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APRESENTACAO

A dissertacdo aqui apresentada integra o projeto “Marcadores moleculares e
ecotoxicoldgicos aplicados a incidentes em ambientes aquaticos continentais,”
desenvolvido em parceria com o Centro de Pesquisa da Petrobras (CENPES) e com
financiamento da Petrobras S/A. O projeto visa testar protocolos de ecologia molecular
e ecotoxicologia, fornecendo subsidios para estudos de biomonitoramento e permitindo
a identificacdo mais precisa dos efeitos sobre a ictiofauna em incidentes com petroleo
em ambientes aquaticos continentais. As analises laboratoriais e bioensaios foram
realizadas em colaboracdo com a Universidade de Santa Cecilia (UNISANTA —
Santos/SP), Universidade Federal do Parand (UFPR, Curitiba/PR) e o Instituto de
Tecnologia para o Desenvolvimento (LACTEC, Curitiba/PR).

Em 2020, os mestrandos Larissa Tais Traldi Wintruff e Juan Martins de
Campos, do Programa de Pds-Graduagdo em Sustentabilidade de Ecossistemas
Costeiros e Marinhos (ECOMAR) da UNISANTA, deram inicio a bioensaios com
Astyanax lacustris (LUtken, 1875) para avaliar os efeitos de hidrocarbonetos
policiclicos aromaticos (PAHSs) e microplasticos (MPs) sobre a espécie. Esta fase inicial
resultou em importantes publicacGes, conforme listadas abaixo:

e WINTRUFF, L. T. T. Combined effects of exposure to microplastics and
polycyclic aromatic hydrocarbons (PAH): Biochemical and histological
changes in the neotropical species Astyanax lacustris. Dissertacdo (Mestrado
em Sustentabilidade de Ecossistemas Costeiros e Marinhos). Santos:
Universidade Santa Cecilia, 2022.

o O estudo explora os impactos de MPs e PAHs na Astyanax lacustris,
focando nos danos bioquimicos e histologicos. A pesquisa aborda a
contaminacdo em ambientes aquaticos, com foco nos danos causados
pelos poluentes.

e DE CAMPOQOS, J. M. et al. Osmoregulatory responses in the neotropical fish
species Astyanax lacustris, exposed to single and combined microplastics,
polycyclic aromatic hydrocarbons, and their mixture. Aquatic Toxicology,
2023.

o Este artigo examina as respostas osmorregulatorias da A. lacustris a
exposicdo a MPs e PAHSs, focando em biomarcadores de estresse

fisioldgico e osmorregulagdo, essenciais para a saude do peixe.



Em 2022, iniciou-se uma nova etapa da pesquisa, vinculada a dissertacdo aqui
apresentada e conduzida pelo Programa de Pds-Graduacdo em Gestdo Ambiental
(PPGAmMb) da Universidade Positivo (UP — Curitiba/PR), sob a linha de monitoramento
e modelagem ambiental. As analises foram realizadas na UP, UFPR e LACTEC,
contando com o apoio dos estudantes de medicina veterinaria da UP, Christian Reinaldo
Muiller e Fabiana dos Santos de Aquino, que contribuiram via o projeto de iniciagcdo
cientifica “Efeitos combinados da exposi¢do aos microplasticos e hidrocarbonetos
policiclicos aromaticos (PAH) em Astyanax lacustris (Lltken, 1875),” ciclo 2022-23.

Os dados obtidos no presente estudo serdo publicados em artigo cientifico. O
Capitulo | desta dissertacdo abordara os impactos dos xenobidticos sobre A. lacustris,
com andlise de marcadores histopatoldgicos e bioquimicos, bem como pardmetros
hematoldgicos. Para a publicacdo, serdo adicionados os resultados de proteina
carbonilada hepatica, complementando os dados da dissertacdo de WINTRUFF (2022).



RESUMO

Os ecossistemas aquéticos enfrentam desafios significativos decorrentes da polui¢do. Os
hidrocarbonetos policiclicos aromaticos (HPA) séo conhecidos por causar efeitos toxicos
em diferentes organismos. Os microplasticos (MP) sdo particulas de plastico com cerca
de 0,05 cm e 0,5 cm de tamanho, no ambiente aquatico pode gerar inimeras
consequéncias, geralmente relacionadas a sua alta durabilidade e tamanho diminuto de
particulas — caracteristica que influenciam diretamente nos processos de adsorcdo de
contaminantes presentes no ambiente. Para avaliar o efeito destes xenobioticos utilizou-
se a concentragdo ambientalmente relevante de MP (10 mg L™) e 20% da CLso -96 h de
6leo bruto para A. lacustris (2,28 pg L) durante a exposicdo por 96 h. Peixes (n=72)
foram expostos a MP virgem; HPA; MPC (MP previamente exposto a HPA); HPA+MP
(HPA e MP sem contato prévio) e os grupos controle sem (CSM) e com manipulacéo
(CCM). Apbs 96 h, o sangue foi colhido, corado com a coloragdo pandtico rapido e
submetido a andlises para pesquisa de anormalidades nucleares em eritrcitos e
diferencial de leucdcitos e retirada dos tecidos para analise histoldgica e bioquimica. A
analise de todos os dados apresentados foi realizada com o Software Statistica 12.0
(StatSoft®, 1984-2014). Apos exposicdo aos MP, houve redugdo dos PAH de baixa e alta
massa molar na agua, com alguns PAH sendo adsorvidos pelos MP. AlteracGes
histopatologicas foram observadas nas branquias, figado, estbmago e intestino.
Bioquimicamente, catalase e glutationa S-transferase foram afetadas, especialmente nos
grupos expostos a PAH. Alteracdes hematoldgicas incluiram efeitos significativos nas
células sanguineas, como aumento de eritroblastos e alteracbes na contagem e
diferenciacéo de leucocitos. A exposicdo a PAH e MP resultou em respostas inflamatorias
agudas. A urgéncia de medidas regulatérias mais rigidas para combater a poluicdo por
microplasticos e hidrocarbonetos policiclicos aromaticos (PAHSs) destaca a necessidade
de gestdo ambiental eficaz. 1sso inclui monitoramento continuo, avalia¢do de riscos e uma
abordagem integrada que considere 0s impactos complexos sobre os ecossistemas. O
estudo também destaca a relevancia para os Objetivos de Desenvolvimento Sustentavel
(ODS), especialmente Vida na Agua (ODS 14) e Vida Terrestre (ODS 15). Alteracdes
histopatologicas e bioquimicas em organismos expostos a contaminantes servem como
indicadores sensiveis de estresse ambiental. Tais efeitos podem desequilibrar
ecossistemas, prejudicar a saude humana e a biodiversidade, reforcando a importancia da
gestdo ambiental na prevencédo e mitigacao dos impactos da poluicao.

Palavras-chave: ecotoxicologia, gestdo ambiental, peixe neotropical



ABSTRACT

Aquatic ecosystems face significant challenges stemming from pollution. Polycyclic
aromatic hydrocarbons (PAHSs) are known to cause toxic effects in various organisms.
Microplastics (MP) are plastic particles about 0.05 cm to 0.5 cm in size, and in the aquatic
environment, they can generate numerous consequences, typically related to their high
durability and small particle size — a characteristic that directly influences the adsorption
processes of contaminants present in the environment. To assess the effect of these
xenobiotics, an environmentally relevant concentration of MP (10 mg L") and 20% of
the LC50-96 h of crude oil for A. lacustris (2.28 pug L) were used during 96-hour
exposure. Fish (n=72) were exposed to virgin MP; PAHs; MPC (MP previously exposed
to PAHs); PAH+MP (PAHs and MP without prior contact), and the control groups
without (CSM) and with manipulation (CCM). After 96 hours, the blood was collected,
stained with rapid panoptic staining, and subjected to analyses to search for nuclear
abnormalities in erythrocytes and a differential leukocyte count, and tissues were
removed for histological and biochemical analysis. The analysis of all the data was carried
out using Statistica 12.0 Software (StatSoft®, 1984-2014). After exposure to MPs, there
was a reduction of low and high molecular weight PAHSs in the water, with some PAHs
being adsorbed by the MPs. Histopathological alterations were observed in the gills, liver,
stomach, and intestines. Biochemically, catalase and glutathione S-transferase were
affected, especially in groups exposed to PAHs. Hematological changes included
significant effects on blood cells, such as an increase in erythroblasts and alterations in
leukocyte count and differentiation. Exposure to PAHs and MPs resulted in acute
inflammatory responses. The urgency of stricter regulatory measures to combat pollution
by microplastics and polycyclic aromatic hydrocarbons (PAHSs) highlights the need for
effective environmental management. This includes continuous monitoring, risk
assessment, and an integrated approach that considers the complex impacts on
ecosystems. The study also underscores relevance to the Sustainable Development Goals
(SDGs), particularly Life Below Water (SDG 14) and Life on Land (SDG 15).
Histopathological and biochemical changes in organisms exposed to contaminants serve
as sensitive indicators of environmental stress. Such effects can disrupt ecosystems, harm
human health, and biodiversity, reinforcing the importance of environmental
management in preventing and mitigating pollution impacts.

Keywords: ecotoxicology, environmental management, neotropical fish.
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1. INTRODUCAO

Os ecossistemas aquéticos enfrentam desafios significativos decorrentes da
poluicdo. Contaminantes como hidrocarbonetos e microplasticos cada vez mais tém se
tornando objetos de pesquisa (Pompéo et al., 2022) para compreender 0s impactos
resultantes. Frequentemente, estudos demonstram efeitos significativos na fauna aquatica
(de Campos et al., 2023; Wintruff, 2022).

Os hidrocarbonetos policiclicos aromaticos (HPA) possuem estrutura molecular
composta por dois ou mais anéis aromaticos fundidos (Sisinno; Oliveira-Filho, 2013) e
sdo conhecidos por causar efeitos toxicos em diferentes organismos (Hoffman et al.,
1995). Os microplasticos (MP) sdo particulas de plastico com cerca de 0,05 cme 0,5 cm
de tamanho, encontrados em diversas matérias primas (Coutinho et al., 2003), no
ambiente aquatico pode gerar inimeras consequéncias, geralmente relacionadas a sua alta
durabilidade (Leslie et al., 2017) e tamanho diminuto de particulas (Macintyre et al.,
1995) — caracteristica que influenciam diretamente nos processos de adsorcdo de
contaminantes presentes no ambiente (Li et al., 2018; Turner & Holmes, 2015). E
observado que em ambientes marinhos os microplasticos tem um comportamento de
“esponja”, liberando e absorvendo substancias, estudos mostram que particulas plasticas
possuem a capacidade de acumular 106 a mais de substancias do que 1 litro de agua do
mar (Mato et al., 2001).

Para analise dos possiveis impactos ambientais e suas consequéncias para o ser
humano, faz-se o uso de organismos indicadores, os bioindicadores ambientais. Ha
diversos bioindicadores utilizado na ecotoxicologia, porém, os peixes se destacam entre
0S organismos aquaticos, por possuirem grande superficie de contato com a agua, como
a pele e as branquias (Sadauskas-Henrique, 2014) e serem sensiveis a poluentes,
manifestacdo os efeitos através do uso de biomarcadores. Os peixes muitas vezes nao
morrem devido a contaminacdo, mas sofrem alteracdes metabolicas que indicam e
refletem as alteragdes no ambiente em que vivem (Dupuis & Ucan-Marin, 2015,
Azevedo-Santos et al., 201, Luz et al., 2016)

Para a definicdo da espécie a ser utilizada em estudos ecotoxicolégicos, sao
levadas em consideracdo algumas caracteristicas, como habitat, distribuicdo geogréafica e
sensibilidades a mudangas. Além, da possibilidade de utilizacdo de marcadores de baixo

custo, com resultados rapidos e eficazes (Queiroz et al., 2000).
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Espécies de peixes como Astyanax sp. ja sdo utilizadas em estudos de impacto
ambiental (Corredor-Santamaria et al., 2012; Dal Pont, 2018; de Campos et al., 2023;
Galvan et al., 2016; Gnocchi, 2019; Wintruff, 2022). No entanto, entender as lesGes
causadas as espécies nativas permanece um desafio.

Pesquisas ja realizadas como as de Dal Pont (2018), de Campos et al. (2023),
Galvan et al. (2016), Maceda et al. (2015), Wintruff (2022), Corredor-Santamaria et al.
(2012), Disner (2014), Gnocchi (2019) e Ito (2013) desmontam a sensibilidade do género
Astyanax sp. como um bom indicador de qualidade ambiental. Sendo uma espécie onivora
frequentemente encontrada em aguas continentais podendo habitar rios, brejos, riachos e
lagoas, podendo desovar quase 0 ano inteiro pode ser considerado um bom modelo animal
para pesquisas. Tendo como referéncia os estudos descritos, é possivel considerar que
ensaios ecotoxicoldgicos desempenharam importancia para o estudo dos efeitos
biologicos causados por agdes antropicas, analisadas através de bioindicadores e
biomarcadores, entre outros fatores estes estudos ajudam a cumprir os Objetivos de
Desenvolvimento Sustentavel (ODS).

A gestdo ambiental, por meio de estratégias, busca garantir a conservacao dos
recursos naturais, reducédo da poluicdo e promocédo do desenvolvimento sustentavel. Os
ensaios laboratoriais desempenham um papel fundamental nesse processo, fornecendo
dados e analises precisas para avaliar a qualidade ambiental e a eficacia das medidas
adotadas. A sinergia entre gestdo ambiental e bioensaios permite a identificacdo precoce
de problemas ambientais e a implementacao de medidas corretivas eficazes, contribuindo
para a consecucdo dos ODS, pois assim é possivel fornecem subsidios valiosos para a
tomada de decisdes e o planejamento de acOes sustentaveis.

Este trabalho se trata de um estudo ecotoxicologico, possuindo ligacdo direta aos
objetivos da agenda 2030. Nele procura buscar métodos de protecdo de corpos hidricos
receptores (ODS 6 — Agua potéavel e saneamento), passando pelos efeitos da poluicdo em
corpos d’agua (ODS 14 — Vida na &gua), ou os efeitos da poluicdo em organismos
aquaticos e terrestres (ODS 15 — Vida terrestre). De forma indireta ainda esta atrelado a
economia e producdo alimenticia (ODS 2 — Fome zero e agricultura sustentavel e ODS 8
— Emprego digno e Crescimento econdmico). Ao analisar o0s objetivos de
desenvolvimento sustentavel listados esta pesquisa pretende trabalhar com a qualidade de
vida (ODS 3 — Saude e bem-estar), de forma indireta este trabalho acaba dialogando com

todos os objetivos da agenda 2030.
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Além dos danos econdmicos 0s impactos ambientais também trazem prejuizos
esteticos, nos Ultimos anos as pesquisas sobre as avarias causadas pela polui¢do por
microplastico mostram que 80% deste tipo de residuos vdo impactar os oceanos
colaborando para a formacao de ilhas flutuantes de detritos plasticos trazendo impacto
para a vida marinha (Pompéo et al., 2022). De acordo com o objetivo de desenvolvimento
sustentavel 14 é necessario ter um olhar mais apurado para a poluicdo hidrica buscando
proteger 0s ecossistemas e minimizar e prevenir 0s impactos causados pela poluigéo,
nestes aspectos é necessario entender 0s danos causados nos organismos aquaticos.

Os efeitos dos impactos ambientais destes acidentes vao muito além dos efeitos
negativos nos corpos d’agua, exemplificando, pela cadeia trofica as aves se alimentam,
de peixes. Assim 0s contaminantes podem interferir nas propriedades do solo e
desenvolvimento de plantas (Rillig & Lehmann, 2020). As particulas de plasticos ja foram
encontradas em frutas e vegetais (Conti et al., 2020). Como os dados mencionados
anteriormente mostra este trabalho dialoga de forma indireta com o objetivo de

desenvolvimento sustentavel 15, que fala sobre a vida terrestre.

1.1.0BJETIVOS

1.1.1. OBJETIVO GERAL

Caracterizar a toxicidade de microplasticos (MP) e hidrocarbonetos policiclicos
aromaticos (HPA), tanto isolados quanto em combinacdo, em Astyanax lacustris,
examinando as consequéncias ecotoxicologicas para o ecossistema e identificando

possiveis interacdes sinérgicas entre esses contaminantes.

1.1.2. OBJETIVOS ESPECIFICOS

a) Awvaliar os efeitos teciduais em exemplares de Astyanax lacustris expostos a MP
e HPA;

b) Investigar os impactos bioquimicos e fisiologicos resultantes da exposi¢do de
Astyanax lacustris a MP e HPA;

c) Verificar as alteracbes hematoldgicas em Astyanax lacustris decorrentes da
exposicdo a MP e HPA.

d) Compreender o sinergismo entre 0s contaminantes e suas consequéncias as

espécies e ao meio ambiente;
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2. FUNDAMENTACAO TEORICA

Os derrames de 6leo cru suscitaram maiores preocupacfes ambientais durante o
inicio do século XX, quando deu inicio o transporte maritimo de grandes volumes de
petréleo bruto (Hoffman et al., 1995). Esta substdncia pode adentrar em ambiente
aquatico através de derramamento acidental e provir da queima de combustiveis das
embarcacgOes e serem lixiviados pelas chuvas (Silva, 2013). A seguir o0 Quadro 1 mostra
os principais acidentes envolvendo petréleo no Brasil entre os anos de 1975 e 2023.
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Quadro 1 Principais acidentes com petréleo no Brasil entre os anos de 1975 e 2023. Fonte: adaptado de (Silva, 2013).

Data Localizagao Caracteristicas do acidente
mar/75| Baia de Guanabara (RJ) | Um cargueiro fretado pela Petrobras derrama 6 mil toneladas de 6leo na Baia de Guanabara.
out/83 Bertioga (SP) 3 milhdes de litros de dleo vazam de um oleoduto da Petrobras em Bertioga.
fev/84 Cubatéo (SP) 93 mortes e 2.500 desabrigados na explosdo de um duto da Petrobras na favela Vila Soc6, Cubatdo — SP.
ago/84 | Bacia de Campos (RJ) | Gas vaza do pogo submarino de Enchova (Petrobras): 37 mortos e 19 feridos.
jul/92 Cubatéo (SP) Vazamento de 10 mil litros de 6leo em area de manancial do Rio Cubat&o.
mai/94 | Varios municipios (SP) |2,7 milhdes de litros de 6leo poluem 18 praias do litoral norte paulista.
mar/97 | Baa de Guanabara (RJ) Rompimento de um du_to Eia Petrgbras que Ilga} a Refinaria de Du_que de QaX|as (RJ) ao terminal DSTE-Ilha D”Agua provoca
0 vazamento de 2,8 milhdes de 6leo combustivel em manguezais na Baia de Guanabara (RJ).
jul/a7 Cubatéo (SP) Vazamento de FLO (produto usado para a limpeza ou selagem de equipamentos) no rio Cubatdo (SP) — Petrobras.
ago/97 | llha do Governador (RJ) | Vazamento de 2 mil litros de éleo combustivel atinge cinco praias na Ilha do Governador (RJ) — Petrobras.
S50 José dos Campos Uma rachadura de cerca de um metro que liga a refinaria de Sdo José dos Campos ao Terminal de Guararema, ambos em
out/98 (SP) P Sao Paulo, causa o vazamento de 1,5 milhdes de litros de 6leo combustivel no rio Alambari. O duto estava ha cinco anos
sem manutencéo.
Vazamento de 3 mil litros de éleo no oleoduto da refinaria da Petrobras que abastece a Manaus Energia (Reman) atinge o
ago/99 Manaus (AM) . . Lo ~
Igarapé do Cururu (AM) e Rio Negro. Danos ambientais ainda ndo recuperados.
. Na Repar (Petrobras), na grande Curitiba houve um vazamento de 3 metros clbicos de nafta de xisto, produto que possui
ago/99 Curitiba (PR) o - . : -
benzeno. Durante trés dias o odor praticamente impediu o trabalho na refinaria.
ag0/99 Manaus (AM) Menos de um més depois, novo vazamento de 6leo combustivel na Reman, com a polui¢do de pelo menos mil metros. Pelo

menos mil litros de 6leo contaminaram o rio Negro (AM) — Petrobras.
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Data

Localizagao

Caracteristicas do acidente

nov/99

Carmdpolis (SE)

Falha no campo de produgdo de petrdleo em Carmopolis (SE) provoca o vazamento de 6leo e dgua sanitaria no rio Siriri
(SE). A pesca no local ficou prejudicada ap6s o acidente (Petrobras).

jan/00

Duque de Caxias (RJ)

O rompimento de um duto da Petrobras que liga a Refinaria Duque de Caxias ao terminal da Ilha d’Agua provocou acidente
com o vazamento de 1,3 milhdo de dleo combustivel na Baia de Guanabara. A mancha se espalhou por 40 quilémetros
quadrados. Laudo da Coppe/UFRJ, divulgado em 30 de marco, concluiu que o derrame de 6leo foi causado por negligéncia
da Petrobras, ja que as especificacdes do projeto original do duto ndo foram cumpridas.

jan/00

Cubatéo (SP)

Problemas em um duto da Petrobras entre Cubatdo e S&o Bernardo do Campo (SP), provocam o vazamento de 200 litros
de 6leo diluente. O vazamento foi contido na Serra do Mar antes que contaminasse 0s pontos de captacdo de 4gua potavel
no rio Cubatéo.

fev/00

Sao José dos Campos
(SP)

Transbordamento na refinaria de Sdo José dos Campos (SP) — Petrobras, provoca o vazamento de 500 litros de 6leo no
canal que separa a refinaria do rio Paraiba.

mar/00

Tramandai (RS)

Cerca de 18 mil litros de dleo cru vazaram em Tramandai, no litoral gaicho, quando eram transferidos de um navio
petroleiro para o Terminal Almirante Soares Dutra (Tedut), da Petrobras, na cidade. O acidente foi causado pelo
rompimento de uma conexdo de borracha do sistema de transferéncia de combustivel e provocou mancha de cerca de trés
quildmetros na Praia de Jardim do Eden.

mar/00

S&o Sebastido (SP)

O navio Mafra, da Frota Nacional de Petréleo, derramou 7.250 litros de éleo no canal de Sdo Sebastido, litoral Norte de
S&o Paulo. O produto transbordou do tangue de reserva de residuos oleosos, situado no lado esquerdo da popa. A Cetesb
multou a Petrobras em R$ 92,7 mil.

jun/00

Baia de Guanabara (RJ)

Nova mancha de 6leo de um quilometro de extensdo apareceu proximo & Ilha d’Agua, na Baia de Guanabara. Desta vez,
380 litros do combustivel foram lan¢ados ao mar pelo navio Cantagalo, que presta servi¢cos a Petrobras. O despejo ocorreu
numa manobra para deslastreamento da embarcacao.

jul/oo

Araucdria (PR)

Quatro milhdes de litros de 6leo foram despejados nos rios Barigii e Iguagu, no Parang, por causa de uma ruptura da junta
de expansdo de uma tubulacdo da Refinaria Presidente Getulio VVargas (Repar — Petrobras). Este acidente com petréleo
levou duas horas para ser detectado, tornando-se 0 maior desastre ambiental provocado pela Petrobras em 25 anos.

jul/oo

Ponta Grossa (PR)

Fernandez Pinheiro — na regido de Ponta Grossa: Um trem da Companhia América Latina Logistica — ALL, que carregava
60 mil litros de 6leo diesel descarrilhou. Parte do combustivel queimou e o resto vazou em um corrego préximo ao local
do acidente.
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Data Localizagao Caracteristicas do acidente
Fernandez Pinheiro — na regido de Ponta Grossa (uma semana depois): Um trem da Companhia América Latina Logistica
jul/00 Ponta Grossa (PR) — ALL, que carregava 20 mil litros de 6leo diesel e gasolina descarrilhou. Parte do combustivel queimou e o resto vazou
em area de preservacao permanente. O Ibama multou a empresa em 1,5 milhdo.
Set/00 Morretes (PR) Morretes: Um trém da Companhia América Latina Logistica — ALL, com trinta vagdes carregando agucar e farelo de soja
descarrilhou, deixando vazar quatro mil litros de combustivel no cdrrego Caninana.
Ilhabela e Sdo Sebastido | Acidente causou o vazamento de 86 mil litros de 6leo de um cargueiro da Petrobras poluindo praias de Sdo Sebastido e de
nov/00
(SP) Ilhabela — SP.
Rompe mais um duto da Petrobras, vazando 4.000 mil litros de dleo diesel no Corrego Caninana, afluente do Rio
fev/01 Morretes (PR) Nhundiaquara, um dos principais rios da regido. Este vazamento trouxe grandes danos para 0s manguezais da regido, além
de contaminar toda a flora e fauna. O Ibama proibiu a pesca até 0 més de marco.
. Acidente com um caminhdo da Petrobras na BR-277 entre Curitiba — Paranagua, ocasionou um vazamento de quase 30 mil
abr/01 Curitiba (PR) . ) X .
litros de 6leo nos Rios do Padre e Pintos.
abr/01 Araucéria (PR) Vazamenj[o de dleo d_o_tlpo MS 30, uma emulsdo asféltica, atingiu o Rio Passalina, no municipio de Araucéria, Regido
Metropolitana de Curitiba.
. Um trem da Ferrovia Novoeste descarrilou despejando 35 mil litros de 6leo diesel em uma Area de Preservacio Ambiental
mai/01 | Campo Grande (MS)
de Campo Grande, Mato Grosso do Sul.
O rompimento de um duto da Petrobras em Barueri em Sao Paulo, ocasionou o vazamento de 200 mil litros de 6leo que se
mai/01 Barueri (SP) espalharam por trés residéncias de luxo do Condominio Tamboré 1 e atingiram as aguas do Rio Tieté e do Corrego
Cachoeirinha.
A Construtora Galvao foi multada em R$ 98.000.00 pelo vazamento de GLP (Gas liquefeito de petrdleo) de um duto da
. x Petrobras, no km 20 da Rodovia Castelo Branco, uma das principais estradas do Estado de S&o Paulo. O acidente foi
jun/01 Sé&o Paulo (SP) X . .
ocasionado durante as obras da empresa que é contratada pelo governo do Estado, e teve multa aplicada pela Cetesb —
Companhia Estadual de Tecnologia de Saneamento Ambiental.
ago/01 | Lauro de Freitas (BA) Um vazamen'go de ole(_) atingiu §0 km nas praias do litoral norte baiano entre as localidades de Buraquinho e o balneério da
Costa do Sauipe. A origem do bleo é arabe.
ago/01 Bala de llha de Grance Vazamento de 715 litros de petréleo do navio Princess Marino na Baia de Ilha de Grande, Angra dos Reis — Rio de Janeiro.

(RJ)
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Data Localizagdo Caracteristicas do acidente
set/01 Salvador (BA) Vazamento de gas natural da Estagéo Pitanga da Petrobras a 46 km de Salvador-Bahia atingiu uma area de 150 metros em
um manguezal.
out/o1 Sdo Francisco do Sul | O navio que descarregava petroleo na monobdia da empresa, a 8 km da costa, acabou deixando vazar 150 litros de 6leo em
(SC) Sé&o Francisco do Sul, no litoral norte de Santa Catarina.
O navio petroleiro Norma que carregava nafta, da frota da Transpetro — subsidiario da Petrobras, chocou-se em uma pedra
out/01 | Bafa de Paranagua (PR) na baia de Paranaguad, litoral paranaense, vazando 392 mil litros do produto atingindo uma area de 3 mil metros quadrados.
g O acidente culminou na morte de um mergulhador, Nereu Gouveia, de 57 anos, que efetuou um mergulho para avaliar as
condicdes do casco perfurado.
. Cerca de 50 mil litros de 6leo combustivel vazaram do transatlantico inglés Caronia, atracado no Pier da Praca Maua, na
fev/02 | Baia de Guanabara (RJ) ] . ) . S .
Baia de Guanabara, Rio de Janeiro. O 0leo foi rapidamente contido.
O navio Brotas da Transpetro, subsidiaria de transportes da Petrobras, derramou cerca de 16 mil litros de petréleo leve (do
mai/02 Baia de Ilha de Grande |tipo nigeriano), na baia de llha Grande, na regido de Angra dos Reis, litoral sul do Rio de Janeiro. O vazamento foi
(RJ) provocado provavelmente por corrosdo no casco do navio, que estava ancorado armazenando um tipo de petroleo leve, de
facil evaporacéo.
. Vazamento de 6leo diesel num tanque operado pela Shell no bairro Rancho Grande de Itu, no interior paulista, cerca de
jun/02 Itu (SP) . - . . - o . .
oito mil litros de 6leo vazaram do tanque, contaminando o lencol freatico, que acabou atingindo um manancial da cidade.
Um tanque de 6leo se rompeu no patio da empresa Ingrax, em Pinhais, na regido metropolitana de Curitiba (PR), deixando
jun/02 Pinhais (PR) vazar 15 mil litros da substancia. O 6leo que vazou é o extrato neutro pesado, um derivado do petréleo altamente tdxico,
que atingiu o Rio Atuba, proximo ao local, através da tubulacdo de esgoto.
x . Trés mil litros de petrdleo vazaram de um navio de bandeira grega em Sao Sebastido, no litoral norte paulista, no inicio da
ago/02 S&o Sebastido (SP) . . ) ! .
tarde de sdbado. Um problema no equipamento de carregamento de éleo teria causado o despejo do produto.
A explosdo do cargueiro chileno Vicufia, no porto de Paranagud, foi considerado o maior acidente com petréleo em 20 anos
na Baia. Quatro tripulantes dos 24 que estavam a bordo morreram e cerca de um milhdo de litros de metanol e cinco milhdes
nov/04 | Porto de Paranagua (PR) | de litros de éleo combustivel vazaram no mar. Destes, apenas foram recuperados cerca de 1,2 milhdes de litros de 6leo e

2,3 milhdes de litros de dgua oleosa. Centenas de animais, incluindo crustaceos, golfinhos, tartarugas e aves aquéticas,
foram encontradas mortas na regiao.
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Data Localizagdo Caracteristicas do acidente
Poco de petrdleo da empresa americana Chevron em Campo do Frade, na Bacia de Campos (RJ), foi o responséavel pelo
vazamento de 3,7 mil barris de petréleo, o equivalente a 588 mil litros de 6leo no mar. De acordo com o relatério final da
nov/11 | Bacia de Campos (RJ) ANP, divulgado em julho de 2012, o acidente aconteceu a 120 quilémetros da costa do Rio de Janeiro e produziu uma
P mancha de 6leo alcancando 18 quildmetros de extensdo. As investigacGes apontaram 25 falhas da Chevron, incluindo
descumprimento das regulamentacdes, e concluiram que o acidente poderia ter sido evitado. A empresa foi multada em R$
50 milhdes pelo Ibama.
jan/12 Praia engRTg)amandal Rompimento de duto que causou o despejo de 1,2 milhGes de litros.
abr/13 S#o Sebastido (SP) Vaza[nento de_(ierca _de _3.500_ litros de 6leo em uma das redes do pier do Terminal Aquaviario Almirante Barroso (Tebar),
em S&o Sebastido, atingiu o litoral norte de Sdo Paulo.
114 Litoral do Rio Grande |Vazamento de cerca de 4 mil litros foi detectado no oceano atlantico, nas proximidades do Litoral Norte do Rio Grande do
J do Sul Sul.
/15 Itaguai e Mangaratiba | Em funcdo de uma tentativa de furto de combustivel de um duto da Petrobras, ocorreu o0 vazamento de 600 litros de petréleo
J (RY) entre as praias de Coroa Grande, no municipio de Itaguai e Itacuruca, em Mangaratiba, na Regido Metropolitana do Rio.
mar/16 Cubatéo (SP) Vazamento de petrdleo no rio Cubatdo, na cidade de Cubatdo (SP).
un/18 Baia de Todos os Santos | Vazamento de 6leo por rompimento de duto da Petrobras contamina a Baia de Todos-o0s-Santos (BA), afetando a vida das
J (BA) comunidades quilombolas que dependem da pesca e do mangue.
Um dos principais acidentes com petr6leo no Brasil, devido a extensdo de areas atingidas. Ao longo de toda a costa do
200/19 Litoral do Nordeste e | Nordeste e Sudeste, foi encontrado petroleo cru de alta densidade, material que possui alta concentragéo de hidrocarbonetos
g Sudeste poliaromaticos (PAH), substancia altamente toxica. Foram 1.009 locais atingidos em 130 municipios em 11 estados em
uma area total superior a 4 mil quildmetros, segundo o Ultimo relatério publicado pelo Ibama no dia 20 de mar¢o de 2020.
Varias praias do Ceara apresentaram manchas de 6leo, com a retirada de mais de quatro mil litros de petréleo cru. As causas
jan/22 Litoral do Ceara do aparecimento das manchas de 6leo ndo foram identificadas, mas a aproximacdo ao litoral ocorreu em fungédo de
fendmenos de movimentagdo no oceano.
plataforma Peregrlno_ C, Observou-se um problema na conexéo entre 0o MCV e 0 PLET, sendo observado que 0 MCV estava desconectado do PLET.
Set/23 | no Campo de Peregrino

(RJ)

O volume estimado do gas liberado foi de 260.000 m3. A
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Panti et al. (2019) relatam que ja foi observada uma ampla gama de efeitos
subletais, ou seja, lesbes gastrointestinais, desnutrigdo, crescimento e problemas
reprodutivos e esses efeitos sdo mais dificeis de avaliar. Khan (1999) estudou os efeitos
subletais do 6leo diesel no Margariscus margarita, seus resultados incluiram alteracfes
nas frequéncias cardiaca e respiratoria, danos branquiais, hepatomegalia, crescimento
reduzido do animal, erosdo das nadadeiras, resposta ao estresse dos corticosterdides,
imunossupressdo, reproducdo prejudicada, aumento da carga parasitaria externa e
diminuida interna, respostas comportamentais e uma variedade de alteracdes
bioquimicas, sanguineas e celulares.

A IARC (2013) classificou os PAH naftaleno, benzo(a)antraceno, criseno,
benzo(b)fluoranteno, benzo(k)fluoranteno, dibenzo(a,h)antraceno e indeno(1,2,3-
cd)pireno como possivelmente carcinogénicos, o benzo(a)pireno como carcinogénicos e
os demais ndo houve classificacdo devido a poucos ou auséncia de estudos que
demonstrassem a efetividade de seus impactos. Em 1918, o benzo(a)pireno foi
identificado como um importante agente cancerigeno, e desde entdo, outros
hidrocarbonetos foram identificados como cancerigenos ou tumorgénicos, onde muitos
efeitos toxicos em humanos, animais de laboratorio e vida selvagem foram descritos
(Hoffman et al., 1995).

Estudos mostram o sinergismo entre microplastico e outros contaminantes,
Yacoub et al. (2021) demostrou a interagdo com bactérias, neste caso a Escherichia coli,
Li et al. (2010) interacdo com pesticidas e Li et al. (2018) com antibioticos. Ja Dunier &
Siwicki (1993) revelou a interacdo de PAH e microplasticos o que mais tarde €
confirmado por Rochman et al. (2013).

Os microplasticos tém se mostrado uma fonte de analises multidisciplinares, esses
estudos exigem pesquisas dos impactos no ambiente sendo necessario entender a extensao
da contaminacdo, o estagio da degradacdo do microplastico, a capacidade de sorcédo de
outros contaminantes, capacidade de transporte de deste material e identificacdo de fontes
pontuais e difusas de contaminacdo (Montagner et al., 2021). Sendo um assunto
preocupante, dados recentes mostram que em 2020 cerca de 367 milhGes de toneladas de
plasticos foram descartados e uma pequena fracdo foi reciclado (Borrelle et al., 2020; de
Campos et al., 2023).

Os microplasticos se dividem em duas classificagdes, 0s primarios sdo produzidos
menores que 5 mm, enquanto 0s secundarios sdo resultantes de processos de

desintegracdo de produtos plasticos (Montagner et al., 2021). A composicdo desses
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microplasticos podem ser compostos por multiplos polimeros, 0s mais comuns sdo 0
polipropileno (PP), o polietileno de baixa densidade (LDPE), o polietileno de alta
densidade (HDPE), o cloreto de polivinila (PVC), o tereftalato de polietileno (PET) e
poliestireno (PS) (de Campos et al., 2023; Wang et al., 2021).

Com frequéncia, nos ultimos anos ocorreram contaminac@es de rios em regides
tropicais, apesar disso poucos estudos ecotoxicoldgicos sdo realizados para atestar 0s
efeitos nas espécies, em especial nos peixes nativos (dos Anjos et al., 2011; Galvan et al.,
2016; Leme et al., 2008). Um poluente refere-se a qualquer substancia ou forma de
energia que, ao ser liberada no ambiente, interfere no funcionamento de uma parte ou do
ecossistema como um todo, por outro lado, um contaminante é uma quantidade especifica
de material ou corpo indesejado em um determinado local, capaz de causar contaminagao
pela sua mera presenca (Saraiva Soares & Souza e Souza, 2020).

Existe um crescente numero de ensaios laboratoriais utilizando peixes (Adam,
2002), isso se deve ao fato desta de representarem um grupo amplo, composto por mais
de 25000 espécies (Bols et al., 2001). Outro fator que torna os peixes um modelo animal
viavel para estudos é sua sensibilidade a alteragdes ambientais, apresentando alteracdes
fisiologicas e comportamentais, muitas vezes, em resposta aos contaminantes (Arias et
al., 2007). Bolognesi et al. (2006) relatam que 0s processos metabdlicos podem resultar
na incorporacdo de contaminantes em moléculas celulares e até mesmo induzir
modificagdes no material genético, e afetar enzimas envolvidas na biotransformacéo e
desintoxicacdo de organismos aquaticos agindo como inibidores ou moduladores da
atividade enzimatica.

Os peixes sdo Otimos organismos modelos, pois entram em contato com
substancias de forma direta ou indireta. De forma direta pode ocorrer através da absor¢édo
desses compostos pelas branquias e pele e indiretamente através da alimentacdo
(bioacumulacdo e biomagnificacdo tréfica como pode ser exemplificado na Figura 1).
Biomarcadores podem ser definidos como alteracbes mensuraveis que evidenciam a
exposicdo dos organismos aos poluentes e os efeitos causados pela exposicdo, em
diferentes niveis bioldgicos (OOST et al., 2003). Pelos motivos elencados, o uso de peixes
para a avaliacdo dos efeitos da exposicdo a microplasticos e hidrocarbonetos torna-se uma

otima alternativa.
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Figura 1 Esquema de bioacumulacdo e biomagnificacdo. Fonte: o autor

Peakall (1994) explica que o termo biomarcador se refere a mudanca na resposta
biologica, desde os niveis moleculares, seguindo pelo celular e fisiolégico podendo
incluir mudancas de comportamento da espécie relacionadas a exposicdo com um
determinado contaminante. Os biomarcadores sdo classificados como sendo de
exposicdo, que vdo demonstrar se um organismo foi exposto a algum tipo de substancias
ou metabolito exogeno resultando em alteragdes biologicas possibilitando ser
quantificadas (Amorim, 2003). Os biomarcadores de suscetibilidade sdo caracterizados
por fatores internos que refletem a predisposicdo genética e fatores externos, como idade
e dieta (Rudiger, 1999). E os biomarcadores de efeito demonstrar mudancas na resposta
de um organismo a estressores com efeitos toxicos que desencadeiam reversivelmente
mecanismos de defesa celular, como respostas adaptativas (Winzer et al., 2001).

Poucos estudos cientificos abordam a integracdo de hidrocarbonetos policiclicos
aromaticos e microplasticos, analisando uma variedade de marcadores, embora, de forma
geral este assunto é uma preocupacdo crescente na area da ecotoxicologia. Contudo ha
pesquisas realizadas com espécies nativas de regides tropicais (Dal Pont, 2018; de
Campos et al., 2023; Galvan et al., 2016; Martinez & Colus, 2002; Wintruff, 2022). Assim
estudos desta natureza tem grande relevancia na questdo de estratégias mitigacdo e

compreensdo de impactos ambientais.
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ABSTRACT

The United States Environmental Protection Agency classifies sixteen polycyclic
aromatic hydrocarbons (PAH) as highly impactful due to their toxic properties. This study
examines the toxic effects of virgin microplastics (MP), PAH, and their combination on
Astyanax lacustris hematological parameters under lab conditions. Fish were exposed to
MP, PAH, MPC (MP previously exposed to PAH), PAH+MP, and control groups. After

! Este capitulo esta organizado para atender as exigéncias para submissdo em revista cientifica.

30


mailto:giorgidalpont@gmail.com

96 hours, blood and tissue samples were analyzed. Exposure to MP resulted in a reduction
of PAHSs in water, with some absorbed by MP. No significant tissue or biochemical effects
were observed from handling. Histopathological changes were induced by microplastics
and/or PAHSs, particularly in the liver and stomach. Biochemical analysis showed lower
catalase levels in PAH-exposed groups and higher glutathione S-transferase levels in
PAH-exposed gills. Microplastic contamination led to greater TBARS alterations, while
exposure to inert microplastics increased carbonyl protein values. Both microplastics and
PAHSs caused significant changes in erythrocyte nuclear morphology, affecting oxygen
transport. Microplastic exposure induced neutrophilia, monocytosis, and lymphopenia,
indicating acute inflammation and immune response impairment. Exposure to these
pollutants affects hematological parameters, compromising gas exchange and immune
responses in aquatic organisms. Control measures are crucial to mitigate the adverse
effects on aquatic ecosystems and biodiversity.

Keywords: polyethylene; ecotoxicology; freshwater fish; hematology; histopathological,
biochemical

1. INTRODUCTION

Petroleum is a complex mixture that originates from the incomplete
decomposition of organic matter under conditions of high pressure and temperature
(Incardona et al., 2004; Pedrozo, 2002). In this context, the chemical composition of
petroleum and its derivatives varies according to its region of origin (Heath, 1995).
Composed of organic and inorganic compounds, petroleum has over 75% of its
composition attributed to hydrocarbons. Among the different groups of hydrocarbons,
polycyclic aromatic hydrocarbons (PAH) have a molecular structure composed of two or
more fused aromatic rings (Sisinno & Oliveira-Filho, 2013) and are known to cause toxic
effects in different organisms (Hoffman et al., 1995). The United States Environmental
Protection Agency (U.S.EPA) has grouped the sixteen PAH with the greatest
environmental impact due to their toxic, mutagenic, and carcinogenic properties
(naphthalene, acenaphthylene, acenaphthene, anthracene, fluorene, phenanthrene,
fluoranthene,  pyrene,  benzo(a)anthracene,  chrysene,  benzo(b)fluoranthene,
benzo(k)fluoranthene, dibenzo(a,h)anthracene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene,
and benzo(g,h,i)perylene) (Paz et al., 2017). When in contact with biological tissues, PAH
can cause biochemical disturbances and cellular damage, leading to mutations,
malformations, hyperplasia, and neoplasms (Barroso, 2010; Resende et al., 2017).

Histology can assist in understanding the adverse effects of pollutants. Studies
using gills (Brate et al. 2018, Vasanthi et al. 2021, Dal Pont, 2012, Santos 2009)

31



demonstrate various alterations, as they are the first structure to come into contact with
xenobiotics(Gosling, 2003). Due to its detoxifying action, the liver is an organ used in
studies to verify degradation in ecosystems (Myers et al., 1998). The stomach is crucial
for the initial digestion of food, while the anterior intestine absorbs essential nutrients,
and the posterior intestine plays a role in water Adsorption and the elimination of
undigested waste (Lundstedt, 2003).

An important approach to assess environmental impacts is enzymatic studies in
fish (Pompéo et al., 2022). Catalase (CAT) stands out as fundamental in antioxidant
defense, protecting cells from damage caused by free radicals. Another important assay
is the thiobarbituric acid reactive substances (TBARS) assay, which helps identify
oxidative damage in cells, especially lipid peroxidation, providing insights into how
pollutants can affect cell membranes (Barreiros et al., 2006) Glutathione S-transferase
(GST) is an enzyme responsible for pollutant detoxification, converting harmful
chemicals into less toxic forms, facilitating their elimination from the body (Gnocchi,
2019). Analysis of fish bile is also crucial, as bile plays a vital role in digestion and the
elimination of toxic waste from the body (Melo, 2015).

Among studies that conducted hematological analysis, revealing significant
alterations in the analyzed species, Alkindi et al. (1996) demonstrated that fish,
Pleuronectes flesus, exposed to crude oil, exhibited hemolysis. Cheikyula et al. (2009)
observed that Pagrus Major, upon contact with PAH, displayed erythrocytic changes,
such as the presence of micronuclei. Galvan et al. (2016) reported that Astyanax
altiparanae, exposed to soluble gasoline, presented alterations in the erythrocyte nuclei
and neutrophilia. Hedayati & Jahanbakhshi (2012) described that young Huso huso, after
24 hours of exposure to diesel oil, showed alterations in erythrocytes and leukocytes
(neutrophilia and lymphopenia).

Aquatic contamination by Polycyclic Aromatic Hydrocarbons (PAH) is caused by
oil spills, discharges, and infiltrations of petroleum; industrial and municipal wastewater;
urban and suburban surface runoff; and atmospheric deposition. For aquatic organisms,
PAH with four, five, and six rings have a higher carcinogenic potential than PAH with
two, three, and seven rings (Neff, 1988). In fish, the primary toxic actions resulting from
exposure to PAH include biochemical effects (Correa & Garcia, 1990; Dal Pont et al.,
2019), histological impacts (Agamy, 2013; Dal Pont et al., 2019; de Campos et al., 2023;
Hook et al., 2018; Nero et al., 2006; Solangi & Overstreet, 1982; Stentiford et al., 2003,
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Van der Oost et al., 2003; Winkaler et al., 2001; Wintruff, 2022), and hematological
changes (Alkindi et al., 2005; Galvan et al., 2016).

In addition to Polycyclic Aromatic Hydrocarbons (PAH), aquatic environments
are experiencing contamination from various chemical substances. Among them, plastics
have gained significant attention in recent years. Currently, microplastics are considered
ubiquitous contaminants, found in all ecosystems. Microplastics can enter aquatic
environments through the disposal of industrial and domestic effluents (Pompéo et al.,
2022). Microplastics exhibit high durability in the environment (Leslie et al., 2017) and
have a small particle size (around 0.05 cm to 0.5 cm) (Macintyre et al., 1995) — a
characteristic that directly influences the adsorption processes of contaminants present in
the environment (Li et al., 2018; Turner & Holmes, 2015). Plastics have the capacity to
adsorb/transport toxic, persistent, and bioaccumulative substances present in aquatic
environments due to their irregular external morphology, high surface area, and
hydrophobicity (Engler, 2012; Lorite et al., 2011; Rochman et al., 2013a; Teuten et al.,
2007). Thus, in addition to the processes of bioaccumulation and biomagnification
(Wright et al., 2013), the presence of microplastics in aquatic environments may also be
related to the transport of other environmental contaminants by these particles (Hartmann
et al., 2017) as they can act as "sponges,” releasing and adsorbing chemical substances
into the environment (Mato et al., 2001). Dunier & Siwicki (1993) and Rochman et al.
(2013) demonstrate that Polycyclic Aromatic Hydrocarbons (PAH), along with other
chemical pollutants, can be absorbed by plastic particles. However, studies on the process
of pollutant carriage by microplastics have not been extensively conducted (Khan et al.,
2023), especially with the aim of elucidating the effects of the interaction between
microplastics and organic chemicals on fish (Pompéo et al., 2022).

The assessment of hematological parameters has been widely used as reliable
markers for environmental quality and the health of aquatic organisms (Ranzani — Paiva
et al., 2013; Seriani et al., 2010). This analysis allows for the observation of changes in
the structure and/or function of blood cells or the coagulation mechanism (Clauss; Dove;
Arnold, 2008).

The study evaluated the toxicity of microplastics (MP) and polycyclic aromatic
hydrocarbons (PAHS), individually and in combination, in Astyanax lacustris, through
histological, biochemical and hematological analyses, with the aim of investigating
potential synergistic interactions that may amplify their impacts on aquatic organisms and

ecosystems.
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2. MATERIAL AND METHODS

The neotropical fish species A. lacustris, used in the research were commercially
obtained (Peixes e Peixes®) and kept in the laboratory for approximately two years prior
to the experiment. The maintenance and experimentation stages were conducted at the
Laboratory of Research with Aquatic Organisms (LAPOA) of the Integrated Group for
Environmental Studies (GIA/UFPR-Curitiba). The individuals were housed in 1000-liter
polypropylene tanks equipped with a continuous water recirculation system (filled with
chlorine-free water, pH = 7.24 + 0.66; alkalinity = 40.0 + 12.4 mg CaCOs L), air flow
(DO =6.13 £ 0.72 mg L-1), and controlled temperature (25.4 + 0.7 °C). The animals
received a daily (ad-libitum) diet of commercial feed (Kowalski®, Brazil, 47% PB).

All procedures adopted in this study comply with Brazilian legislation
(CONCEA) and were approved by the ethics committee for the use of animals at UFPR
(23075.064636/2015-04).

2.1. EXPERIMENTAL DESIGN

The specimens of A. lacustris (9.08 = 0.35 g; mean 14.51 £ 0.73 cm), used in the
experiment, underwent a gradual acclimatization to the experimental conditions. Initially,
15 individuals were kept in a 100-liter tank for 96 hours and then redistributed into 15-
liter aquariums for 48 hours (n=4). After this period, the groups were reduced, leaving
only one specimen per aquarium. Under this condition, the animals were kept for 24 hours
before the start of the experiment.

The different treatments consisted of 12 fish (n=1/aquarium). In total, six different
treatments were tested (total n=72). A visual scheme of the experimental design is
presented in Figure 1. The treatments used were: control without handling (CWH),
control with handling (CH), inert microplastic (IMP), polycyclic aromatic hydrocarbons
(PAH), microplastic + PAH (MP + PAH), and, finally, microplastic previously
contaminated with PAH (MPC). Two control group formats were chosen, where the
manipulation of aquariums and animals was a tested variable (CWH and CH). This
approach allowed the assessment of whether the handling for water exchange would

interfere with the results due to a possible stressful effect of this procedure.
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Figure 1 Schematic illustration of the experimental design. Individuals were divided into six treatments: CWH, control
without handling; CH, control with handling; IMP, exposed to microplastics; PAH, exposed to polycyclic aromatic
hydrocarbons; MPC, microplastics contaminated with hydrocarbons; PAH+MP, exposure to both hydrocarbons and
microplastics. A total of 72 individuals, with 12 fish in each group, were used, and the exposure duration was 96 hours.

2.2.PREPARATION OF MP AND PAH AQUARIUM AND EXPOSURE PERIOD

The concentration of low-density polyethylene (LDPE) microplastics (MP)
chosen was 10 mg/dL, which, despite appearing to be a low concentration, is the same as
that found in aquatic environments, as justified by Wagner and Lambert (2018a). This
material was supplied by the Brasken® company. Prior to use in the experiments, the MP
was filtered through a 74 um sieve. These particles exhibit a rough surface with a length

of 100-200 um, as illustrated in Error! Reference source not found.Figure 2.
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Figure 2 Microplastic image under scanning electron microscopy, at magnifications of 2.6 KX (A), 4 Kx (B), 8 Kx
amplification (C), and 13,4 Kx amplification (D).

The defined concentration of PAH was 20%, based on the 96-hour LCso of
petroleum found for A. lacustris (2.28 ug/L) (Dal Pont, 2018). To achieve the
concentration of 2.28 pg/L of PAH, 114 uL of a stock solution with a concentration of 80
pg/mL were added to 4 liters of ultrapure water. The Sulpeco® standard, containing 16
priority PAH from the U.S. Environmental Protection Agency, was used to prevent
volatilization and degradation, and the solution was stored in an amber bottle at -20°C.

For the microplastic contaminated with PAH treatment, the "spiking" technique
described by Batel et al. (2016) was employed. This involved shaking microplastics (10
mg/L) in ultrapure water solution containing 2.28 pg/L of priority PAH standard. The
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microplastic solution was kept under constant agitation for a period of 24 hours using a
magnetic stirrer and then filtered and dried in a glass desiccator containing silica gel. This

procedure was carried out daily throughout the 96-hour experimente

2.3.EXPERIMENTAL PROCEDURES

Daily, during the 96-hour experiment, the solutions of PAH, inert microplastic,
and microplastic contaminated with PAH were renewed, as well as the water in the control
groups. The complete exchange of the aquarium contents was performed for
methodological reasons, with a 100% renewal of the solutions in all treatments. During
this maintenance period, the fish were carefully transferred from one aquarium to another
with the new experimental solutions. To control the potential stress induced by handling,
a "Control without Handling" group (CWH) was included, where the fish were kept in
glass containers, and the water was gently renewed by siphoning, without the need to
handle the fish.

The physical and chemical parameters of the water (pH, temperature, oxygen
saturation) were measured daily and adjusted, if necessary, to pH 7.5, a temperature of
25°C, and oxygen saturation between 80-100%. The water used in the study did not
contain chlorine, and the introduction of contaminants occurred as previously described
in section 2.1.

The period to which the individuals were exposed to the treatments was 96 hours,
after which blood was collected from the anesthetized fish with MS-222. Blood smears
were stained with a rapid panoptic stain for subsequent analysis. The animals were
individually euthanized, with insensitization by spinal cord section and death by

hypovolemia.

2.4 EXTRACTION AND IDENTIFICATION OF MP AND PAH FROM WATER

Sampling was conducted at the beginning (0 hours) and at the end of the first
experimental period (24 hours) to determine the concentration of the sixteen priority PAH
by GC-MS (US-EPA, 1996).

The Vortex-Assisted Dispersive Liquid-Liquid Microextraction (VA-DLLME)
method was employed to extract PAH from water samples, following the protocol
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described by Dal Pont et al. (2019) e Dolatto et al. (2023). This involved using conical
tubes placed inside centrifuge glassware. A 5.00 mL aliquot of standard solution or PAH
sample was transferred to these tubes, followed by rapid injection with a micropipette,
introducing 1.00 mL of a solution composed of 75 pL of chloroform (extractant solvent)
solubilized in 925 pL of acetone (dispersing solvent). This rapid injection facilitates the
formation of chloroform microdroplets, which are immiscible in the aqueous phase. The
mixture was vortexed for one minute to enhance the extraction efficiency, followed by
centrifugation for 10 minutes, resulting in the formation of sediment (droplet). This
sediment (50 pL) was quantitatively removed and transferred to a chromatographic insert
containing 10 pL of chloroform solution with deuterated PAH as an internal standard at
a final concentration of 100 pg L-1.

Thirteen milligrams of MP were placed in 8 ml glass tubes containing 3.00 mL of
acetonitrile. The tubes were sonicated for 10 minutes and then centrifuged at 2800 rpm
for 5 minutes. Subsequently, a 2.50 mL aliquot of the supernatant was transferred to a
separate glass tube and subjected to evaporation in a rotary vacuum evaporator (Christ®
RVC 2-18 CO plus). Complete evaporation of acetonitrile was achieved in 20 minutes at
60°C, after which the samples were re-dissolved in 250 pL of dichloromethane and
transferred to glass chromatographic inserts. After removing thirteen milligrams of MP
(microplastics), they were placed in 8 ml glass tubes containing 3.00 mL of acetonitrile.
The tubes were sonicated for 10 minutes and then centrifuged at 2800 rpm for 5 minutes.
Next, 2.50 Lof the upper liquid was transferred to another glass tube and evaporated in a
vacuum evaporation apparatus at 60°C for about 20 minutes. After evaporation, the
samples were re-dissolved in 250 pL of dichloromethane and transferred to glass

chromatographic tubes.

The concentrations of PAH (polycyclic aromatic hydrocarbons) were measured
using a gas chromatograph coupled to a mass spectrometer (GC-MS) from Shimadzu®.
Liquid samples of 1 puL were injected automatically. The analysis conditions included
maintaining the injector at 270°C and using helium as the carrier gas. Compounds were
separated on a capillary column, and identification was performed by comparing the
results with a library of mass spectra (Angulo-Cuero et al., 2021; Braga et al., 2018; Dal
Pont et al., 2019; Ortega Fernandez et al., 2022). Recovery tests were conducted to verify
the effectiveness of the method, and the results were considered satisfactory. The

concentrations of PAH in the samples did not exceed the method's detection limits.
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2.5.LABORATORY ANALYSES

2.5.1. HISTOPATHOLOGICAL ANALYSIS

Fragments of approximately 1 cm3 were collected from the liver, anterior and
posterior intestines, gills and stomach, fixed in Davidson's solution (ALFAC) for 24 hours
and preserved in 70% alcohol. The samples were subjected to routine histological
processing. Permanent slides were produced by cutting 5 pum thick sections on a rotary
microtome and staining with Harris hematoxylin and eosin. Analysis of the permanent
slides under light microscopy will follow the methodology proposed by Mallatt (1985),
which suggests classifying the alterations based on the categories described in Table 1.

Table 1 Descriptions of the classifications of alterations as described by (Mallatt, 1985).

Index Classes
Mild (+) Class 1: corresponds to lesions present in up to 25% of the analyzed
area.
Moderate (++) | Class 2: indicates lesions present in 25-50% of the area.
Severe (+++) | Class 3: the lesion compromises more than 50% of the analyzed area.

2.5.2. BIOCHEMICAL ANALYSIS

The measurement of glutathione S-transferase (GST) will be conducted using the
method described by Keen et al. (1976), employing 1-chloro-2,4-dinitrobenzene (CDNB)
as a substrate. The supernatant, obtained by homogenizing the tissue (1:10 mass:volume)
in pH 7.6 buffer (20 mM tris-base, 1 mM EDTA, 1 mM dithiothreitol, 500 mM sucrose,
and 150 mM KCI), will be centrifuged at 9000 g for 30 minutes at 4°C. The absorbance
will be analyzed at 360 nm using spectrophotometry, and enzyme activity will be
expressed in nmol of CDNB conjugated.min”®-1.mg protein®-1, employing the molar
extinction coefficient of 9.6 mM cm”-1. The protocol used to obtain results for catalase
(CAT) enzymes will be the same as that used for GST activity.

For the determination of thiobarbituric acid reactive substances (TBARS), the
analysis will be carried out following Wills (1987). A phosphate buffer will be prepared
and used in a dilution with tetramethoxypropane. After centrifugation at 1000 g for 10

minutes (4°C), the value obtained will be expressed in nmol/ug.
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The methodology employed for the quantification of carbonylated proteins was
Reznick & Packer's (1994), using 2,4-dinitrophenylhydrazine (DNPH), also known as
Brady's reagent. This reagent reacts with carbonyl groups, forming a conjugated
compound of protein and dinitrophenyl hydrazone, which has a yellowish color detected
at a wavelength of 370 nm. The results will be expressed as nmol of DNPH incorporated
per mg of protein.

The analysis of bile metabolites for PAH followed the methodology proposed by
Lin et al. (1996). The total protein content of the homogenates was measured according
to Bradford (1976) using a spectrophotometer and albumin standards.

2.5.3. HEMATOLOGICAL ANALYSIS

With the animals anesthetized, blood collection was performed by puncturing the
caudal vein using heparinized disposable needles and syringes. Approximately 0.5 mL of
blood was collected from each animal for hematological analyses. Blood smears were
prepared and stained with rapid panoptic stain for total leukocyte and differential counts
by classifying 200 cells, as recommended by Ranzani-Paiva et al. (2013). Leukocytes
were subdivided into neutrophils, lymphocytes, eosinophils, basophils, monocytes, and
PAS-positive granular leukocytes (PAS-GLS). Nuclear erythrocyte analyses (AEN) and
alterations followed the methodology of Galvan et al. (2016). AEN included the
investigation of micronuclei, nuclei with bubbles, lobed nuclei, vacuolated nuclei,
notched nuclei, and binucleated cells. Two thousand erythrocytes were analyzed from

each slide.
2.5.4. STATISTICAL METHODS
Using Statistica 12.0 Software (StatSoft®, 1984-2014), the data were tested for
normality using the Kolmogorov-Smirnov & Lilliefors and Shapiro & Wilk methods and

then subjected to non-parametric Kruskal-Wallis analysis using tests for comparison

between multiple independent variables.

2.5.5. THE SECURITY OF THE RESULTS
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Three researchers conducted microscopic analyses and subsequently compared
the results obtained. The biochemical analyses, in turn, were performed in duplicate,

ensuring the reliability and consistency of the data obtained.

3. RESULTS

3.1. EXTRACTION AND IDENTIFICATION OF MICROPLASTICS (MP) AND
POLYCYCLIC AROMATIC HYDROCARBONS (PAH) FROM WATER

Table 2 presents the concentrations of polycyclic aromatic hydrocarbons (PAHS)
in water (ng L™') and microplastics (MP) (ng g ') before and 24 hours after the spiking
procedure in the MP. A reduction in the concentrations of both low and high molecular
weight PAHSs in water was observed following the introduction of virgin microplastics.
Twenty-four hours after PAH spiking, the microplastics exhibited concentrations below
the Limit of Quantification (LOQ) for low molecular weight PAHSs, including
naphthalene, acenaphthylene, acenaphthene, and fluorene. Concurrently, other PAHs
were adsorbed onto the microplastics (Table 2). Virgin microplastics showed
concentrations at the LOQ for PAHSs.

Table 3 outlines the PAH concentrations in water from different experimental
treatments 24 hours after spiking, prior to water exchange. All PAHs remained below
quantification limits in the CT, CWH, MP, and PAH treatments. In the PAH+MP and
MPC treatments, only high molecular weight PAHs were detected in the water 24 hours
post-exposure, including benzo[a]anthracene, benzo[k]fluoranthene, indeno[1,2,3-
cd]pyrene, dibenzo[a,h]anthracene, and benzo[ghi]perylene. Notably,

benzo[a]anthracene was below the detection limit in all treatments (Table 3).

Table 2 PAH concentrations in the PAH working water solution (ng L™!) and in the MP (ng g') before and after the
MP spiking procedure. Values marked with "<" indicate levels below the quantification limits.

Working PAH water solution, ng L  MP, ngg*

Before Virgin  After Virgin MP o .
PAH . o Virgin Spiked
MP spiking spiking

Low molecular weight
Naphthalene 1.55 0.45 <0.04 <0.04
Acenaphthylene 3.08 <0.12 <0.04 <0.04
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Acenaphthene 2.69 <0.10 <0.04 <0.04

Fluorene 1.82 0.28 <0.04 <0.04
Phenanthrene 1.97 0.36 <0.10 1.09
Anthracene 8.34 <0.20 <0.04 3.11
Fluoranthene 2.04 0.25 <0.04 27.4
Pyrene 2.52 0.28 <0.04 32.84
Benz[a]anthracene 3.25 2.45 <0.04 98.97
Chrysene 1.77 1.98 <0.04 885
High molecular weight

Benzo[b]fluoranthene 1.83 1.38 <0.04 90.63
Benzo[k]fluoranthene 1.86 1.41 <0.04 85.42
Benzo[a]pyrene <0.20 <0.20 <0.04 <0.04
Indeno[1,2,3-cd]pyrene 3.5 3.09 <0.04 78.26
Dibenzo[a,h]anthracene 2.95 3.07 <0.04 83.24
Benzo[ghi]perylene 2.79 2.46 <0.04 77.77
> PAH 41.96 17.46 - 667.23

Table 3 Concentration of PAHs in water among the experimental groups: Control (CT), Control with handling (CH),
Polycyclic Aromatic Hydrocarbons (PAH), PAH-loaded microplastics (MPC), and microplastics combined with PAHs
(PAH+MP), after 24 hours of exposure. Values represented by the symbol "<" indicate levels below the quantification
limits

Experimental groups

PAH, ng L*
CT CH MP PAH MPC PAH+MP

Naphthalene <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Acenaphthylene <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Acenaphthene <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Fluorene <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Phenanthrene <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Anthracene <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Fluoranthene <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Pyrene <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Chrysene <0.20 <0.20 <0.20 <0.20 <0.20 <0.20
Benz[a]anthracene <0.20 <0.20 <0.20 <0.20 1.74 0.28
Benzo[b]fluoranthene <0.20 <0.20 <0.20 <0.20 10.96 9.07
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Benzo[K]fluoranthene <0.20 <0.20 <0.20 <0.20 10.80 9.14

Benzo[a]pyrene <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Indeno[1,2,3-cd]pyrene <1.00 <1.00 <100 <1.00 341 3.74
Dibenz[a,h]Janthracene <1.00 <1.00 <1.00 <1.00 436 4.17
Benzo[ghi]perylene <1.00 <1.00 <100 <1.00 7.18 7.94
>HPA - - - - 38.45 34.34

3.2.LABORATORY ANALYSES

For all analyzes carried out here, at no time did the control without manipulation
differ from the control with manipulation (p>0.05). Demonstrating that the management
carried out to change water and manipulate animals in aquariums did not cause any effect
from a tissue or biochemical point of view. The exposure to different treatments with

microplastics and/or PAH triggered the results presented below:

3.2.1. HISTOPATHOLOGICAL

3.2.1.1. Grills

In control groups (CWH and CH), separations between the respiratory lining and
the underlying layer (basal membrane) were noted, suggesting swelling and monogenean
parasites. Detachment of the respiratory lining, layer fusion, and red blood cell
pigmentation were found in the control groups. In the exposure groups, an abnormal
increase in cells, layer fusion, congestion, and detachment of the respiratory lining were
observed. Specifically in the IMP group, a combination of separations, excessive cell
growth, and the presence of parasites were noted. In the group exposed exclusively to
PAH, in addition to separations, aneurysms occurred. In the MPC group, besides
separations, aneurysms and abnormal growth/neoplasms were observed. Lastly, in the
PAH+MP group, separations, presence of parasites, congestion, and layer fusion were

again observed. The analysis showed no statistical difference (p>0.05).
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3.2.1.2.Liver

The groups containing microplastics (IMP, MPC, and PAH + MP) exhibited more
alterations compared to the group exposed only to PAH, once again demonstrating that
microplastics may trigger more significant aggression in this organ over the 96-hour

exposure period

3.2.1.3.Stomach

Contrary to what was observed earlier, the group exposed solely to polycyclic
aromatic hydrocarbon (PAH) demonstrated greater toxicity compared to the other
exposure groups (IMP, MPC, and PAH + MP). The analysis showed no statistical
difference (p>0.05).

3.2.1.4.Intestine

The group exposed to polycyclic aromatic hydrocarbon (PAH) demonstrated

greater toxicity compared to the other exposure groups (IMP, MPC, and PAH + MP),

indicating that organs involved in digestion suffer similar toxicity to the tested

xenobiotics. The analysis showed no statistical difference (p>0.05).
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Figure 3 Hepatic alterations in Astyanax lacustris exposed to the tested xenobiotics. CWH: control without handling,
CH: handled control, IMP: exposed to microplastics, PAH: exposed to polycyclic aromatic hydrocarbon, MPC:
microplastics contaminated with hydrocarbon, PAH+MP: exposure to hydrocarbon and microplastics. Letters indicate

significant differences at p < 0.05

The detailed observations (Table 4)of the changes in the gills, liver, stomach, and

intestine indicate the adverse effects of exposure to these conditions on the health and

functioning of these organs in the studied organisms.

Table 4 Classification of observed lesions

Group exposed

Gill changes
CWH CH IMP PAH MPC MP+PAH
Edema 1+ 1+ 1+ 1+ 1+
Lamellar fusion 1+ 1+ 1+ 1+ 1+
Leukocyte infiltration 1+ 1+
Hyperplasia 1+ 1+ 1+ 1+
Hypertrophy 1+
Monodenoid parasite 1+ 1+ 1+
Congestion 1+ 1+ 1+
Necrosis 3+ 3+ 3+ 3+ 3+ 3+
Aneurysm 2+ 2+ 2+
Liver changes Group exposed
CWH CH IMP PAH MPC MP+PAH
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Congestion 2+
Vacuolation 2+ 2+ 2+ 2+
Hypertrophy I+ 1+ I+ 1+ 1+
Stomach changes Group exposed
CWH CH IMP PAH MPC MP+PAH
Hyperplasia 1+ I+ 1+ 1+ 1+ 1+
Hipertrofia
Bleeding 2+
Intestinal changes Group exposed
CWH CH IMP PAH MPC MP+PAH
Epithelial changes 1+
Epithelial degeneration 1+ 1+
Bleeding 2+
Hiperplasia 1+ 1+ 1+ 1+ 1+

3.2.2. BIOCHEMICAL

3.2.2.1.Gills

The gill catalase did not show significant changes; however, both groups exposed

to polycyclic aromatic hydrocarbons (PAH and PAH + MP) exhibited lower values

compared to the other exposure groups with microplastics (IMP and MPC). The group
exposed to polycyclic aromatic hydrocarbon (PAH) showed higher values for gill GST,
whereas the microplastic-contaminated group (MPC) presented lower values. All
exposure groups (IMP, PAH, PAH + MP, and MPC) showed higher values compared to
the control groups (CWH and CH), with the group exposed to polycyclic aromatic
hydrocarbons (PAH) standing out. When assessing TBARS, the microplastic-

contaminated group (MPC) showed more significant alterations compared to the other

groups.
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Figure 4 Biochemical analysis graph of GST (A) and TBARS (B) in the gills. CWH: unhandled control, CH: handled
control, IMP: exposed to microplastics, PAH: exposed to polycyclic aromatic hydrocarbons, MPC: microplastics
contaminated with hydrocarbons, PAH+MP: exposure to hydrocarbons and microplastics. The letters indicate

significant differences at p < 0.05.

3.2.2.2.Liver

The liver exhibits a high amount of GST enzyme, and an increase in enzymatic

activity can be observed in the groups exposed to xenobiotics.
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Figure 5 Biochemical analysis graph of GST in the liver. CWH: unhandled control, CH: handled control, IMP: exposed
to microplastics, PAH: exposed to polycyclic aromatic hydrocarbons, MPC: microplastics contaminated with
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hydrocarbons, PAH+MP: exposure to hydrocarbons and microplastics. The letters indicate significant differences at p
<0.05.

3.2.2.3.Muscle

Muscle carbonylated protein demonstrated that the group exposed to inert
microplastics (IMP) showed higher values compared to CH, PAH, and MPC.
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Figure 6 Graph of carbonylated muscle protein. CWH: unhandled control, CH: handled control, IMP: exposed to
microplastics, PAH: exposed to polycyclic aromatic hydrocarbons, MPC: microplastics contaminated with
hydrocarbons, PAH+MP: exposure to hydrocarbons and microplastics. The letters indicate significant differences at p
<0.05.

3.2.2.4.Bile

In the analysis of bile for PAHSs, the groups exposed to xenobiotics do not show

statistical differentiation among themselves.
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control, CH: handled control, IMP: exposed to microplastics, PAH: exposed to polycyclic aromatic hydrocarbons,
MPC: microplastics contaminated with hydrocarbons, PAH+MP: exposure to hydrocarbons and microplastics. The
letters indicate significant differences at p < 0.05.

3.2.3. HEMATOLOGICAL

The handling of fish during the experimental procedures, such as water changes,
did not induce any significant effect on the analyzed blood parameters (p>0.05).
However, exposure to various treatments involving microplastics and/or polycyclic
aromatic hydrocarbons (PAH) resulted in alterations in blood cell parameters, as detailed

below:

3.2.3.1.Erythrocyte analysis

The presence of inert microplastics in the water (IMP) triggered significant
alterations in erythrocytes in the analyzed fish, showing a marked difference from the
control groups (p<0.05). Individuals exposed to microplastics previously contaminated
with PAH also exhibited higher counts of altered erythrocytes when compared to the
manipulation-free controlError! Reference source not found.. This suggests that these
pollutants may interfere with the erythrocyte maturation process.

The identified erythrocyte alterations included nuclear deformities such as
binucleation, bilobed nucleus, and horseshoe-shaped or ring-shaped nucleus, along with

intracytoplasmic inclusions (vacuolization) (Figure 8).
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Figure 8 Erythrocyte alterations observed in Astyanax lacustris exposed to tested xenobiotics. Micronucleus (A),
binucleation (B, above), lobed nucleus (B, below), discrete cytoplasmic vacuolizations (C), erythroblast (D), and
horseshoe or ring-shaped (E).

Among the observed erythrocytic alterations, only the count of erythroblasts was
influenced by the treatments (p<0.05). Erythroblasts are immature red blood cells with
loose chromatin (Ranzani — Paiva et al., 2013). When increased in the circulating blood,
they may indicate a higher demand for oxygen and carbon dioxide transport cells, with
the release of erythrocytes that are not yet fully mature into the bloodstream. Or, as a
result of failures in the erythrocytic maturation process. The increase in the quantity of
erythroblasts was observed only when compared to the control with handling for the IMP,
PAH, and PAH+IMP treatments (p<0.05) (Table 5).
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3.2.3.2.Leukocytic analysis

The differentiation and quantification of leukocytes indicated that lymphocytes,
neutrophils, and monocytes were influenced by the treatments to which they were
exposed. Lymphopenia was observed due to combined exposure to PAH and
microplastics (PAH+MP) compared to the control without manipulation (CWH) and in
relation to the IMP treatment, suggesting that the action of PAH adsorbed to MP
potentiated the effects on these leukocytes.

Fish exposed to PAH+MP also showed neutrophilia compared to the quantified
results for the control groups (CWH and CH) and the inert microplastic (IMP). The
increase in the quantity of this cell in the circulating blood may be related to the induction
of an acute inflammatory response caused by xenobiotics.

Exposure to PAH alone or in combination with microplastics (PAH and
PAH+MP) induced monocytosis compared to the control without manipulation (CWH).

The identified leukocyte alterations suggest that exposure to PAH alone or in
association with microplastics induces an acute inflammatory response mediated by
neutrophils and macrophages. The effect on lymphocytes may be associated with an
increased demand for the cell in the inflammatory response or a reduction in production

due to the action of xenobiotics on tissues with hematopoietic function.

Table 5 Hematological changes in Astyanax lacustris exposed to the tested xenobiotics. CWH control group without
handling, CH handling control, IMP group exposed to microplastics, PAH group exposed to polycyclic aromatic
hydrocarbon, MPC microplastic contaminated with hydrocarbon and PAH+MP exposed to hydrocarbon and
microplastic (p < 0.05).

Exposure group  Lymphocyte  Neutrophil Monocyte Erythroblast recd:T)aigggscler:Is
CWH 198 - 184 (196) 8-0(1)* 7-0(2* 3-0(0)® 0-0(0)?
CH 197 -174(189)® 5-0(1)* 17-0(6)*® 0-0(0)° 6-0(0)®
IMP 199 - 153 (191)> 10-0(2)* 20-0(2)* 12-0(3)° 16 - 0 (6)°
PAH 193-183(187)® 7-2(B5)*® 10-4(7)° 13-0(2)° 2-0(0)®
MPC 196-179 (188)* 9-1(4)* 8-2(B)® 5-0(2® 27-0(1)°

MP+PAH  193-177(183° 11-3(8)° 12-3(6)° 12-0(3) 1-0(0)®

4. DISCUSSION

Few species are resistant to severe pollution conditions and manage to survive.
Dias et al., (2005), Santos (2017) e Suzuki et al. (2009) report that the genus Astyanax
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shows high resistance to the negative effects of environments due to its high
environmental plasticity, as well as a more elaborate reproductive strategy with small and
rapidly developing eggs. It was observed in this study that changes did not occur in all
tests conducted, with greater effects on organs responsible for digestion.

The gill epithelium is generally very thin, with a large surface area that exposes
gill capillaries directly to different contaminants found in the (Nayak & Patnaik, 2023).
Gosling (2003) comments that the gill tissue is the first to come into contact with any
substance in the water. Brate et al. (2018) studied the exposure of Mytilus
galloprovincialis to virgin LDPE microparticles and LDPE immersed in a contaminated
environment, observing changes in secondary lamellae. Similar findings were detected
by Vasanthi et al. (2021) in a study with Perna viridis exposed to plastic microfibers,
which also reported hemocytic infiltration leading to hemolymph vessel obstruction, as
well as fusion between lamellae and a reduction in interlamellar space. In an analysis of
acute exposure of A. altiparanae to diesel and FSD, Dal Pont (2012) observed a direct
relationship between contaminant concentration and the induction of necrosis, epithelial
desquamation, and cellular hypertrophy. Santos (2009) noted complete fusion of
secondary lamellae and telangiectasia of lamellae in the gills when studying the 96-hour
exposure to naphthalene and benzo(a)pyrene in Trachinotus carolinus. The most frequent
histopathologies in studies are epithelial hyperplasia of secondary lamellae and lamellar
fusion, considered responses to adverse conditions and may result from bacterial or
parasitic infections or chemical irritants (Fontainhas-Fernandes et al., 2008; Garcia-
Santos et al., 2007). These alterations aim to defend the individual from a stressful
situation and/or preserve the animal's homeostasis (Ito, 2013). In the analyses conducted,
the mentioned alterations were observed, with the group exposed to inert microplastics
(IMP) showing more changes, followed by the groups exposed to microplastics
contaminated with hydrocarbons (MPC) and microplastics with added hydrocarbons
(PAH + MP).

The liver of teleosts has been the focus of toxicological studies and has proven to
be quite sensitive to pollutant exposure (Olarinmoye et al., 2010). In the case of PAH,
metabolism occurs in two phases. Phase | involves oxidation, reduction, and hydrolysis
reactions of PAH, primarily catalyzed by cytochrome P-450 complex enzymes. In Phase
Il of biotransformation, enzymes catalyze conjugation reactions of endogenous
molecules, such as glutathione, to PAH molecules or their metabolites formed in Phase |

of biotransformation (Klaassen, 1996). The liver, like the kidney, plays an important role
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in detoxification and excretion of circulating blood particles that have been exposed to
toxic substances, potentially leading to a high accumulation of microplastics (Kim et al.,
2021a). In this context, hepatic histopathological changes are considered useful effect
biomarkers in exposures to contaminants, providing an indication of ecosystem
degradation (Myers et al., 1998). After 96 hours of exposure, it can be observed that the
groups exposed to microplastics (IMP, MPC, and PAH+MP) presented values above the
control groups (CWH and CH). The liver plays a crucial role in the metabolism of a range
of chemicals, and this organ often experiences pronounced effects caused by these
compounds.

The main functions of the stomach are storage and physical and chemical
digestion of food (Romer & Parsons, 1985). MclInturf & Savoca (2021) note that there is
evidence that microplastics and nanoplastics can move from a fish's stomach to its muscle
tissue, which is the part humans typically consume. In the observations of this research,
the group exposed to polycyclic aromatic hydrocarbons (PAH) showed a higher number
of alterations, followed by the other treatments (IMP, MPC, and PAH + MP). Reis (2014)
observed changes such as hypertrophy, hyperplasia, and the presence of digestive
vacuoles in Crassostrea brasiliana exposed to polycyclic aromatic hydrocarbons
suggesting that the longer the exposure, the greater the number of alterations found.

In the intestine, most of the Adsorption of nutrients, ions, and water from the diet
occurs, with the digestion products being kept in solution, facilitating Adsorption. In fish,
in addition to the digestive and absorptive function, the intestine can play other roles, such
as assisting in osmoregulation or respiration. Peda et al. (2016) studied the intestinal
histology of Dicentrarchus labrax exposed to a diet with microplastics, observing that
the distal region was more affected by alterations ranging from moderate to severe,
indicating compromised functionality in some cases. Isibor et al. (2021) observed that
Malapterurus electricus exposed to polycyclic aromatic hydrocarbons (PAH) showed
alterations in intestinal villi. In this study, the group exposed to PAH exhibited a higher
number of alterations.

The data obtained in the research align with observations by Ahmad et al. (2006),
who used Anguilla anguilla and found a decrease in catalase levels compared to the
control; in this case, it is noticeable when analyzing hepatic catalase, although the same
occurs when comparing branchial catalase in the CWH and PAH groups. Similarly, the
study by Ramdine et al. (2012) describes a decrease in catalase after exposure to PAH in

the species Crassostrea rhizophorae. Ahmadifar et al. (2021) studied the effect of
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polystyrene on the same species and observed that the larger the microplastic particle, the
higher the catalase expression, concluding that exposure to microplastics impairs the
organism's antioxidant status. Regarding microplastics, Yu et al. (2018) reported that
compared to the control, the catalase value also decreases; their research was with
Eriocheir sinensis. However, when analyzing hepatic catalase data, this does not occur,
which can be explained by Kim et al., (2021), Sureda et al. (2011) e Xia et al. (2020),
who argue that the activity of antioxidant enzymes can be potentiated or inhibited under
chemical stress depending on the intensity and duration of this applied stress, as well as
the susceptibility of the species studied.

Our results are also in line with the findings of Ding et al. (2018) Solomando et
al. (2020) e Solomando et al. (2021), who reported that catalase activity increased in the
liver after exposure to microplastics. When comparing catalase activities in the liver and
gills, greater enzymatic sensitivity is observed in hepatic tissue in both treatments, even
in the control group. This occurs because this organ plays an important role in the
metabolism and storage of various molecules and in the excretion of toxic substances.
Hepatic catalase activity in the other treatments remained below the control group. It is
known that the branchial tissue has a large contact surface with xenobiotics, and
microplastics have a great potential to cause oxidative stress (Bedin, 2013), which, in
turn, affects the organism'’s ability to deal with an excess of reactive oxygen species (ROS)
and can cause oxidative damage to molecules (Du et al., 2020).

GST is the main enzyme in phase Il of the cellular detoxification process,
catalyzing the conjugation of electrophiles with the reactive hydrophilic thiol of
glutathione (GSH), facilitating the excretion mechanism of xenobiotics (BATHIGE et al.,
2014; CREMONINI, 2020). The liver is the primary source of GST in fish, where this
enzyme accounts for a large fraction of soluble hepatic proteins. GST activity has also
been described in extrahepatic organs of fish; however, its activity in these tissues is
generally lower than in the liver. The liver is the primary source of GST in fish, where
this enzyme accounts for a large fraction of soluble hepatic proteins. GST activity has
also been described in extrahepatic organs of fish; however, its activity in these tissues is
generally lower than in the liver (Cremonini, 2020; Martinez, 2006).

Elevated levels of thiobarbituric acid reactive substances (TBARS) were observed
when Clarias gariepinus was exposed to PAH (naphthalene, pyrene, naphthalene, and
phenanthrene), and Scylla seratta was exposed to naphthalene (Sogbanmu et al., 2018;

Vijayavel et al., 2004). Similar findings were recorded when Mediterranean mussels,

54



Mytilus galloprovincialis, were exposed to anthracene (Sellami et al., 2017). In a study
on the interaction of microplastics with other contaminants, Marins et al. (2021) and
Subaramaniyam et al. (2023) reported that it is possible to observe an increase in
enzymatic values and reactive substances such as thiobarbituric acid reactive substances
(TBARS), confirming oxidative stress in various organs and structures, including the
brain, gills, muscles, and liver in the tested fish. In this regard, we can confirm that the
values of the exposure groups (IMP, PAH, MPC, and PAH+MP) were higher than the
control without handling (CWH).

Many studies report carbonylated protein as an established biomarker of oxidative
stress in humans and other vertebrates (Agarwal, 2004; Navarro, 2004; Parvez &
Raisuddin, 2005; Pey et al., 2003; Pupim et al., 2004), as proteins are possibly the most
immediate carriers for oxidative damage in cells, often serving as catalysts rather than
mediators. Thus, oxidative modification of proteins is one of the many consequences of
oxidative stress (Parvez & Raisuddin, 2005; Stadtman, 1986), which can affect structure,
function, and integrity. The results presented in this research align with Castro (2019),
suggesting that the antioxidant system in these animals exhibits high efficiency,
maintaining low levels of lipoperoxidation and carbonylated proteins in the PAH, PAH +
MP, and MPC groups, indicating the animals' ability to maintain homeostasis. The result
for IMP contradicts this analysis. However, these findings validate the use of
carbonylated protein as a biomarker of exposure.

After exposure, naphthalene undergoes metabolic activation in the body, leading
to the production of characteristic metabolites by different tissues, resulting in site-
specific toxicity (Bogen et al., 2008). Considering studies in non-fish species, the
genotoxic potential of naphthalene appears to be a subject of controversy (Pacheco &
Santos, 2001). Due to the experimental period in the current study (96 hours), it is
plausible that the exposure time may not have been sufficient for the generated
metabolites to elicit a detrimental response to the targets (Disner, 2014). Brusick et al.
(2008) conducted a critical review of numerous works on the subject, and the analysis of
results related to naphthalene in toxicological genetics showed that 80% of the studies did
not provide evidence of genotoxicity. Therefore, in the majority of tests, naphthalene
responses indicate that this component does not react with DNA and, consequently, is not
inherently genotoxic (Disner, 2014). Mussels exposed to benzo[a]pyrene also induced the
transcription of genes related to antioxidant defense, biotransformation, and stress

response (Chatel et al., 2012). Studying Amazonian fish, Sadauskas-Henrique (2014)
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concluded that the metabolism and biotransformation process of benzo[a]pyrene caused
damage to the cell membranes of hepatocytes, even at low concentrations.

Exposure to the tested xenobiotics induced changes in hematological parameters,
even when using only 20% of the LCso-96h for A. lacustris. The identified alterations
were primarily induced by exposure to PAH alone or adsorbed to MP. A similar effect
was described by de Campos et al. (2023) in the osmoregulatory response of this species
to the same contaminants. The observed changes in this study can be justified by the rapid
contact of xenobiotics with the gills and the possibility of distributing these substances
through the bloodstream (Ganguilhet, 2019; Simonato, 2010). Additionally,
approximately 1 to 4% of MP particles absorbed in the fish intestine are capable of
migrating through their circulatory system, causing inflammatory or allergic reactions in
the tissues (Kim, Yu e Choi, 2021)

The influence of microplastics on erythrocytes is consistent with the findings
described by Kim, Yu e Choi (2021), who reported a decrease in hematological
parameters (erythrocyte count, hematocrit, and hemoglobin) leading to a scenario of
hemolytic anemia and impaired gas exchange. Morphological changes, on the other hand,
may occur during cell duplication when incomplete cytokinesis takes place. The gene
amplification resulting in budding or incomplete amitotic division and the formation of
nuclei with cavities still has an unknown cause, although Houston e Murad, (1995)
suggest that the presence of bisegmented (amitotic) erythrocytes in peripheral blood may
be associated with a temporary increase in oxygen transport capacity or cellular
senescence. Cheikyula et al. (2009) studied the effect of exposure of Pagrus major
(Japanese Red Seabream) to different concentrations of PAH and found that changes in
the morphology of erythrocyte nuclei can be generated in each cell cycle, depending on
the exposure time to the xenobiotic.

The increase in circulating immature erythrocytes at various stages of
development (erythroblasts) is indicative of anemia, and its severity can be measured
according to the types of cells found (Tavares-Dias, 2009). In this context, the presence
of erythroblasts may indicate an adaptive response of A. lacustris to xenobiotics, as the
majority of exposure groups showed an elevation in the count of this cell. The need for
rapid replacement of erythrocytes, directing immature cells into the bloodstream, may
also be a way to minimize the effects of hemolysis and/or hemorrhages. This type of
alteration was described by Alkindi et al. (1996) in flounders (Pleuronectes flesus)

exposed to the water-soluble fraction (WSF) of crude oil. In the study, the fish exhibited
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hemolysis and/or hemorrhage due to damage to gill filaments, both caused by petroleum
hydrocarbons. Additionally, in certain aquatic animals, this pollutant has also been
associated with the formation of free radicals (Hedayati; Jahanbakhshi, 2012), which have
deleterious effects on cells, leading to DNA damage.

The immune response of fish to stressors is directly dependent on the chemical
nature, strength/concentration, exposure time to the xenobiotic, and the neuroendocrine
response (Simonato, 2010; Yada & Tort, 2016). The size of microplastics is also a
determining factor for fish, causing bioaccumulation and interfering with blood transport.
This leads to accumulation in tissues because nanosized particles tend to stay in tissues
for a longer time, while microparticles, such as those used in this study (approximately
60 um), favor bioaccumulation and negatively affect oxygen transport and electrolyte
balance (Kim; Yu; Choi, 2021).

Immunosuppression in fish can be caused by various aquatic contaminants, such
as the bacterium Escherichia coli (Yacoub et al., 2021), pesticides (Li et al., 2010), and
PAH (Dunier & Siwicki, 1993; Rochman et al. 2013). Although several studies suggest
that microplastics can also interfere with the inflammatory response, as well as induce
hepatic steatosis and altered metabolic profiles (Pompéo; Rani-Borges; Paiva, 2022).
This is consistent with the findings of the present study, where the IMP group exhibited
lymphopenia. Clauss et al. (2008) argue that lymphopenia may indicate a condition of
immunosuppression, such as that caused by acute infection. Lymphocytes are responsible
for the humoral and cellular adaptive immune response, producing antibodies to increase
cytotoxic capacity and participate in the process of immunological memory, promoting
the release of regulators such as lymphokines (Yoshinaga et al., 2005).

Increased hematological alterations were also observed in the study by Galvan et
al. (2016), where A. lacustris exposed to the water-soluble fraction of gasoline showed
an increase in erythrocyte nuclear abnormalities and neutrophilia, while groups subjected
to depuration had a decrease in abnormalities and lymphocytosis. The frequency of
leukocytes can be variable due to environmental and physiological factors, associated
with a decrease in the organism's immunity (Ranzani — Paiva et al., 2013).

The neutrophilia and monocytosis observed here are consistent with studies by
Ajani et al. (2008), which state that leukocytosis occurs due to the recruitment of defense
cells to combat stressors. Additionally, this increase is attributed to a nonspecific immune
response to stress, resulting from the interaction of prolactin and cortisol, two hormones

that restore ionic balance in isosmotic salinity (Obemeata; Aduabobo; Wokoma, 2012).
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Exposure to environmental chemical pollutants can also induce changes in hematological
parameters due to a response triggered by adrenergic stimulation, causing splenic
contraction and the release of erythrocytes from the spleen into circulation (Martinez &
Coélus, 2002).

Neutrophilia indicates an inflammatory process (Kumar et al., 2004), which
usually occurs in conjunction with monocytosis (Rowley, 1996; Xu et al., 2018), mainly
due to its phagocytic capacity (Fange, 1992; Hedayati et al., 2012), as observed in the
IMP treatment. This effect is because macrophages have a significant ability to digest
antigens and cellular remnants from the inflammatory response and other degenerative
processes (Zaminham et al., 2012). Their role is crucial in the immune response,
participating in cytokine production, antigen presentation (Shoemaker; Klesius; Evans,
2007; Vallejo; Miller; Clem, 1992), and the formation of melanomacrophage centers,
known for their involvement in inflammatory processes, erythrocyte phagocytosis,
capturing and degrading pathogens, and accumulating toxic products (Angelis, 2017).

This study demonstrated that the pathogenic effects of microplastics associated
with PAH, especially when subjected to the spiking process, are greater than those caused
by inert MP. This highlights the role of MP in adsorbing and transporting other pollutants,
addressing gaps in understanding the hematological effects of the interaction between
microplastics and hydrocarbons in organisms. This is supported by Lu et al. (2016), who
emphasize the scarcity of studies demonstrating the effects of microplastics associated
with hydrocarbons on nuclear abnormalities and changes in the size and shape of
erythrocytes and their nuclei, causing mutagenic and cytotoxic effects, respectively.
Exposure to microplastics and polycyclic aromatic hydrocarbons can lead to changes in
hematological parameters, including morphology, prevalence, and cellular viability,
consequently affecting gas exchange in tissues and impacting immune responses.

The histopathological damages in organs such as gills, liver, stomach, and
intestine are consistent with the known effects of exposure to environmental contaminants
in previous studies. These alterations, like fused lamellae and epithelial hyperplasia,
reflect cellular and tissue damages caused by the contaminants. The decrease in catalase
enzyme activity and the increase in reactive substances like TBARS indicate the
occurrence of oxidative stress in the tissues of exposed fish. This organism's adaptive
response suggests an attempt to mitigate the cellular damages caused by the oxidizing
agents present in microplastics and PAH. The presence of erythroblasts suggests an

organism's attempt to compensate for the destruction of blood cells caused by
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contaminants, which could be an adaptation mechanism to exposure to these toxic agents.
Changes in blood cell count suggest an altered immune response in fish exposed to
contaminants, making them more susceptible to infections and other environmental
stressors.

The exacerbated effects of exposure to microplastics when combined with
polycyclic aromatic hydrocarbons suggest a synergistic interaction between these
contaminants. This highlights the importance of considering not only the individual
effects of contaminants but also their interactions when assessing the environmental
impacts and health of aquatic organisms. The relationship between histological,
biochemical, and hematological aspects demonstrates the complex impacts of exposure
to microplastics and PAH on the physiology and health of fish.

5. CONCLUSION

Exposure to microplastics and polycyclic aromatic hydrocarbons (PAHS)
significantly impacts aquatic organisms, particularly affecting respiratory, hepatic,
digestive, and hematological systems. Observed adverse effects include histopathological
alterations such as gill lesions, hepatic steatosis, and intestinal damage, as well as
hematological changes indicative of oxidative stress and immune suppression. The
elevated activity of antioxidant enzymes like catalase and glutathione-S-transferase
(GST) underscores the organisms' compromised detoxification capacity. Additionally,
the interaction between microplastics and PAHs amplifies these toxic effects, leading to
exacerbated cellular damage and inflammation. These findings emphasize the need for
pollution control and mitigation strategies to protect aquatic ecosystems from the

synergistic impacts of multiple contaminants.
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4. DISCUSSAO INTEDRADA

A exposicdo de organismos aquaticos a contaminantes como microplasticos
(MPs) e hidrocarbonetos policiclicos aromaticos (HPAs) é relevante devido aos seus
impactos ambientais e de salde. Estudos realizados com o peixe Astyanax lacustris
demonstraram como esses poluentes causam alteracdes fisiolégicas e bioquimicas graves,
como o estresse oxidativo e lesbes celulares, especialmente no figado, um érgéo central
na desintoxicacdo (Van der Oost et al., 2003). A combinacdo de HPAs e MPs pode
intensificar esses danos, embora os resultados experimentais possam variar com base nas
concentracgoes e tipos de contaminantes (Cole et al., 2013).

A utilizacdo de dois grupos controles — o controle sem manuseio (CWH) e o
controle com manuseio (CH) — ofereceu uma anélise mais precisa dos efeitos dessas
substancias. O grupo CWH avalia os peixes em condi¢6es normais, sem 0 estresse de
manipulacdo, enquanto o CH ajuda a compreender os impactos do manuseio, que pode
alterar as respostas fisioldgicas dos peixes (Davis et al., 2001). Essa abordagem permite
isolar o impacto dos contaminantes dos efeitos do estresse, tornando as conclusdes sobre
toxicidade mais confiaveis.

A importancia dessa distingdo € sublinhada por evidéncias de que o estresse
influencia respostas imunoldgicas, crescimento e sobrevivéncia dos peixes, podendo
mascarar os efeitos de poluentes. Com a presenca dos dois grupos controles, é possivel
observar como diferentes fatores de estresse e contaminantes interagem e quais sao seus
efeitos individuais e combinados. Por exemplo, em alguns casos, a combinacdo de MPs
e HPAs ndo resultou em danos significativamente maiores do que a exposicdo a esses
poluentes de forma isolada, sugerindo a auséncia de efeitos sinérgicos em determinadas
condicdes (Bhagat et al., 2021).

A integracdo desses resultados na gestdo ambiental tem implicac6es diretas para
a formulacéo de politicas publicas voltadas a sustentabilidade. A gestdo sustentavel dos
recursos hidricos precisa incorporar medidas que controlem a presenca de poluentes como
MPs e HPAs, evitando sua entrada nos ecossistemas. Isso inclui desde a reducdo de
residuos plasticos até a promocdo de tecnologias de remediacdo que eliminem esses
contaminantes do ambiente.

Os Objetivos de Desenvolvimento Sustentavel (ODS), especialmente o ODS 6
(Agua Limpa e Saneamento) e o ODS 14 (Vida na Agua), sdo diretamente abordados

nessa questdo, pois a presenca de MPs e HPAs compromete tanto a qualidade da agua
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quanto a biodiversidade. Além disso, 0 ODS 12 (Consumo e Producdo Responsaveis) esta
relacionado a necessidade de repensar os ciclos de vida dos produtos plasticos e promover
a economia circular, reduzindo a producdo e o descarte de plasticos que acabam
contaminando 0s ecossistemas.

A abordagem utilizada no estudo de Astyanax lacustris também contribui
significativamente para a ecotoxicologia, pois permite identificar biomarcadores de
estresse oxidativo e danos celulares, como o0 aumento das proteinas carboniladas. Esses
biomarcadores indicam danos causados pelo estresse oxidativo em tecidos hepéaticos e
sdo amplamente utilizados para avaliar a toxicidade ambiental (Dal Pont, 2018).
Pesquisas com outros contaminantes, como pesticidas, ja& demonstraram o aumento de
proteinas carboniladas como resultado de danos fisioldgicos (Parvez & Raisuddin, 2005),
corroborando os achados presentes nos estudos com MPs e HPAs.

Os resultados dessa pesquisa demonstraram relevancia para a biomedicina
aplicada a analise ambiental, pois muitos dos efeitos observados em peixes podem servir
como modelos para entender os impactos desses poluentes em humanos, especialmente
em populacdes que dependem de recursos hidricos contaminados.

A implementacdo dos ODS exige acOes praticas, como:

1. Monitoramento ambiental continuo: O uso de tecnologias avancadas para
deteccdo precoce de MPs e HPAs, além da analise do impacto dessas substancias
sobre ecossistemas.

2. Politicas de reducdo de plasticos: Legislacdes que incentivem a reducdo do
consumo de plasticos descartaveis e o fortalecimento da economia circular.

3. Educacdo e conscientizacdo publica: Campanhas de conscientizacdo sobre 0s
impactos dos poluentes plasticos no meio ambiente e na satde humana.

4. Remediacdo ecoldgica: Investimentos em técnicas de remediacdo que utilizam
microrganismos ou plantas para degradar MPs e HPAs.

A analise integrada de estudos sobre MPs e HPAs em organismos aquaticos revela
a complexidade das interacdes entre contaminantes e estressores ambientais, enfatizando
a importancia de uma abordagem multidisciplinar que inclua gestdo ambiental,
sustentabilidade, ecotoxicologia e biomedicina. Ao alinhar esses estudos com os ODS, é
possivel criar estratégias que minimizem os impactos desses poluentes, contribuindo para

a protecdo do meio ambiente e da satde humana.
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5. CONSIDERACOES FINAIS

A constatacdo dos danos significativos causados pela poluigdo, especialmente
pela presenca de microplasticos e hidrocarbonetos policiclicos arométicos (PAHS),
sublinha a urgéncia de medidas regulatérias mais rigorosas para controlar a introducao
desses contaminantes nos ambientes aquaticos. A exposi¢cdo a microplasticos e PAHs
impacta significativamente 0s organismos aquaticos, afetando principalmente os
sistemas respiratorio, hepatico, digestivo e hematolégico. Os efeitos adversos
observados incluem alteracBes histopatolégicas, como lesbes branquiais, esteatose
hepatica e danos intestinais, além de mudancas hematoldgicas que indicam estresse
oxidativo e supressédo imunologica. A atividade elevada de enzimas antioxidantes,
como catalase e glutationa-S-transferase (GST), evidencia a capacidade comprometida
de desintoxicacdo dos organismos. A interacdo entre microplasticos e PAHs amplifica
esses efeitos toxicos, levando a um dano celular exacerbado e a inflamagéo.

A implementacdo eficaz de politicas de gestdo ambiental deve priorizar a
reducdo na emissdo e o descarte responsavel desses poluentes, a fim de preservar a
integridade dos ecossistemas aquaticos e garantir a sustentabilidade das suas fungdes
ecoldgicas. A analise dos efeitos cumulativos da exposicdo a esses contaminantes
ressalta a importancia do monitoramento continuo e da avaliacdo de riscos ambientais.
Uma gestdo eficaz exige um sistema robusto de vigilancia e analise capaz de identificar
tendéncias emergentes e padrdes de contaminagdo, permitindo respostas rapidas e
adaptativas as mudancas nas condi¢cdes ambientais. Além disso, esse monitoramento
deve ser complementado por estudos mais detalhados, com foco em exposicdes de
longo prazo, que possam revelar efeitos ainda ndo identificados em exposicdes
cronicas.

Outro aspecto crucial é a necessidade de uma abordagem integrada na gestéo
ambiental, considerando ndo apenas 0s impactos diretos da poluicdo, mas também suas
interacdes complexas e os efeitos cumulativos sobre os ecossistemas. 1sso requer uma
colaboracdo multidisciplinar entre cientistas, gestores ambientais, legisladores e partes
interessadas, com o objetivo de formular e implementar estratégias eficazes de
conservagdo e protecdo ambiental, alinhadas as metas dos Objetivos de

Desenvolvimento Sustentavel (ODS).
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Este trabalho esta diretamente relacionado ao ODS 14 (Vida na Agua), uma
vez que aborda a preservacdo e 0 uso sustentdvel dos oceanos, mares e recursos
marinhos. Embora o foco principal seja a vida aquética, também se observa uma
conexdo com a poluicdo do ambiente terrestre, contemplando o ODS 15 (Vida
Terrestre). A salde dos ecossistemas aquaticos também esta intimamente ligada ao
ODS 3 (Saude e Bem-Estar), ODS 12 (Consumo e Producdo Responsaveis) e ODS 6
(Agua Limpa e Saneamento), reforcando a necessidade de praticas sustentaveis em
todos os niveis da cadeia produtiva e de consumo.

Alteracgdes histopatoldgicas e bioquimicas, como as observadas neste estudo,
sdo indicadores sensiveis de estresse subletal induzido por xenobibticos. Diversos
estudos demonstram que lesBes histopatoldgicas e ensaios bioquimicos podem servir
como marcadores precoces de exposicdo a contaminantes, sendo importantes
ferramentas para a avaliacdo dos efeitos de toxinas e agentes cancerigenos. Aumentos
nos marcadores de dano oxidativo, especialmente no figado, corroboram os achados de
outros autores, que identificaram o mesmo fendmeno em diferentes 6rgdos, como o
intestino, confirmando sua relevancia como marcador de toxicidade. Além disso, as
alteracdes hematologicas observadas nos peixes sdao reflexos diretos das mudancas
ambientais e indicam a saude dos organismos quando expostos a poluentes. Esses
impactos podem levar ao desequilibrio dos ecossistemas aquaticos, afetar populagcdes
de peixes e contribuir para a perda de biodiversidade.

As alteracGes observadas nos 6rgdos dos organismos expostos a condigdes
ambientais adversas, como branquias, figado, estdmago e intestino, revelam uma série
de impactos interconectados que afetam ndo apenas a saude individual dos animais,
mas também desestabilizam ecossistemas inteiros. 1sso, por sua vez, compromete a
seguranca alimentar, gera perdas econdmicas significativas e apresenta ameacas a salde
publica. Tais efeitos evidenciam a importancia critica de uma gestdo ambiental eficaz
para prevenir e mitigar os impactos da poluicdo e de outros estressores ambientais sobre
0S ecossistemas aquaticos e a sociedade como um todo.

Embora os resultados deste estudo tenham identificado interacdes entre os
xenobioticos testados, futuros estudos que explorem exposic6es cronicas sdo essenciais
para elucidar melhor essas interacdes e 0s seus efeitos a longo prazo. Portanto, destaca-
se a importancia de pesquisas continuas, especialmente com espécies neotropicais, que

sdo frequentemente sub-representadas nos estudos ecotoxicoldgicos. Esses estudos sao
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cruciais para o desenvolvimento de estratégias de conservacdo mais abrangentes e

adaptadas as realidades locais.
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