatécitos que em
seguida sdo concentrados na vesicula biliar para posterior excrecdo. Portanto, as
concentracdes de HPAs biliares em peixes que vivem em ambientes contaminados sao
geralmente de ordens de grandeza superiores as concentracdes de HPAS na agua, facilitando a
deteccdo, uma das razdes pelas quais a quantificacdo de HPAs biliares de peixes tornou-se um
importante biomarcador de exposicdo a HPAs em ambientes aquaticos (BEYER et al., 2010).

Os HPAs, assim como outros grupos de moléculas que interagem com o material
genético, sdo denominados agentes genotoxicos (ADAM et al., 2010). Essa interacdo pode
ocorrer de diferentes maneiras. Os HPAs, especificamente, sdo considerados agentes
genotdxicos intercalantes, ou seja, sdo capazes de se posicionar entre as hélices do DNA,
modificando a informacdo genética e lesionando a molécula. Algumas destas alteracdes,
guando no nivel cromossémico, podem gerar quebras nestas estruturas, e durante o0 processo
de divisdo celular gerar os micronicleos (MN) e outras alteracGes nucleares. Outros fatores
também podem induzir processos genotoxicos dentre eles as espécies reativas de oxigénio
(ERO), que sdo tipicamente inativadas por enzimas como, Catalase (CAT), Superoxido
Dismutase (SOD), Glutationa peroxidase (GPx), além do peptideo glutationa (GSH). Os
produtos de reducdo do oxigénio molecular podem reagir com macromoléculas celulares
criticas, possivelmente levando a inativagdo enzimatica, peroxidacéo lipidica (POL), dano ao
DNA e consequentemente morte celular (VAN DER OOST et al., 2003).

Nesse contexto, juvenis do peixe Eugerres brasilianus, conhecido como carapeba, se
apresentam como uma importante ferramenta para avaliacdo desses ambientes impactados
dada sua ecologia. O E. brasilianus possui uma parte de seu desenvolvimento em estuario e
quando adulto transita entre o ambiente marinho e estuarino, sendo considerado eurialino,
além de possuir habitos alimentares onivoro bentdnicos (FIGUEIREDO, 1980; FRANCO et
al., 2012). A soma destas caracteristicas fez o E. brasilianus ser considerada uma espécie
sentinela atil para monitoramento ambiental (BERTHET, 2013). Os recentes eventos que
ocorreram na costa brasileira com o petroleo emulsificado gerou questionamento sobre a
qualidade de vida dos peixes residentes, sendo necessario uma avaliacdo pdés impacto de

regibes afetadas. Portanto, este estudo tem como objetivo quantificar metabdlitos biliares de
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HPAs, biomarcadores bioquimicos EROD, GST, GSH, CAT, SOD, POL e AChE e avaliagao
genotoxica em E. brasilianus em trés importantes estuarios ao longo da costa do nordeste do

Brasil.
1.2 MATERIAL E METODOS

1.2.1 Locais de coleta

As coletas realizadas neste trabalho ocorreram no primeiro semestre de 2022. As coletas
foram realizadas em trés complexos estuarinos do litoral pernambucano, nordeste do Brasil.
No Litoral Norte foram coletados peixes do complexo estuarino de Barra de Catuama (BCEC)
e no litoral sul, foram coletados peixes dos complexos estuarinos de Rio Formoso (FRES) e
Suape (SEC) (Figura 1). Em cada local foram realizadas duas coletas de peixes Eugerres
brasilianus (Carapeba). As trés regides estudadas foram impactadas pelo 6leo entre os anos de
2019 e 2020, contudo sdo regibes que historicamente ja recebem carga significativa de
poluentes, dentre eles os HPAs fruto de atividades turisticas e escoamento urbano detectadas
em SEC e FRES (SILVA et al., 2021).

O complexo estuarino de Barra de Catuama (BCEC) se localiza na regido norte do
estado de Pernambuco entre os municipios de Goiana e da llha de Itamaracé correspondendo
as coordenadas 7°41°00”S a 7°42°00”S e 34°50°00”W, local onde ha a desembocadura do
canal de Santa Cruz (DE OLIVEIRA et al., 2017; MELO JUNIOR, 2005) (Figura 1A). A
regido possui cerca de 1,4 km de extensdo no sentido norte-sul e apresenta influéncia dos rios
Catuama, Carrapicho, Botafogo e Congo (DE OLIVEIRA et al., 2017). As cidades de Goiana
e Itamaracéa apresentam populagdes de 80.347 e 27.076 habitantes, segundo censo de 2021 do
IBGE. Segundo pesquisas do IBGE em 2021 92,44% da populacdo de Goiana ndo possui
esgoto doméstico enquanto a ilha de Itamaraca ndo possui nem dados sobre saneamento.

O complexo estuarino de Suape (SEC) fica localizado entre os municipios de Ipojuca e
Cabo de Santo Agostinho no estado de Pernambuco 8°34°0” S a 8°40°0” S e 35°00°0” W a
34°95°0” W (Figura 1B). SEC é composto pelos rios Massangana, Tatuoca, Merepe e Ipojuca.
Segundo o censo de 2021 do IBGE os municipios de Ipojuca e Cabo de Santo Agostinho que
circundam a regido, possuem populagdes de 99.101 e 210.796 habitantes, respectivamente.
Ambos 0s municipios possuem mais de 80% de sua populagdo sem esgotamento doméstico
segundo IBGE 2021. A regido comporta o complexo portuério industrial de Suape que
engloba cerca de 100 diferentes métodos de operagfes incluindo petroquimica, refinaria de

petrdleo, estaleiros, entre outros (LEMOS et al., 2014).



Figura 1 - Mapa do Brasil e os trés sistemas estuarinos ao longo do nordeste do Brasil onde o E.
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brasilianus foi coletado: Barra de Catuama Estuarine Complex; Formoso River Estuarine System (FRES) e
Suape Estuarine Complex (SEC).
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O estuério do rio formoso (FRES) € formado pela unido dos rios Formoso, Ariquinda e

Rio dos Passos, sendo localizado no litoral Sul do estado de Pernambuco situado entre 8°39'-
8°42'S e 35°10'-35°05'W (FIDEM, 1987) (Figura 1C). O estuario esta inserido na area de
preservacdo ambiental (APA) estuarina de Rio Formoso, correspondendo a uma regido de
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2.724 hectares, sendo titulada em 1986, através da Lei N° 9.931/86. O estuario do Rio
formoso esta inserido dentro de trés municipios do estado de Pernambuco, Rio formoso,
Sirinhaém e Tamandaré. Segundo IBGE 2021 essas regides possuem populacdes de 23.719,
46.845 e 23.852 habitantes, respectivamente, com auséncia de tratamento de esgoto doméstico

para 84% e 83%, respectivamente.

1.2.2 Coleta dos animais e processamento inicial das amostras bioldgicas

Os peixes foram coletados utilizando uma camboa método onde € pregada na saida do
rio uma rede enquanto a maré esta enchendo e quando a maré estd vazando é realizada a
coleta dos peixes em uma regido da camboa chamada de curral, onde os peixes ficam presos.
Quando a camboa nédo apresentou resultado na captura dos peixes ou houve a impossibilidade
de uso pelos pescadores foram utilizadas redes de arrasto ou tarrafas. Em SEC foram
realizadas coletas no més 09 de 2021 e 08 de 2022, em FRES 12 de 2021 e 08 de 2022 e em
BCEC em 08 de 2022. Os animais foram transportados vivos na propria agua do mangue em
galdes de 60 L com aeragdo até o laboratério onde foi realizada a eutanasia em gelo, com
posterior corte na espinha dorsal e coleta do figado, cérebro, liquido biliar e sangue para
realizacdo dos testes. As amostras bioldgicas foram guardadas no freezer -80 até o0 momento
da homogeneizacdo e realizacdo dos testes, com excecdo do sangue que foi prontamente

utilizado para a anélise genotoxica.

1.2.3 Avaliagio dos HPAs biliares

Para avaliacdo da bile foi necessario fazer uma dilui¢do na propor¢do de 1:500 (v/v)
utilizando metanol 50% grau HPLC em &gua ultrapura. Em seguida as biles foram analisadas
pelo método de fluorescéncia fixa (FF) utilizando cubeta com quatro faces polidas de quartzo
em um espectro fluorimetro (Spectramax M3, Molecular Devices). Na avaliacdo foram
utilizados os pares de excitacdo e emissdo para fenantreno (FEN) 260/380, naftaleno (NAF)
290/335, criseno (CRIS) 310/360, pireno (PIR) 341/383 e benzoa[a]pireno (B[a]P) como
descrito por (AAS, E. et al., 2000; 10C, 1984; KRAHN et al., 1993). A linearidade da
fluorescéncia (r>>0,98) foi avaliada a partir de uma faixa de diluicdo entre 1:500, 1:1000,
1:2000 e 1:4000, onde foi confirmada a auséncia de um inner filter effect como descrito por
(AAS, E. et al.,, 2000). Os valores dos HPAs biliares foram dados em unidade de
fluorescéncia relativa (UFR) para cada grupo de HPAs.

1.2.4 Avaliagdo bioquimica
O homogenato utilizado para avaliagdo dos testes Etoxiresorufina — O — desetilase
(EROD), Glutationa-S-trasferase (GST), glutationa total (GSH), Catalase (CAT), Superdxido
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Dismutase (SOD) e Peroxidac&o lipidica (POL) foi obtido a partir de uma proporcéao 1:4 (p/v)
de figado em solugdo tampdo KPI fostato de sédio e fosfato de potéssio a 0,25 M. O tampéo
foi mantido gelado e a homogeneizacdo foi realizada em um processador de tecido (modelo
125, Omni International) seguindo com a centrifugacdo (modelo 5415R, Eppendorf) a 12000
g por 20 min a 4 °C. O cérebro foi homogeneizado numa proporgéo de 1:4 (p/v) utilizando um
tampdo KPI fosfato de potéssio a 0,1M seguido de centrifugacdo a 9000g por 20 min a 4 °C.
O cérebro foi utilizado para fazer a avaliacdo da atividade enzimatica da acetilcolinestesase
(AChE). Em ambos os casos foi coletado o sobrenadante pos-mitocondrial (PMS ou fracéo

S9) para realizacdo dos testes bioquimicos.

1.2.4.1 Etoxiresorufina — O — desetilase (EROD)

A atividade da EROD foi determinada de acordo com o método de (HAHN et al.,
1993) e adaptado para microplacas por (SILVA et al., 2021). No pogo foi adicionado 10 pL
de homogenato, descrito em (1.2.4), 150 da solucdo a 2,67 uM de 7-etoxiresorufina e 40 pL
de uma solucéo a 6,68 mM de NADPH. A atividade foi calculada por fluorescéncia utilizando
exitacdo e emissdo de 530/585 nm no espectro fluorimetro (Spectramax M3, Molecular
Devices). A curva de calibracdo de resorufina foi realizada utilizando concentracdes de 0 a
400 pmol de resorufina considerando um (r>>0,99). A atividade da EROD foi dada em pmol

Resorufina min-! mg proteina™.

1.2.4.2 Glutationa- S- transferase (GST)

A atividade da GST foi medida como descrita por (HABIG et al., 1974). Em cada
pogo foi adicionado 5 pL. do homogenato, descrito em (1.2.4), 35 pL de 4gua ultrapura, 200
pL do mix (solugdo de GSH 1,25mM em tampao fosfato de potéssio com pH 7,4). Foi
realizada uma leitura basal e em seguida foi adicionado 10 pL de 5,1 g L 1-cloro-2,4-
dinitrobenzeno (CDNB) e lida a atividade da GST. A atividade foi lida no espectro
fluorimetro por absorbancia em 340 nm para quantificar a formacéo do 1- (Sglutationil) - 2,4-
dinitrobenzeno (GS-DNB), considerando um coeficiente de extingdo molar de € = 9,6 mM™*
cm™. A atividade da GST foi dada em pmol (GS-DNB) min-! mg proteina.

1.2.4.3 Glutationa total (GSH)

O método para a quantificacdo do GSH foi adaptado pra microplaca seguindo o
método de (BEUTLER et al., 1963). O homogenato ja pronto descrito em 1.2.4 foi
homogeneizado na propor¢cdo 1:2 total com &cido tricloroacético (TCA 6%) e depois
centrifugado novamente a 4000 rpm a 4°C por 5 min. Apds a centrifugagdo 25 pL do

homogenato foi colocado no pogo da placa de 96 pocos com 50 pL da solugdo de acido 5,5-
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ditiobis-2-nitrobenzoico (DTNB) e mais 150 puL do tampao fosfato de potassio 0,1 M pH 7,4.
A quantificacdo de GSH foi determinada a partir da conjugacdo da glutationa (GSH) com o
DTNB 2,2 mM, formando o tiolato (TNB) que ¢é detectado a 412 nm no espectro fluorimetro.

As concentracdes foram dadas em pug GSH mg proteina™.

1.2.4.4 Catalase (CAT)

A catalase (CAT) foi avaliada mediante consumo do perdxido de hidrogénio (H203)
usado como substrato iniciador segundo método de (BEERS et al., 1952) e adaptado pra
microplacas por (LI, YI et al., 2007). Em cada poco da placa UV foram adicionados 5 pL do
homogenato, descrito em (1.2.4) e 250 uL da solugdo mix (0,053 M H20, em tampé&o fosfato
de potéssio 0,05 M, pH 7,4). A atividade catalitica da CAT foi avaliada por absorbancia no
espectro fluorimetro a 250 nm, quantificando a decomposi¢cdo do H.O2, considerando o
coeficiente de extingdo molar de (€ = 43,6 Mt cm™). A atividade enzimatica foi expressa em

umol H202 min™ mg proteina™.

1.2.4.5 Superdxido Dismutase (SOD)

A leitura de atividade da enzima SOD foi estabelecida por (MARKLUND et al., 1974)
e adaptada por (MAHARAJAN et al., 2018), e se baseia na inibicdo da autoxidacdo do
pirogalol. Em uma microplaca de 96 pocos foram adicionados 50 pL de homogenato descrito
em (2.4), 140 pL de tampdo (tris—-HCI 0,05 M pH 8,5 EDTA 1 mM), 55 pL de agua e foi
realizada uma leitura basal a 420 nm no espectro fluorimetro. Apds a leitura basal foram
adicionado 35 pL de solucdo de pirogalol 6 MM em 0,05 M de HCI. A atividade da enzima

foi dada em U SOD min! mg proteina.

1.2.4.6 Peroxidacdo Lipidica (POL)

A peroxidacdo lipidica foi quantificada baseada no método de Thiobarbituric Acid
Reactive Substances (TBARS) (UTLEY et al., 1967). Em cada pogo foi colocado 10 pL de
homogenato descrito em (1.2.4), 160 uL de tampao PBS pH 7,4, 10 uL de hidroxitolueno
butilado diluido em 4lcool absoluto (BHT) a 1 mM, 50 pL. de é4cido tricloroacético 50%
(TCA) e 75 uL de acido 1-tiobarbitarico 1,3% (TBA). Em seguida a placa foi colocada para
incubar a 60 °C por 60 min. A fluorescéncia é medida utilizando excitagdo e emissdo de
535/590 nm em um espectro fluorimetro. Os valores de fluorescéncia foram aplicados a curva
de malondialdeido (MDA) 0,3 a 30 uM MDA (r?>> 0,99). A concentragdo de POL foi dado em
ug MDA mg proteina™.
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1.2.4.7 Acetilcolinesterase (AChE)

A atividade da enzima acetilcolinesterase foi avaliada seguindo o método de (ELLMAN
et al.,, 1961) adaptado para microplacas. Em cada po¢o foram adicionados 50 upL do
homogenato de cérebro descrito em 1.2.4, 200 uL da solu¢do 5-ditio-bis-(acido 2-
nitrobenzoico) (DTNB) a 0,3 g L™ e 50 uL de iodeto de acetiltiocolina 2,6 g L. A reacéo foi
avaliada medindo a presenga do composto 5-tio-2-nitrobenzoato (TNB, € = 14,15 mMlcm™)
por absorbancia a 415 nm no espectro fluorimetro. A atividade da AChE foi expressa em

pmol TNB min™ mg proteina™.

1.2.5 Avaliacdo de anormalidades nucleares

Durante a eutanasia dos peixes foi realizada uma pequena incisdo na dorsal de cada
individuo, retirando cerca de 0,5 ml de sangue periférico com um auxilio de uma pipeta. O
sangue foi utilizado para a confeccdo de duas laminas de esfregaco para cada peixe
individualmente. Apds a secagem em temperatura ambiente, as laminas foram fixadas por
cerca de 10 minutos em metanol puro, sendo posteriormente lavadas em agua destilada e
coradas com corante Giemsa puro por 5 minutos. Em seguida uma nova lavagem com agua
corrente para a retirada do excesso de corante e as ldaminas foram novamente deixadas para

secagem em temperatura ambiente.

Em cada lamina de esfregaco foram avaliadas 3000 células utilizando microscépio
Otico. Durante a analise foram observada alteracfes nucleares dos tipos: corpusculos
extranucleares (microndcleos) correspondentes ao material genémico danificado, que néo
foram incluidos no nucleo da célula no processo de divisdo celular (UDROIU, 2006); nucleo
“blebbed”; nucleo “vacuolated”; nticleo “notched” e célula binucleada (GUSSO-CHOUERI et
al., 2016) (Figura 2).

1.2.6 Testes estatisticos

Os biomarcadores bioquimicos, de metabolitos biliares e alteracdes nucleares foram
analisados por ANOVA quando os dados foram normais e homocedasticos seguido de teste
de Tukey. Quando umas das duas premissas falharam no teste foi realizado o teste ndo
paramétrico de Kruskall-Wallis (KW), seguido de teste posterior de Dunn utilizando o
software Sigmaplot 12.0 (Jandel Scientific, Erkrath, Germany) também utilizado para criacéo
dos gréaficos. Para a avaliagdo non-metric multidimensional scalin (nMDS) e PERMANOVA
foi utilizado uma matriz Bray-Curtis de dados transformada utilizando raiz quarta. Tanto a
PERMANOVA quanto o nMDS, bem como os gréficos, foram calculados utilizando o
software PRIMER v6 (ANDERSON et al.,, 2008). A PCA , bem como seu gréafico, foi
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realizada utilizando o software PAST 4.03 (HAMMER et al., 2001) a partir de uma matriz de
correlacdo entre areas de avaliacéo.

Figura 2 - Alteracdes nucleares encontradas em esfregago de sangue de E. brasilianus de trés estuarios
na costa do nordeste do Brasil: Barra de Catuama Estuarine Complex; Formoso River Estuarine System (FRES)
e Suape Estuarine Complex (SEC). A: Eritrocito com nucleo normal, B: Eritrécito com Microndcleo, C:
Eritrécito com nlcleo Blebbed, D: Eritrocito com nicleo Vacuolated, E: Eritrocito com nlcleo Notched e F:
Eritrécito Binucleado.
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1.3 RESULTADOS

1.3.1 Avaliacdo de metabolitos biliares

Os metabolitos de NAF avaliados nas biles do E. brasiluanus apresentaram sinal maior
de fluorescéncia em FRES, SEC e BCEC respectivamente sendo FRES e SEC
estatisticamente mais concentrado que BCEC (figura 3). Os metabolitos de FEN apresentaram
maior sinal em SEC e FRES e foram estatisticamente maiores que BCEC, mas nao
apresentaram diferenca estatistica entre eles. Os metabolitos de CRIS apresentaram maior
sinal estatisticamente em SEC quando comparados com BCEC e FRES. Os metabdlitos de
PIR foram estatisticamente maiores em FRES quando comparados com os peixes de BCEC.

Os metabdlitos de B[a]P ndo apresentaram diferenca estatistica.
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Figura 3 - Unidade de fluorescéncia relativa (UFR) dos hidrocarbonetos policiclicos aromaticos em
amostras de bile de Eugerres brasilianus de trés estuarios na costa do nordeste do Brasil: Brazil: Barra de
Catuama Estuarine Complex; Formoso River Estuarine System (FRES) e Suape Estuarine Complex (SEC).
Diferentes letras indicam diferenca estatistica entre regides estuarinas; nimero de réplicas entre paréntese e linha
pontilhada representando a média. Diferentes representam diferenga estatistica entre as estacoes de coleta.
Naftaleno (NAF), Fenantreno (FEN), Criseni (CRIS), Pireno (PIR) e Benzo[a]Pireno (B[a]P).
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1.3.2 Avaliacdo bioquimica

A atividade enzimatica da EROD nos peixes de BCEC foi estatisticamente maior que
SEC e FRES. As reducdes foram de 47 e 46% respectivamente quando comparados a
atividade da EROD nos peixes de BCEC (KW, H=20,407, p<0,001; Dunn, p<0,05) (figura
4A). A atividade da GST foi estatisticamente inibida nos peixes de SEC quando comparados
com os peixes de FRES e BCEC (KW, H=48,754, p<0,001; Dunn, p<0,05). Os peixes de
BCEC comparado aos peixes de SEC apresentaram inducdo na atividade catalitica da enzima
GST de 56% enquanto os peixes de FRES comparado aos de SEC apresentaram atividade
catalitica 71% superior. FRES e BCEC ndo apresentaram diferenca estatistica quando

comparados entre si (Figura 4B).
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Figura 4 - Biomarcadores enzimaticos em amostras de E. brasilianus de quatro complexos estuarinos ao
longo da costa pernambucana: Barra de Catuama Estuarine Complex (BCEC), Suape Estuarine Complex (SEC)
e. Formoso River Estuarine System (FRES) A:Etoxiresorufina — O — desetilase (EROD); B: Glutationa -s-
trasferase (GST), C:Glutationa total (GSH), D: Catalase (CAT) e E Superdxido Dismutase (SOD). Diferentes
letras indicam diferenga estatistica entre regides estuarinas; nimero de réplicas entre paréntese e linha pontilhada
representando a média. Diferentes representam diferenca estatistica entre as estacGes de coleta.

Ty 4,0 20

1
(=)}

'
g Al 5, | B | C
8 3 e 2 i ‘T o
o, o «
B a ) E15 - "
_E 4 - (32 ~E 25 1 % b a,c
= = I~ =
g 3- £2,0 - @04 L ‘
s b b (11) 2} - — |
= 2 (28) Z 1,5 1 7] Dl ‘
- A . = L]
A (== 8 1,0 2 5 T
2 1 e
&5 , I =055
: ~ 2
20 20,0 0 : : :
BCEC SEC FRES BCEC SEC FRES
1,6

g a b

s 14 g 14 E

g 12 g 12

= =

% 1,0 o 10

g g "

w08 o

506 E6 |

c ! L= | a | [ .

=04 3 4

= T D ]

2 02 - 2 1 c

0,0 0 ; ;
BCEC SEC FRES BCEC SEC FRES

Estagdes de Coleta do E. brasilianus ao londo do litoral pernambucado

As concentrages de GSH foram estatisticamente 24 e 22% maiores nos peixes dos
pontos BCEC e FRES, respectivamente, quando comparados aos peixes de SEC (KW,
H=13,88, p<0,001; Dunn, p<0,05). Os peixes de FRES e BCEC ndo diferiram
estatisticamente (figura 4C). A atividade catalitica de CAT foi estatisticamente inibida 60 e
43% nos peixes de SEC e FRES quando comparados aos peixes de BCEC (KW, H=46,80,
p<0,001; Dunn, p<0,05). SEC e FRES né&o diferiram estatisticamente entre si (figura 4D). A
atividade catalitica da SOD diferiu estatisticamente em todos os tratamentos quando
comparados entre si. As medianas da atividade foram 4,16, 1,97 e 0,67 U SOD min™? mg
proteina™* para BCEC, SEC e FRES, respectivamente (KW, H=34,50, p<0,001; Dunn, p<0,05)
(figura 4E). As concentracdes de POL nos organismos testados ndo apresentaram diferencas
estatisticas quando comparados entre si (KW, H=4,08, p=0,130). A atividade da AChE ndo
apresentou diferenca estatistica entre os peixes dos tratamentos avaliados (ANOVA, F=0,342,
p=712).
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1.3.3 Avaliagdo das anormalidades nucleares

Os peixes de FRES apresentaram estatisticamente 48% mais micronucleos que SEC,
enquanto as demais comparacdes ndo apresentaram diferencas estatisticas (figura 5A)
(ANOVA, F=3,92, p=0,036, Tukey, p<0,05). Ja os peixes de BCEC apresentaram 58% mais
nacleos vacuolated quando comparados aos peixes de SEC (Figura 5B) (KW, H=6,93,
p=0,0,031; Dunn, p<0,05). As demais comparacdes para nicleos vacuolated ndao apresentaram
diferenca estatistica. As demais anomalias nucleares, blebbed, noched e bindcleo sozinhas ndo

demostraram alteracGes estatistica significativas.

O somatério de todas as alteracfes nucleares encontradas nos peixes de cada estacéo
de coleta demostrou que os peixes de FRES possuem maior nimero de alteraces nucleares
qguando comparado aos peixes de SEC (figura 5C) (ANOVA, F=3,85, p=0,035, Tukey,

p<0,05), enquanto as demais comparacdes nao foram estatisticamente diferentes.

Figura 5 - Biomarcadores nucleares em esfregago de sangue de E. brasilianus de trés complexos
estuarinos ao longo da costa pernambucana: Barra de Catuama Estuarine Complex (BCEC), Suape Estuarine
Complex (SEC) e. Formoso River Estuarine System (FRES) A Contagem total de micronucleos, B: Contagem
de nucleos Vacuolated e C: Somatorio total de normalidades nucleares. Diferentes representam diferenga
estatistica entre as estacdes de coleta.
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1.4 DISCUSSAO

A avaliacdo toxicoldgica de diferentes biomarcadores no E. brasilianus demostra que
os trés estuarios avaliados neste trabalho sdo capazes de induzir algum nivel de alteracéo
biologica nos peixes residentes. Contudo foi demostrado que os peixes coletados em FRES e
SEC apresentaram uma maior similaridade de efeitos como demonstrado pela PC1-71,03%
(anexo 1). Em contrapartida, os peixes coletados em BCEC representam um grupo oposto
dentro da PCA. A PERMANOVA realizada a partir dos dados bioguimicos, de metabolitos
biliares totais e alteracdes nucleares demonstra que existem trés grupos distintos sendo

avaliados (p<0,05) (anexo 3), apesar da similaridade nas respostas dos biomarcadores de
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FRES e SEC. A EROD e GST, biomarcadores de biotransformacéo de fase 1 e 2, estiveram
fortemente correlacionados a BCEC, apesar das baixas concentracfes de HPAs biliares. Além
disso, os marcadores CAT, LPO e GSH, de estresse oxidativo, apresentaram o mesmo padrdo
para BCEC. O aumento nas concentracdes de HPAs biliares estiveram correlacionados com o
ponto FRES e SEC. A SOD foi inversamente proporcional ao somatdrio de alteracdes
nucleares (anexo 1), indicando que a presenca destas alteragdes pode estar relacionada a
inibicdo desta enzima que é responsavel pela defesa inicial contra a espécies oxidativa

superdxido.

Os peixes coletados em BCEC apresentaram alteracdes atipicas de marcadores de
biotransformacgéo, quando correlacionados com os HPAs biliares. BCEC tem influéncia direta
do Canal de Santa Cruz que tem sua desembocadura tanto a norte quanto a sul da llha de
Itamaracd. O aporte direto de esgoto e escoamento urbano no Canal de Santa Cruz ficou
evidente no ultimo relatério da Agéncia Pernambucana de Meio Ambiente (CPRH) que
considerou esta regido de moderadamente comprometida e poluida com valores fora do
aceitavel de coliformes, concentracdo de fdésforo e oxigénio dissolvido (CPRH, 2020).
Levando em consideracdo que os HPAs ndo contribuiram positivamente para as inducfes da
EROD e GST nos peixes de BCEC, comparados a SEC e FRES, pode se afirmar que a regido
possui outros estressores, dada a complexidade da mistura a qual estéo inseridos.

PASSOS et al. (2022) avaliou metais na regido de BCEC e destacou a presenca de Hg
no sedimento dos manguezais da regido da Ilha de Itapessoca. VIANA et al. (2023) detectou a
presenca do metil-Hg biomagnificando em peixes do Canal de Santa Cruz e BCEC, dentre
elas exemplares da familia Gerreidae, cujo E. brasilianus faz parte. KUMAR et al. (2024)
inferiu que o acimulo de metais nos 6rgaos dos peixes causa lesdes estruturais e disturbios
funcionais, induz estresse oxidativo, manifestacdes histopatoldgicas e alteracdo da regulacédo
génica transcricional nos peixes expostos. Desta forma é possivel levantar a hipétese de que
estes estressores, ndo avaliados neste trabalho, mas que sabidamente existem na regiéo,
podem estar contribuindo para as inducdes da SOD e CAT, quando comparados aos outros

pontos avaliados.

A inducédo da EROD nos peixes coletados em BCEC, comparada a SEC e FRES, pode
ser um indicativo de poluentes organicos persistentes (POPs) de alto peso molecular. O
aumento na atividade da EROD foi observado em espécies de peixes apds exposicdo a
vestigios de poluentes organicos. Contudo, é notavel que PCBs, PCDDs e PCDFs causam

inducdo significativamente superior nos organismos quando comparado a HPAs (VAN DER
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OOST et al., 2003). A toxicidade das regides de SEC e FRES foi avaliada por (SILVA et al.,
2021) utilizando E. brasilianus e comparativamente ambas as regides ndo apresentam
diferenca no intervalo de oito anos que existe entre os estudos. A UFR média do fenantreno
encontradas para SEC e FRES nesse trabalho foram de 140,2 + 59,89 e 88,8 + 28,36,
respectivamente, enquanto SILVA et al. (2021) encontra para as mesmas estacdes 180,3 e
110,8, respectivamente. Nossos dados ainda demostram que a EROD foi significativamente
menor nos animais coletados em SEC e FRES comparado aos animais coletados em BCEC.
Contudo, nossos dados sugerem que, apesar da atividade da EROD ser baixa comparada a
BCEC, comparado aos dados levantados oito anos antes para as mesmas regides por SILVA
et al. (2021), houve uma inducdo 86 e 77% na atividade da EROD nos organismos avaliados
neste trabalho, 8 anos depois. Desta forma, é possivel afirmar que tanto os organismos
coletados em SEC quanto em FRES, avaliados temporalmente, apresentaram maior atividade
da enzima EROD.

A regido de SEC teve o inicio de suas atividades em refino de petréleo um ano antes
que as coletas descritas por SILVA et al. (2021). Hoje, quase 9 anos depois é observado um
aumento significativo dos indicadores de biotransformacdo EROD e GST e de estresse
oxidativo CAT. Durante este periodo, acontecimentos podem ter acarretado o aumento na
concentracdo de contaminantes indutores da EROD para peixes como os HPA de petréleo.
Entre os anos de 2019 e 2020 o desastre com petréleo emulsificado em todo o litoral
nordestino, incluindo as regies de SEC, FRES e BCEC, pode ter contribuido para o aumento
da concentracdo destes compostos na agua. No ano de 2021 a area de SEC apresentou
concentracgdo de HPAs totais variando entre 0,0020 e 0,0041 pg L™ (CHOUERI et al., 2024),
concentracdes relativamente baixas, de forma que a regido merece um estudo mais

aprofundado das concentracdes de outros POPs.

A presenca de alteracBes nucleares nas células sanguineas sdo um importante
indicador de genotoxicidade e que podem ser induzidas por diferentes fatores. Neste trabalho
foi encontrado um aumento significativo no SAN nos peixes coletados em FRES, comparados
aos peixes de SEC e BCEC (Figura 5C). A avaliacdo da PC2 (Anexo 1) demostra uma relagéo
inversamente proporcional a atividade da enzima SOD, logo é possivel inferir que a o
aumento na frequéncia destas alteracfes nucleares pode ter relacdo com a reducdo na
atividade da enzima. Segundo FARAG et al. (2018), danos oxidativos as hemacias apos
exposicdo a xenobioticos induzem alteragbes na morfologia das células, conformacdo das

proteinas da membrana, reticulagdo de proteinas, peroxidacdo lipidica e consequentemente
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hemolise das hemacias. Os peixes coletados em FRES comparado com os peixes de SEC e
BCEC apresentaram maiores inibicdes da SOD. A CAT foi inibida igualmente em SEC e
FRES quando comparados a BCEC. A inibicdo das enzimas de defesa antioxidante deixa o
organismo vulneravel aos efeitos das espécies reativas de oxigénio (ERO), que sabidamente é
um indutor de genotoxicidade em peixes. As ERO podem interagir diretamente com 0 DNA
ou indiretamente através do processo de peroxidacdo lipidica, induzindo quebras na fita dupla
do DNA (CANEDO et al., 2021).

Os organismos coletados na regido de FRES ainda apresentaram concentracfes de
HPAs biliares maiores que as encontradas para os peixes de BCEC e foi similar aos
organismos de SEC. A regido de FRES é relativamente bem preservada e com pouca
incidéncia de pressbes antropogénicas. Contudo, nossos dados sugerem uma resposta
diferente. Comparados ao Mugil curema avaliado por LIMA et al. (2019), o Eugerres
brasilianus se mostrou mais sensivel as pressdes que o ambiente exerce na ictiofauna na
regido de FRES. Em outro estudo foi avaliado a contaminacdo por petréleo e metais no
estuario de Vasco, na india, utilizando o peixe Arius arius, onde foi demostrado uma alta
correlacdo entre presenca de micronucleos e contaminacdo por petréleo e metais (D’COSTA
et al., 2017). Segundo AAS, ENDRE et al. (2000), metabolitos de HPAs na bile podem
indicar que o animal estd passando por processos genotdxicos. Além disso, embora seja
observada uma associacao significativa entre os poluentes e a genotoxicidade, também pode
ser observado que a presenca de outros contaminantes em concentracBes menores também
pode influenciar a genotoxicidade nestes peixes (D’COSTA et al., 2017). Neste contexto faz-
se necessaria uma melhor avaliacdo dos compostos presentes nas regides discutidas neste
trabalho, levando em consideracdo a complexidade da mistura na qual est&o inseridos.

CONCLUSAO

A partir da avaliacdo dos dados encontrados neste trabalho é possivel concluir que todas as
areas avaliadas apresentaram algum grau de alteracdo ecotoxicolégica nos peixes. Foi
possivel observar que a regido de BCEC apesar de ndo apresentar as maiores concentragoes
de metabolitos de HPAs biliares foi o local onde os peixes apresentaram maior atividade de
enzimas de biotransformacdo de fase 1 e 2. Os peixes coletados na regido de SEC apresentam
menores valores de atividade de defesa antioxidante, o que pode deixar estes animais
vulneraveis a ERO. Os peixes coletados em FRES apresentaram maior somatorio de
anormalidades nucleares, bem como menor atividade da enzima antioxidante SOD, logo estes

animais estdo mais susceptiveis ao efeito das ERO e seu ataque nucleofilico ao material
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genético e em consequéncia existe 0 aumento destas alteragdes nucleares observado pela
presenca maior de SAN. As trés regides avaliadas foram impactadas pelo acidente com 6leo
entre 2019 e 2020, contudo trabalhos recentes demostram que as concentracdes de HPAS na
agua é relativamente baixa ou ausente, de forma que as alteracfes encontradas neste trabalho
provavelmente séo decorrentes de atividades antropogénicas que afetam estes ambientes a
anos. Neste contexto, é importante ressaltar que a regido de SEC é um grande polo de
transporte de petroleo e seus derivados, bem como outras industrias, BCEC é polo industrial
de metalurgicas e turismo e FRES esta dentro de uma area de preservacgdo, porém foi uma das

areas que mais apresentaram alteracdes genotdxicas.
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ANEXO-1

Anexo 1- Anélise dos componentes principais (PCA) utilizando dados glutationa-s-transferase (GST),
Peroxidacéo lipidica (LPO), Catalase (CAT), Etoxiresorufina-O-Desetilase (EROD), Glutationa total (GSH),
Superdxido Dismutase (SOD), somatorio de fluorescéncia dos HPAs biliares (3;UFRHPA) e Acetilcolinesterase
(AChE). Em vermelho poligono formado pelos dados de FRES, em preto poligono formado pelas amostras de
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ANEXO-2

Anexo 2- Tabela com os dados de PC1 e PC2 gerados a partir de uma
matriz de correlagdo entre os grupos BCEC, SEC e FRES.

PC 1 PC2
> UFRHPA -0,39512 -0,028955
AChE -0,38025 0,17053
EROD 0,3826 -0,15715
GST 0,34315 0,30797
GSH 0,3715 -0,21259
CAT 0,39319 -0,067501
SOD -0,053026 -0,61356
LPO 0,37371 0,20288
SAN 0,0080975 0,61902
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ANEXO-3

Anexo 3 —-Non-metric multidimensional scaling (nMDS) baseado nos parametros bioquimicos, de
alteracGes nucleares e HPASs biliares em E. brasilianus coletados em trés estuarios. Os dados foram padronizados
para raiz quarta e Bray-Curtis foi realizado. A tabela abaixo consta os valores da PERMANOVA também para as

trés areas estuarinas avaliadas: Complexo Estuarino de Suape (SEC), Complexo Estuarino do Rio Formoso
(FRES) e Complexo Estuarino de Barra de Catuama (BCEC).

2D Stress: 0,09
A
* *
A
.
A
A
A ’0
A
A
A *
Estuarios
A BCEC
SEC
& FRES
PERMANOVA PAIR-WISE
Origem f SS MS Pseudo-F P(perm) | Grupos t P(perm)

Estuérios 1343,7 671,86 88,27 10,0001 |BCEC,SEC 3,31 0,001

Res. 1 15984 76,12 BCEC,FRES 3,76 0,001

Total 3 29422 SEC,FRES 1,88 0,018
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ANEXO-4
Anexo 4- Valores detalhados de anormalidades nucleares nas células sanguineas em peixes Eugerres
braslianus (Média £ Desvio padrdo) coletados no complexo estuarino de Barra de Catuama (BCEC), complexo

estuarino de Suape (SEC) e complexo estuarino de Rio Formoso (FRES).

Micronticleo  Blebbed  Vacuolated Notched  Bintcleo ) Anormalidades
Nucleares (SAN)
BCEC 60,7+32,1* 16,8+5,7 5,0+34* 13,758 03+0,5 96,5 + 36,4*
SEC  37,5+£23,1%° 245+183 2,1+2,1°> 185+13,6 0,7+0,5 833+37,4%°
FRES 72,6+26,8¢ 285+19,9 29+1,1»®> 258+123 0,3+0,5 130 + 34,0*°¢
Letras demonstram a diferenca estatistica entre os tratamentos.
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CONCLUSAO GERAL

O desenvolvimento desta tese nos permite concluir que fases iniciais de vida do Danio rerio
apresentaram diferentes padrdes de toxicidade de acordo com a composicdo quimica da fracao
acomodada de petroleo em agua. O petroleo emulsificado coletado apds 51 dias de
intemperizagdo natural que se encontrava encrustado em rochas apresentou maior potencial
toxico para o desenvolvimento embrionario do Danio rerio que o petroleo emulsificado
coletado fresco. Apesar disso, 0 petroleo emulsificado que apresentava em sua composicao
maior proporcdo de HPAs de baixo peso molecular, como naftalenos e fenantreno, induziu
maior surgimento de patologias como edemas pericardicos e auséncia de bexiga natatéria. A
bexiga natatdria pode ser alterada por multiplos fatores como alteracdes moleculares e
comportamentais como foi visto em embrides expostos a FAA-OM que alterou a expressdo
génica de genes relacionados ao desenvolvimento dos tecidos do 6rgdo, bem como 0 sox2,
também de importancia comportamental. Além disso, o potencial toxico da FAA-OM pode
ser potencializado quando combinado ao efeito da radiacdo ultravioleta. Nesta tese foi
verificado que fatores como mortalidade, que ndo foram significativos na exposicdo crénica
das fases iniciais de vida do Danio rerio, quando combinados com a luz solar foi
significativamente maior com apenas cinco horas de exposicdo combinada. Além disso, a
reducdo de 2 até 16 vezes nas concentracdes de efeito observado demostram que a exposi¢cdo
combinada pode ter gerado efeitos significativos aos peixes residentes nas &reas afetadas.
Neste contexto, a avaliacdo das fases juvenis do Eugerres brasilianus em areas estuarinas
afetadas, um ano apds o impacto, demostraram alteracfes bioquimicas em marcadores de
estresse oxidativos e de biotransformacédo. Estas alteracbes ndo podem ser relacionadas a
contaminacdo por HPAs diretamente do acidente, pois maiores alteracdes bioquimicas foram
relacionadas a locais com baixa concentracdo de HPAs biliares. Desta forma, parte das
alteracdes identificadas nos organismos coletados nos ambientes estuarinos devem ser
decorrente a exposic¢ao a outros compostos. Apesar deste padréo inverso entre biomarcadores
bioquimicos e HPAs biliares, alteracdes genotoxicas seguiram 0 mesmo padrdo dos HPAS

biliares, indicando possivel relacdo entre estes biomarcadores.
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