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RESUMO

A presenca de farmacos em compartimentos ambientais torna-se cada vez mais
comum, visto que além do descarte incorreto a atual tecnologia de tratamento n&o
os elimina totalmente. Este trabalho avaliou efeitos téxicos de concentragdes de
paracetamol encontradas em ambientes aquaticos em peixes Rhamdia quelen
utilizando biomarcadores bioquimicos, genéticos, fisioloégicos, hematologicos e
morfologicos. Os animais foram divididos em quatro grupos, sendo um controle
acetona (solvente) e trés expostos a 0.25, 2.5 e 25 ug.L™ de paracetamol por via
hidrica. Apds 14 dias os peixes foram anestesiados com benzocaina 1% e realizada
a coleta de sangue para contagem de leucécitos e trombodcitos e ensaio cometa.
Posteriormente, os peixes foram eutanasiados através de seccdo medular, sendo
branquias e rim posterior coletados para analises dos biomarcadores. Amostras de
agua foram coletadas durante o experimento (0, 24 € 48 h, 7 e 14 dias) para analise
quimica. Os resultados apontaram para a capacidade genotdxica do paracetamol,
sendo o farmaco capaz de aumentar os danos em DNA em sangue e branquias na
concentracdo de 25 pg.L™ e em rim posterior nas concentracdes de 2.5 e 25 pg.L™".
Além disso, o farmaco alterou o sistema antioxidante de branquias e rim em todas as
concentracgdes testadas e causou lipoperoxidagdo em branquias no grupo 2.5 pg.L'1.
A concentracao total de espécies reativas de oxigénio (EROs) em branquias nao
sofreu alteragbes entre os grupos, enquanto no rim houve uma redugédo da
concentracdo de EROs no grupo 0.25 pg.L'1 quando comparado ao controle. A
contagem de leucdcitos e trombacitos foi reduzida no grupo de maior concentragéo.
Houve uma redugéo da concentragdes de ions magnésio, potassio e sédio, além da
reducdo de atividade da enzima anidrase carbdnica em tecido branquial. O
paracetamol foi capaz de promover elevacdo de epitélio respiratorio, fusdo de
lamelas secundarias e vasodilatagdo em branquias de animais do grupo 25 ug.L™.
No rim posterior, foram observados nucleos picnoéticos, degeneragao glomerular e
infiltragdo de leucdcitos e adipdcitos no grupo 25 pg.L™. Os resultados demonstram
que o paracetamol foi genotdxico para sangue, rim posterior e branquias, além de ter
seu carater nefrotoxico evidenciado em R. quelen. Estes dados apontam para a
necessidade de monitoramento das concentragées de paracetamol encontradas nos
compartimentos aquaticos a fim de evitar riscos para a saude animal e humana.

Palavras- chave: Paracetamol; peixe; estresse oxidativo; nefrotoxicidade,



ABSTRACT

The presence of pharmaceutical drugs in environmental compartments becomes
increasingly common, since the besides incorrect disposal, the current treatment
technology does not totally eliminate them. This study evaluated the toxic effects of
paracetamol concentrations found in aquatic environments in Rhamdia quelen fish
using biochemical, genetic, physiological, hematological and morphological
biomarkers. The animals were divided into four groups, one acetone (solvent) and
three exposed to 0.25, 2.5 and 25 pg.L'1 paracetamol via hidric. After 14 days the fish
were anesthetized with 1% benzocaine and blood was taken for leukocyte and
thrombocytes count and comet assay. Subsequently, the fish were euthanized
through a medullary section, and gills and posterior kidney were collected for
analysis. Water was sampled during the experiment (0, 24 and 48 h, 7 and 14 days)
for chemical analysis. The results showed the genotoxic capacity of paracetamol,
since the drug was able to increase DNA damage in blood and gills at concentrations
of 25 ug.L™ and in posterior kidney at concentrations of 2.5 and 25 pg.L '. In
addition, the pharmaceutical altered the antioxidant system of gills and kidney at all
tested concentrations and caused gills lipoperoxidation in the 2.5 ug.L™" group. The
total concentration of reactive oxygen species (ROS) in the gills was not statistically
significant among the groups, whereas in the kidney a reduction in the concentration
of ROS was observed in the group 0.25 ug.L™" when compared to the control group.
The count of defence cells (leukocytes and thrombocytes) were reduced in the
highest concentration. There was a reduction of magnesium, potassium and sodium
ions concentrations, as well as the reduction of the enzymatic activity of the carbonic
anhydrase in gill tissue. Paracetamol was able to promote respiratory epithelial
elevation, secondary lamella fusion and vasodilation in gills of 25 pg.L™" animals. In
the posterior kidney, pyknotic cells, glomerular degeneration and infiltration of
leukocytes and adipocytes were observed in the 25 pg.L”"' group. The results
demonstrate that paracetamol was genotoxic for blood, posterior kidney and gills,
besides having its nephrotoxic character evidenced in R. quelen. The data point to
the need to monitoring the concentrations of paracetamol found in aquatic
compartments, in order to avoid risks to the aquatic animal and human health.
Keywords: Acetaminophen; fish; oxidative stress; nephrotoxicity.
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1 INTRODUGAO

Com o aumento do consumo e utilizacdo de famacos humanos e veterinarios,
a presenca dessas substancias no ambiente aquatico tornou-se alvo de muitos
estudos ecotoxicoldgicos pelo mundo (AL-KHAZRAJY & BOXALL, 2016; BIEL-
MAESO et al., 2018; HOYETT et al., 2016; PAPAGEORGIOU et al., 2016). Sua
chegada aos efluentes acontece, na maioria das vezes, pelo destino incorreto de
esgotos domésticos, industriais e hospitalares (EBELE et al., 2017). Além desse
fator, as unidades de tratamento de esgoto n&o possuem, em sua maior parte,
tecnologias que possibilitem a total retirada desses contaminantes da agua
(TROMBINI et al, 2016). A introducdo continua desses contaminantes aos
efluentes, mesmo que em baixas concentracdes, fornece potencial toxicidade aos
organismos ali presentes (AL-KHAZRAJY & BOXALL, 2016; TROMBINI et al.,, 2016)
causando danos diversos a organismos como algas, daphnias e peixes, por exemplo
(SANTOS et al., 2013).

Algumas das classes de farmacos de maior relevancia quando se considera a
contaminagdo de compartimentos ambientais aquaticos sado os antibidticos, anti-
inflamatérios ndo- esteroidais (AINEs), horménios e B-bloqueadores (ALVAREZ-
MUNOZ et al., 2015). AINEs sdo as drogas mais frequentemente detectadas em
ambiente aquatico, tendo como seus principais representantes os farmacos
Ibuprofeno, Dicloflenaco, Paracetamol e Naproxeno (BACSI et al., 2016). Esses
farmacos agem, resumidamente, inibindo as isoformas da enzima cicloxigenase
(COX) - COX 1 e COX 2- de forma seletiva ou ndo (STANCOVA et al., 2015).
Vandermeersch et al. (2015) citam o paracetamol e o diclofenaco como os farmacos
mais encontrados em organismos aquaticos como peixes e moluscos, variando das
concentracdes 4,9 até 490 ng.g”'. Oliveira et al. (2015) demonstraram, em estudo
que expbs de forma subcrénica (14 dias) individuos da espécie Daphnia magna a
trés diferentes concentracdes (0.01, 0.1 e 1 mg.L™") de paracetamol e diclofenaco,
uma atividade inibitéria de colinesterases.

A presenga do paracetamol em corpos hidricos é relatada frequentemente em
concentragdes que variam de 31.97 a 0.05 pg.L™" (BIEL-MAESO et al., 2018; CHEN
et al., 2016; HUBER et al., 2016; SPONGBERG et al., 2011). Seus efeitos téxicos ja
relatados incluem desregulagdo endodcrina em peixes (GUILOSKI et al., 2017),
estresse oxidativo em moluscos (CORREIA et al., 2016), alteragbes bioquimicas e
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hepatotoxicidade em peixes (JYOTSNA, 2016), por exemplo. Considerando os
efeitos do paracetamol no modelo animal desde estudo, o peixe Rhamdia quelen,
poucos sao os relatos. O peixe R. quelen, conhecido como jundia, € uma espécie
nativa da Ameérica do Sul (BARCELLOS et al., 2010). A espécie é considerada um
bom modelo experimental em estudos ecotoxicologicos, visto que fatores como
adaptacdo ao ambiente laboratorial, manutencéo, custos e cuidados sao facilitados
(CARNEIRO & MIKOS, 2005).

Apesar de, em estudos ecotoxicologicos, as respostas a contaminantes
serem avaliadas separadamente ha necessidade de estudos que analisem de forma
geral e integrada o potencial efeito toxico do farmaco paracetamol em peixes juvenis
da espécie Rhamdia quelen a fim de esclarecer e aprofundar conhecimentos ja
existentes contribuindo, também, para fortalecer a imprescindibilidade de uma
legislagdo que promova o controle da concentracdo de farmacos em ambiente

aquatico.

2 REVISAO DE LITERATURA

2.1 FARMACOS EM AMBIENTE AQUATICO

Com o avango tecnoldgico, aumento populacional e de estimativa de vida,
cada vez mais novos farmacos vém sendo disponibilizados para uso humano e
também veterinario. Entre os meses de Janeiro e Dezembro de 2017 foram
aprovadas 155 novas drogas nos Estados Unidos (FDA, 2017). No Brasil, apenas no
ano de 2015, foram aprovados 742 novos medicamentos (ANVISA, 2016). Apds o
consumo, boa parte desses farmacos s&o excretados ainda em sua forma original,
além de diferentes metabdlitos (BIEL-MAESO et al., 2018; BURKINA et al., 2016),
sendo encaminhados para estagdes de tratamento de esgoto as quais, por sua vez,
possuem um sistema de tratamento convencional limitado e ineficaz na retirada de
moléculas bioativas de farmacos (BIEL-MAESO et al., 2018).

Além do consumo, farmacos chegam ao ambiente aquatico por diferentes
vias (Figura 1). O descarte incorreto de farmacos, além de resquicios industriais de
farmacéuticas s&o grandes precursores da presenga desses contaminantes no meio
aquatico (SANJUAN-REYES et al., 2015).
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Figura 1: Principais vias de chegada de farmacos ao ambiente aquatico (Fonte: adaptado
de Ebele et al., 2017).

A detecgao de farmacos em efluentes tornou-se bastante comum, sendo
essas analises foco de estudos (BU et al., 2016; OSORIO et al., 2016). As baixas
concentragbes encontradas, aliadas a introdugdo constante dessas substancias ao
ambiente e a falta de conhecimento sobre os possiveis efeitos toxicos aos
organismos expostos classifica-os como contaminantes emergentes (GOGOI et al.,
2018).

A acado de farmacos sob organismos aquaticos tém sido foco de estudos
ecotoxicologicos (GONZALEZ-REY & BEBIANNO, 2011; OVERTUREF et al., 2016;
XIA et al., 2017). Entre os farmacos estudados estdo as classes mais comumente
encontradas em analises de efluentes: analgésicos, anti-inflamatérios néo-
esteroidais (AINEs) e antibidticos (ALVAREZ-MUNOZ et al., 2015; BIEL-MAESO et
al., 2018). Dentre os AINEs, destacam-se os farmacos ibuprofeno, dipirona,
paracetamol, diclofenaco e naproxeno. Xia et al. (2017) demonstraram, em ensaio
agudo, aumento na velocidade de eclosdo de ovos e alteragdes em comportamento
motor de embrides de Danio rerio expostos, 6 horas apds a fecundacdo, aos
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farmacos ibuprofeno, diclofenaco e paracetamol nas concentragdes de 5, 50 e 500
ug.L”. A exposicdo a maior concentracdo de ibuprofeno e diclofenaco reduziu o
tempo de incubacdo dos embrides, além de reduzir movimento espontaneo e
distancia de natacao dos animais. Stancova et al. (2015) atestaram, em experimento
subcronico (14 dias), o efeito toxico do farmaco naproxeno. Individuos Danio rerio
expostos as concentracdes de 1 e 100 pg.L'1 apresentaram aumento nos niveis de
RNA mensageiro (mRNA) da enzima catalase em ambas concentra¢des de farmaco
testadas. Além disso, os niveis de mRNA para a enzima GST apresentaram-se
aumentados na concentragdo de 100 pg.L™". Em relacdo a dipirona, Pamplona et al.
(2011) verificaram a redugcdo no numero de eritrocitos, trombdcitos e no valor de
hematdcrito de peixes Rhamdia quelen expostos as concentragdes de 0.5, 5 e 50
ug.L”" durante 15 dias. Outros efeitos téxicos ja demonstrados com AINEs incluem
alteragao da integridade do tecido renal, osmorregulagdo e alteracdo do sistema
antioxidante de diferentes espécies de peixes expostos ao diclofenaco (LUBIANA et
al., 2016; NASLUND et al., 2017; SARAVANAN & MANOHARAN et al., 2011) e
alteragcédo de parametros hematologicos de peixes (SARAVANAN et al., 2012),
estresse oxidativo e desregulacdo endodcrina de mariscos (GONZALEZ-REY &
BEBIANNO, 2011) expostos ao ibuprofeno.

2.2 PARACETAMOL

O paracetamol (N-acetil-p-aminofenol), um farmaco utilizado como analgésico
nao opidide e antipirético, foi descoberto em 1887 - como metabdlito ativo dos
farmacos fenacetina e acetanilida- e teve sua comercializacio iniciada apenas em
1950, quando duvidas sobre sua toxicidade foram esclarecidas (CANDIDO et al.,
2017). As estruturas quimicas dos farmacos fenacetina, acetanilida e paracetamol

estdo representadas na Figura 2.
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Figura 2: Estrutura quimica dos farmacos fenacetina, acetanilida e paracetamol. (Fonte:
Sociedade Brasileira de Quimica - Disponivel em: http://gnint.sbq.org.br).
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Apesar de alguns autores o considerarem um AINE, na pratica clinica o
paracetamol possui pequena atividade anti-inflamatéria (CHANDRASEKHARAN et
al., 2002). Para mais, seu mecanismo de acao desvia-se do mecanismo classico dos
farmacos dessa classe pois a inibigdo da enzima cicloxigenase (COX 1 e 2) néo
ocorre diretamente e sim pela redugdo de peroxinitritos, moléculas ativadoras da
COX, em tecidos com baixa concentracdo de acido araquidénico e peroéxidos
(AMINOSHARIAE & KHAN, 2015; ARONOFF et al., 2006). Fala-se, ainda, de uma
terceira isoenzima COX envolvida no mecanismo de acado do paracetamol, a COX-
3. Enzima derivada da ja conhecida COX-1, a COX-3 foi foco de estudos que
demonstraram uma maior concentragdo da mesma ocorrendo em cortex cerebral, o
que pode explicar a maior agédo a nivel de sistema nervoso central (SNC) de AINEs
como o paracetamol, por exemplo (CHANDRASEKHARAN et al., 2002; OKSUZ et
al., 2016).

A maior parte de moléculas do farmaco sofre biotransformagao no figado
(90% do total absorvido) através da atuagédo do sistema citocromo oxidase P450
(CYP450) e excregdo pelos rins, o paracetamol torna-se responsavel por
desencadear efeitos toxicos bem conhecidos em humanos e roedores como a
hepatotoxicidade e a nefrotoxicidade em casos de overdose ou uso crénico (MCGILL
& JAESCHKE, 2013). Varios sdo os mecanismos sugeridos em estudos pelos quais
o farmaco desencadeia reagdes fisiologicas tdxicas. O principal mecanismo
estudado correlaciona a formagdo do metabdlito bioativo N-acetil-p-benzo-
quinonamina (NAPQI), e a redugao dos niveis intracelulares de glutationa reduzida
(GSH) com o dano ao DNA e outros eventos téxicos sofrido pelas células alvo como
hepatécitos, por exemplo (SIEMIONOW et al., 2016). Cerca de 5% do total de
moléculas de paracetamol absorvidas sdo convertidas em NAPQI que, em doses
terapéuticas, sdo conjugadas pela GSH e inativadas para posterior eliminagao.
Porém, em casos de overdoses, os estoques de GSH esgotam-se, fazendo com que
a concentracdo de NAPQI intracelular aumente, desencadeando uma série de
efeitos toxicos como o dano em DNA e RNA e oxidacdo de membranas lipidicas
(NUNES et al.,, 2014). Além disso, a biotransformagéo do paracetamol pode ser
responsavel pela geragcdo de grande quantidade de espécies reativas de oxigénio
(EROS), as quais por sua vez podem desempenhar papel toxico no organismo
quando nao neutralizadas (MCGILL & JAESCHKE, 2013). Outros mecanismos de
toxicidade como estresse oxidativo em reticulos endoplasmaticos e redugdo da
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concentragéo de enzimas antiapoptoticas Bcl-xL, também sao relatados (KALINEC
etal., 2014; LORZ et al., 2005; NAGY et al., 2010).

2.2.1 PARACETAMOL E COMPARTIMENTOS AQUATICOS

Devido a seu alto consumo, o paracetamol € um dos farmacos mais
frequentemente detectados em amostras ambientais (OSORIO et al., 2016), como
demonstrado na tabela 1. Ao entrar no meio ambiente, o paracetamol pode passar
por processos de oxidagdo quimica, fotodegradagdo, adsorcdo, hidrolise e
biotransformagéao, por exemplo (LIANG et al., 2016). Essas transformag¢des geram
metabdlitos que, por sua vez, podem ser bioativos ou ndo. Ja é conhecido, por
exemplo, um metabdlito resultante da fotodegradacdo do paracetamol por luz
ultravioleta (UV), identificado como 1-(2-amino-5-hidroxifenil)etanona. Em estudo,
esse metabodlito se mostrou mais toéxico do que o farmaco original em teste com
bactérias luminescentes (KAWABATA et al., 2012).

Tabela 1: Concentragdes de paracetamol detectadas em efluentes.

Média pré Média pés Local Referéncia
tratamento tratamento
10 ug.L” < 0.05 ug.L” Republica Checa (CHEN et al., 2016)
31.97 pg.L™” Nao detectado Espanha (BIEL-MAESO et al., 2018)
13 pg.L™ Nao dosado Costa Rica (SPONGBERG et al., 2011)
159.22 pug.L™ 1.72 pg.L™ Portugal (PAIGA et al., 2016)
38.31 ug.L” 3.14 pg.L” China (WANG et al., 2017)
1.18 pg.L™ 2.53 pg.L” Islandia e Groelandia (HUBER et al., 2016)
> 0.24 ug.L” N&o dosado Brasil (KRAMER et al., 2015)

Por conta da incidéncia do paracetamol em compartimentos aquaticos, o
entendimento de seus efeitos toxicos agudos e cronicos em organismos de
diferentes niveis troficos € de extrema relevancia. Nunes et al. (2014) demonstraram
concentragbes de paracetamol que induzem metade do efeito maximo (EC50) em
diferentes espécies de organismos aquaticos: Vibrio fischeri (bactéria),
Pseudokirchneriella  subcapitata (microalga), Cylindrospermopsis raciborskii
(cianobactéria), Lemna minor e Lemna gibba (plantas) e Daphnia magna e Daphnia
longispina (microcrustaceos). Os resultados deste edtudo apontam para uma grande

variedade de efeitos toxicos, bastante especificos para a condi¢ao fisioldégica de
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cada espécie. Esse fator € um dos complicantes em estudos ecotoxicoldgicos, visto
que impossibilita a extrapolagdo de dados para outras espécies (NUNES et al.,
2014). Outro exemplo de como as condigdes fisiologicas alteram o efeito toxico
desempenhado pelo paracetamol foi descrito por Correia et al. (2016) em estudo que
expds mariscos da espécie Ruditapes philippinarum as concentragdes de 0.05, 0.5 e
5 mg.L" de paracetamol em diferentes salinidades (14, 28 e 35 °/oo). Os resultados
encontrados apresentam diferengas significativas na extensdo do efeito tdxico
causado pelo farmaco aos animais expostos dependente da salinidade. O estresse
oxidativo causado pelo paracetamol foi, inclusive, reduzido em casos onde o
aumento de salinidade permitiu ao animal suportar a substancia toxica.

O uso de peixes em pesquisas sobre efeitos toxicos do paracetamol acaba
nao sendo tdo comum quando comparado ao uso de invertebrados mariscos e
ostras, por exemplo. Porém, a toxicidade do paracetamol em peixes ja foi relatada.
A hepatotoxicidade do paracetamol foi demonstrada em peixes adultos da espécie
Rhamdia quelen expostos a 0.25 e 2.5 ug.L™" (GUILOSKI et al., 2017). O potencial
nefrotoxico da droga foi descrito em larvas de peixes da espécie Danio rerio por
Gorgulho et al. (2017). No estudo, o paracetamol foi capaz de reduzir clearance
renal, causar hipertrofia dos tubos proximais e gerar alteragbes em mitocondrias
como: edema mitocondrial, dismorfias e quebra das cristas mitocondriais. Outras
alteragdes fisioldgicas causadas pelo paracetamol em organismos aquaticos incluem
extresse oxidativo (NUNES et al., 2015) e desregulagdo enddcrina em peixes
(GUILOSKI et al., 2017), por exemplo.

Apesar da alta incidéncia desse contaminante em compartimentos
ambientais, os atuais tratamentos convencionais de efluentes sdo ineficazes na
retirada completa dessas moléculas (SANJUAN-REYES et al., 2015). Tecnologias
alternativas vém sendo estudadas e testadas em diferentes etapas do tratamento de
efluentes: utilizagdo de filtros de biochar (DALAHMEH et al., 2018), ozonizagao
catalitica (WANG, et al. 2017), uso de biorreatores de membranas anaerdbias (XIAO
et al., 2017), aumento no tempo de retencao hidraulica (EJHED et al., 2018) e a
combinagao entre o tratamento convencional a biofiltros (MCKIE et al., 2016) sao

exemplos.

2.3 MODELO DE ESTUDO E BIOMARCADORES
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A compreensao da atuagao de farmacos em peixes traz aspectos de grande
relevancia ecologica, visto que peixes sdo encontrados em grande parte dos
compartimentos aquaticos desempenhando importante papel em teias alimentares
ao transportarem energia de niveis troficos baixos a mais elevados (OOST et al.,
2003). O peixe Rhamdia quelen, pertencente a ordem Siluriformes, familia
Pimelodidae (Figura 3) tornou-se umpeixe de grande importancia econdmica, visto
que nao apresenta espinhos intramosculares e possui uma carne saborosa,
aumentando sua aceitagdo com o mercado consumidor (CARNEIRO & MIKOS,
2005). Sao animais onivoros, com altas taxas de fecundacdo e facil manejo
(CARNEIRO & MIKOS, 2005) sendo, essas caracteristicas, interessantes para a
utilizacdo da espécie como modelo de estudo. em relagcdo a agrotoxicos
(GOLOMBIESKI et al., 2016), metais pesados (PEREIRA et al., 2016) e farmacos
(GUILOSKI et al., 2017), por exemplo.

Figura 3: Exemplar juvenil de Rhamdia quelen (Fonte: A autora, 2016).

Dentre as diversas ferramentas utilizadas para estimar o impacto de
contaminantes emergentes em organismos aquaticos encontram-se 0s
biomarcadores. Estes, por sua vez, consistem em respostas biolégicas que facilitam
a determinacdo da extensdo do dano sofrido pelo organismo exposto (AMORIM,
2003) sendo mensurados por alteragdes bioquimicas e celulares, por exemplo. Ao
mensurar efeitos toxicos sofridos por organismos alvo, a utilizagdo de biomarcadores
que possam detectar alteracdes ainda em fase inicial é priorizada em relagdo aos
que apontam apenas alteracdes mais tardias (OOST et al., 2003)(Figura 4).
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Figura 4: Sistema representativo da ordem de respostas biolégicas em exposicdo a
contaminantes. (Fonte: adaptado de Oost et al., 2003).

Biomarcadores bioquimicos de estresse oxidativo, assim como
biomarcadores hematoldgicos e imunolégicos, fisiolégicos, genéticos e morfolégicos
sdo amplamente utilizados, fornecendo dados importantes sobre os contaminantes
estudados e contribuindo, também, com informagdes sobre o organismo exposto.
Pamplona et al. (2011), por exemplo, demonstraram a capacidade hematotoxica do
AINE dipirona em peixes Rhamdia quelen expostos as concentracdes de 0.5, 5 e 50
ug.L" do farmaco. No estudo, os organismos expostos sofreram redugdo da
contagem de hemaceas e trombadcitos, além da redugédo do hematdcrito em todas as

concentragoes.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Avaliar o efeito toxico da exposicdo dos peixes da espécie Rhamdia quelen a

concentragbes ambientalmente relevantes de paracetamol.

3.2 OBJETIVOS ESPECIFICOS

* Avaliar possiveis alteragdes bioquimicas, hematologicas e osmorregulatérias
através de biomarcadores em Rhamdia quelen apds exposi¢cao subcrdnica ao
paracetamol,;

* Avaliar possiveis danos em DNA através do ensaio cometa em rim posterior,
sangue e branquias de Rhamdia quelen expostos de forma subcrdnica ao
paracetamol,;

* Avaliar possiveis danos teciduais em rim posterior e branquias de Rhamdia

quelen expostos de forma subcrdnica ao paracetamol.



25

4 ARTIGO CIENTIFICO

Toxic effects of environmentally relevant concentrations of Paracetamol in fish
Rhamdia quelen (Jundia).

Maiara C. Perussolo', Juliana Roratto Lirola?, Douglas Henrique Fockink®, Claudia
Rita Corso', Viviane Prodocimo®, Deivyson Cattine Bozza*, Maritana Mela®, Luiz
Pereira Ramos®, Marta Margarete Cestari®, Alexandra Acco’, Helena Cristina Silva

de Assis’.

' Department of Pharmacology, Federal University of Parana (UFPR), Box 19031,
81530-990, Curitiba, PR, Brazil. perussolo10@gmail.com;
claudia_rcorso@hotmail.com; aleacco@ufpr.br; helassis@ufpr.br;

2 Department of Genetics, Federal University of Parana, Box 19031, 81530-990,
Curitiba-PR, Brazil. julianaroratto91@hotmail.com; margaces@gmail.com;

® Department of Chemistry, Federal University of Paranad (UFPR), Box 19032,
81531-980, Curitiba- PR, Brazil. douglasfockink@ufpr.br; luiz.ramos@ufpr.br

* Department of Physiology, Federal University of Parana, Box 19031, 81530-990,
Curitiba-PR, Brazil. vprodocimo@ufpr.br ;deivysonbozza@gmail.com

®> Department of Cell Biology, Federal University of Parana, Box 19031, 81530- 990,

Curitiba-PR, Brazil. maritana.mela@gmail.com.

Corresponding Author:

Helena Cristina Silva de Assis

Environmental Toxicology Laboratory, Department of Pharmacology, Federal
University of Parana (UFPR), Box 19031, 81530-990, Curitiba-PR, Brazil.

E-mail: helassis@ufpr.br




26

Abstract

Environmental contamination by pharmaceutical drugs is a worldwide problem,
mainly because the treatment systems do not remove them entirely. The nonsteroidal
anti-inflammatory drugs (NSAIDs) are amongst the most commonly detected classes
of pharmaceuticals in effluent analysis and paracetamol is the the most frequently
one. The aim of this study was to evaluate the possible toxic effects of
environmentally relevant concentrations (0.25, 2.5 and 25 pg.L'1) of paracetamol in
Rhamdia quelen fish exposed for 14 days. Some biochemical, genetic,
hematological, physiological and morphological biomarkers were evaluated. It was
observed oxidative stress in posterior kidney and gills at all concentrations tested and
lipoperoxidation in gills of animals exposed only to the concentration of 2.5 pg.L'1.
Genotoxicity was found in blood and gills at concentrations of 2.5 pg.L™" and in
posterior kidney at 2.5 and 25 pg.L™". An osmoregulatory imbalance in plasma ions
and a reduction in the activity of carbonic anhydrase in gills of the group exposed to
0.25 pg.L™" were observed. Tissue alterations occurred in gills of fish exposed to 25
ug.L”" and in posterior kidney at concentrations of 0.25 and 25 pg.L™ of paracetamol.
These results demonstrated toxic effects of paracetamol on the fish, evidencing the

need for monitoring the concentration of drugs released in the aquatic environment.

Keywords: Acetaminophen; oxidative stress; DNA damage; fish; nephrotoxicity.
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1. Introduction

The presence of human and veterinary pharmaceutical drugs in the aquatic
environment has been the focus of many ecotoxicological studies (Hoyett et al.,
2016; Papageorgiou et al., 2016), and these drugs are viewed as emerging
contaminants because of their high capacity of producing physiological effects in low
doses (Ebele et al., 2017). The presence of such substances in wastewater occurs
most often through incorrect destination of the domestic, industrial and hospital
sewage (Daouk et al., 2016; Ding et al., 2016; Liang et al., 2016). Besides, sewage
treatment plants do not have treatment that allow the total removal of these
contaminants from water, in most of the cases (Trombini et al., 2016).

The continuous release of these effluents can cause toxicity in aquatic
organisms. Toxic effects range from acute to chronic levels (Al-Khazrajy and Boxall,
2016; Trombini et al, 2016). It is estimated that about 12,000 different drug
formulations are prescribed and distributed for human use (FDA, 2013). Considering
the environmental contamination compartments, the most relevant classes are
antibiotics, non-steroidal anti-inflammatory drugs (NSAIDs), hormones and -
blockers (Alvarez-Mufioz et al., 2015). Paracetamol, a drug used as an analgesic and
antipyretic, has been found in effluent analyzes around the world in varying
concentrations (Biel-Maeso et al., 2018; Chen et al., 2016; Huber et al., 2016;
Kramer et al., 2015; Paiga et al., 2016; Spongberg et al., 2011; Wang et al., 2017).
Mizukawa (2016) found in a study, that the concentration of paracetamol in different
rivers of the Upper Iguagu Basin (Parana, Brazil) ranged from 0.01 pg.L'1 to 94.68
ug.L". In the aquatic organisms (fish and mollusks) the concentrations ranged from
4.9 to 490 ng.g” (Vandermeersch et al., 2015). lts mechanism of action involves the

blockade of the synthesis of prostaglandins through the inhibition of the enzyme
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cicloxigenase (COX) (Candido et al., 2017; Kalani et al., 2016).

Toxic effects have already been reported by exposure of aquatic organisms to
paracetamol such as endocrine disruption (Alvarez-Mufioz et al., 2015; Guiloski et
al., 2017b; You et al., 2015), oxidative stress (Correia et al., 2016), and biochemical
and hepatic changes (Guiloski et al., 2017a; Jyotsna, 2016; Nunes et al., 2017).
Nephrotoxicity is also an effect reported by paracetamol in mammals (Inoue et al.,
2017; Pérez-Villalva et al., 2017; Yiang et al., 2015). Gorgulho et al. (2017)
demonstrated that paracetamol reduced renal clearance, increased mitochondrial
changes as a dysmorphic shapes, loss of matrix granules and dilatation of proximal
tubes in kidney of Danio rerio larvae. However, studies that demonstrate the same
effect in juveniles or adult fish are scarce.

In this study our studied model was Rhamdia quelen fish, a fast-growing
native fish species from Central and South America (Benaduce et al., 2008). It has
been used in in vivo studies with pollutants such as metals (Pereira et al., 2016)
pesticides (Sobjak et al., 2017) and anti-inflammatory drugs (Guiloski et al., 2017b).
Since some hepatotoxic effects of paracetamol have already been described
(Guiloski et al., 2017a), this study aimed to analyze the toxic effects of paracetamol
in other tissues. The blood, gills and posterior kidney of adult fish of the Rhamdia
quelen species after 14 days of exposure to three concentrations of paracetamol
were analyzed through hematological, genetic, biochemical, physiological and
morphological biomarkers. Integrated biomarker analysis was also performed using
the Integrated Biomarker Response (IBRv2) to provide an overview of the effects of

the drug at each concentration tested.
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2. Material and methods
2.1 Animals

The Rhamdia quelen fish, (N=80) measuring 14.02 + 0.64 cm and weighing
25.2 g + 3.1, were obtained from the State University of the West of Parana
(UNIOESTE) and transported to the Laboratory of Environmental Toxicology of the
Pharmacology Department at Parana Federal University (UFPR). The animals were
acclimatized for 30 days in 100 L tanks containing filtered water, with constant
aeration (dissolved O, 7.5 ppm), temperature of 25 £ 2 ° C and photoperiod of 12
hours, being fed with commercial feed (MP 31 Brazil) once a day. The project was
approved by the Ethics Committee for the Use of Animals (CEUA), of the Biological

Sciences Sector of the Federal University of Parana (UFPR) under number 995.

2.2 Experimental design

After the acclimation period the animals were exposed via water for 14 days to
three concentrations of paracetamol (Acetaminophen- A5000; CAS number 103-90-
2; Sigma Aldrich, USA; powder; purity = 98%; slightly soluble in water). The
concentrations chosen (0.25, 2.5 and 25 pg.L™") were based on environmentally
relevant concentrations found in the water. The concentrations of paracetamol
already detected in water ranging from 0.01 pg.L™” (Togola and Budzinski, 2008) up
to 94.68 ug.L™" (Mizukawa, 2016). Four groups were maintained: three test groups
(0.25, 2.5 and 25 ug.L™") and one solvent control (acetone — 100 ug.L™"). The
experimente run in tree replicates per group (n=20 fish per group), fed once daily
with commercial fish food (MP 31 Brazil). The degradation of paracetamol in water
was analysed in a previous study in the lab. Based on this study half of the water of
each experimental tanks was replaced with the contaminant each 24 hours. After 14

days of exposure the animals were anesthetized with 1% benzocaine, and the blood
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was collected by the caudal vein. After the euthanasia by medullary section, posterior

kidney and gills were collected and frozen at -80°C for further biomarkers evaluation.

2.3 Water chemical analysis

During the exposure period, water samples were collected from each group to
quantify the total paracetamol concentration during the experiment. The analysis of
the samples was performed by high performance liquid chromatography (HPLC),
using a Metrohm chromatographic system model 882 Compact IC Plus equipped
with an automatic sampler model 863 Compact and detector model 887 Professional
UV/Vis. The samples were eluted in mobile phase (88% water, 11% acetonitrile and
1% acetic acid) at a flow rate of 1.0 mL.min™' and using a C18 column (150 x 4.6 mm,
5 um, Phenomenex) at 25°C with detection at 250 nm. Quantifications were
performed on external calibration using standard solution ofparacetamol, with the
detection limit of 2.5 pg.L'1. In order to detect and quantify the concentration of
paracetamol in all groups, a known standard (10 pg.L") was added, and the actual

value of the sample was subtracted from the concentration of the standard.

2.4 Biochemical biomarkers

Gill and posterior kidney were homogenized in potassium phosphate buffer
(0.1 M, pH 7.0) in a ratio of 1:10 (m/v) using a micro-homogenizer. The homogenate
was centrifuged for 30 minutes at 15,000 x g at4 ° C.

The total protein concentration was measured by the Bradford method (1976).
Glutathione-S-transferase (GST) activity was measured according to the method
described by Keen et al. (1976). The method established by Gao et al. (1998), was
used to measured the activity of the enzyme Superoxide dismutase (SOD), and

Catalase (CAT) activity according to the method of Aebi (1984). The activity of the
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enzyme Glutathione peroxidase (GPx), was measured by the method described by
Hafeman et al. (1974), and the concentration of reduced Glutathione (GSH)
according to the method proposed by Sedlak and Lindsay (1968). The levels of
lipoperoxidation (LPO) were analyzed through the evaluation of the hydroperoxide
concentration by the FOX test (Jiang et al., 1992).

The total ROS concentration was quantified using the 20-70-
dichlorofluorescein-diacetate (DCFH-DA) assay as previously described by Driver et
al., (2000). The formation of dichlorofluorescein (DCF) was measured with a
spectrofluorimeter at 485 and 528 nm for excitation and emission, respectively. The

results are expressed as units of fluorescence.

2.5 Genotoxic biomarker

The DNA damage was analyzed by the comet assay with a technique
described by Speit and Hartmann (1999), modified by Cestari et al. (2004) and
Ferraro et al. (2004) for blood and Ramsdorf et al. (2009) for kidney and gills.

The assay was performed in a blind test of 100 nucleoids per slide under an
epifluorescence microscope with a magnification of 400x. The nucleotide
classification was performed according to Collins et al. (1997) through the length of
the tail formed after electrophoresis, being classified from 0 (without apparent

damage) to 4 (maximum damage).

2.6 Physiological biomarkers

2.6.1 Plasma magnesium, sodium and potassium concentration:
Plasma magnesium concentration was determined colorimetrically using a kit

(Labtest, Brazil) in samples appropriately diluted in deionized water with absorbance
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read at 505 nm. Sodium and potassium concentrations were determined through

flame photometry in samples diluted in deionized water 1:100.

2.6.2 Carbonic anhydrase activity assay (CAA)

Tissue samples were weighed and homogenized at 10% (weight/ volume, in
g/mL) with 10 mM phosphate buffer at pH 7.4, using an ultrasonic homogenizer. The
homogenate was then centrifuged (2000x g for 5 min at room temperature), and the
supernatant was aliquoted for the protein and CAA assays. CAA was assayed
according to the method described by Vitale et al. (1999). The slope of the regression
line of pH reduction along time(s) results in the catalyzed rate of activity of the
carbonic anhydrase present in the sample (Henry, 1991; Vitale et al., 1999). Total
protein concentration in tissue homogenate was measured according to Bradford,

(1976).

2.7 Hematological biomarker
Blood smears were stained with May Grunwald-Giemsa-Wright (MGGW). The

total count of leukocytes and thrombocytes was performed under a microscope at

1000x, according to the methodology described by Tavares-Dias and Moraes (2006).

2.8 Histopathological biomarker

A fragment of the posterior kidney and gills were fixed in ALFAC solution (80%
alcohol, formaldehyde and glacial acetic acid) for 16 hours. After that, they were
dehydrated in alcohols (70%, 80%, 90% and 100%), diaphanized in xylol and
included in Paraplast®. They were cut into 5 um slices and stained with hematoxylin-
eosin (HE). After the procedure, the sections were analyzed according to the injury

index described by Bernet et al. (1999), where photoreceptors alterations were
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classified in three severity factors (minimal, moderate and marked pathological
importance). The injury indexes were obtained after the application of a mathematical

equation established for each group of lesions:

IL =Z Z (a.w)

pr alt
where pr is the reaction pattern; alt is the alteration; a is the score value; w is the
importance factor. The damages considered to establish the index lesion in gills
were: lifting of respiratory epithelium, cellular hyperplasia and vasodilation. In
posterior kidney, the damages considered were: dimunition of mesangial cells,
glomerular hypertrophy, presence of pyknotic cells, glomerular atrophy, glomerular

degeneration, disappearance of the glomerular capsule and leukocyte infiltration.

2.9 Data analysis
Data normality was tested using the Kolmogorov-Smirnov test. For the

parametric data, a one-way analysis of variance (ANOVA) was performed, followed
by the Newman-Keuls test, with results expressed as mean * standard error, and
significance when p < 0.05. For the non-parametric data the Kruskal-Wallis test was
performed, followed by the Dunn test and results were expressed in median. The
results for biomarkers were applied to the Integrated Biomarker Responses Index
(IBRv2) described by Beliaeff and Burgeot (2002) and modified by Sanchez et al.

(2013) and expressed in star plot charts.

3. Results
3.1 Experimental conditions
No mortality was observed. The tank water parameters (expressed as mean *

standard error) were as follows: pH (6.7 £ 0.02 units), ammonia (0.46 + 0.12 ppm),
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nitrite (0.15 + 0.07 ppm), dissolved O, (7.33 £ 0.25 ppm), hardness (53.33 + 3.33
ppm) and temperature (20.4 + 0.62 ° C). These values were not different among the

groups.

3.2 Chemical analysis of water

The values found (mean + standard error) for the nominal concentrations for
paracetamol were: 0.65 + 0.41 pg.L'1 for the concentration of 0.25 pg.L'1, 2.58 + 0.60
ug.L ™" for the concentration of 2.5 pg.L™" and 12.79 + 1.64 ug.L™ for the concentration

of 25 pg.L™".

3.3 Biochemical biomarkers

In the gills, paracetamol reduced GST activity (27% for 0.25 pg.L™", 19% for
2.5 ug.L" and 25% for 25 pg.L™") and SOD activity (28% for 25 ug.L™") when
compared to the control group (Table 1). The activity of CAT was not altered,
whereas GPx presented an increase of 66% in concentration of 2.5 ug.L™ and 44% in
the concentration of 25 pg.L'1 when compared to the control group (Table 1). There
was a reduction in GSH levels (69%, 59% and 48% for 0.25, 2.5 and 25 pg.L”
respectively), when compared to the control group (Table 1). LPO was significantly
increased (47%) at the concentration of 2.5 ug.L”" when compared to the control
group (Table 1). The concentration of ROS did not present statistical difference when
compared to the control (Table 1).

In the posterior kidney, paracetamol increased the activities of GST (37% for
2.5 ug.L™), CAT (47% for 2.5 ug.L-1 and 51% for 25 ug. L™") and GPx (65% for 0.25
ug.L", 137% for 2.5 pg.L-1 and 123 for 25 pg.L™') when compared to control group

(Table 1). Paracetamol also increased GSH levels (164% for 0.25 pg.L™, 87% for 2.5
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ug.L" and 63% for 25 pg.L™") when compared to control group (Table 1). The SOD
activity and LPO levels did not show a significant statistical difference compared to
the control group (Table 1). ROS concentration was reduced (28% for 0.25 ug.L™")

when compared to the control (Table 1).
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Table 1: Biochemical biomarkers for gills and posterior kidney of R. quelen exposed to paracetamol.

Tissue/ GST SOD CAT GPx GSH LPO ROS
Concentration
GILLS
Control 76.21 + 3.53 ° 256.90 + 16.1 ° 2428 +1.05°% 27.44 +1.62° 2.31+0.34° 3.00+£0.60° 0.60 +0.98°
0.25 ug.L™ 56.30+3.27° 21960+ 1453 2234+151% 2955 +3.20° 0.72+0.14°  3.82+0.34% 121 +0.82°
2.5pug.L™” 6248 +2.05° 21190+13.65% 2393+1.38° 4571 +3.02° 0.97+0.20° 441+0.33° 0.78 £0.82 °
25 pg.L™ 57.27 +5.33° 187.00 + 7.04° 26.12+099° 39.66 +3.61° 1.20+0,24° 3.50+0.07* 1.21 +0.46 °
KIDNEY
Control 87.59+946°  150.70 £ 12.62° 37.34+3.36°  16.38+1.04° 2.77+0.34° 9.93+1.09°% 271 +0.85°
0.25ug.L"  102.60+860%® 183.60+9.16° 4868+575®® 27.12+197° 735+1.06° 12.09+1.04° 128 +063°
2.5pug.L™” 12040 £5.27° 1908+ 11.69%  4589+335° 38.91+265° 521+0.41° 12.8+1.41°% 235 £1.14°
25 pg.L” 110.00 £7.79%® 17550+ 10.03%® 56.64 +3.88°  36.53+1.79° 453+051° 13.74+1.04° 20

Glutathione-S-transferase (GST), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), reduced glutathione (GSH), lipoperoxidation (LPO).
SOD (U/mg of protein), GST, CAT and GPx (nmol/min/mg of protein), GSH (ug/mg of protein) LPO (nmol of hydroperoxides/mg of protein). Values expressed as
mean standard error. Different letters when p <0.05 (n=10).
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3.4 Genotoxic biomarker

The DNA damage increased in the blood (314% for 25 pg.L™), in posterior
kidney (76% for 2.5 ug.L™ and 70% for 25 ug.L™") and in gills (66% for 25 pg.L™),

when compared to the control group (Figure 1).

3.5 Physiological biomarkers

The plasma levels were reduced for magnesium (24% for 0.25 pg.L” and
35% for 2.5 pug.L™"), potassium (39% for 0.25 ug.L ™!, 43% for 2.5 ug.L™" and 34% for
25 pg.L") and sodium (7% for 0.25 pg.L™" and 9% to 2.5 pg.L™") when compared to
the control (Figure 2). The activity of carbonic anhydrase in the posterior kidney was

not altered. For the gills, the carbonic anhydrase activity decreased (20% to 0.25

ug.L™") when compared to the control (Figure 2).
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Figure 3: DNA damage of R. quelen exposed to 3 concentrations of paracetamol. Score of blood cells
(A), posterior kidney (B) and gills (C). Results are expressed as median and interquartile range (25th

and 75th percentiles). Different letters indicate p < 0.05.
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Figure 2: Plasma concentration of magnesium (A), potassium (B) and sodium (C) and carbonic
anhydrase specific activity (CAA) in gills (D) and posterior kidney (E) of R. quelen exposed to 3
concentrations of paracetamol. Results are expressed as mean + standard error. Different letters
indicate p < 0.05.

3.6 Hematological biomarker
The total count of leukocytes and thrombocytes was reduced in the

concentration of 25 pg.L™ (44% and 41%, respectively) when compared to control

group (Figure 3). No difference was found for the other concentrations.
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Figure 3: Total count of leukocytes (A) and thrombocytes (B) for R. quelen exposed to 3
concentrations of paracetamol. Results are expressed as mean * standard error. Different letters
indicate p < 0.05.
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3.7 Histopathological biomarker

The renal tissue of the control group was homogeneous and unchanged
(Figure 4A). The main changes observed in renal tissue were reduction of mesangial
cells (Figure 4B) and glomerular hypertrophy (Figure 4C) at the concentration of 0.25
ug.L”" and glomerular degeneration (Figure 4D), leukocyte infiltration (Figure 4E),
presence of pycnotic cells (Figure 4F) and infiltration of adipocytes (Figure 4G) at the
concentration 25 pg.L™".

The gill tissue of the control group was homogeneous and unchanged (Figure
5A). The main alterations found in the analysis of the gill tissue were lifting of the
respiratory epithelium (Figure 5B), cellular hyperplasia (Figure 5C) and vasodilatation

(Figure 5D) at the concentration 25 ug.L™.
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Figure 4: Cross-section of the posterior kidney of R. quelen exposed to 3 concentrations of paracetamol counterstained with hematoxylin/ eosin (HE).
Glomerulus (G), proximal convoluted tubule (PCT) and distal convoluted tubule (DCT) in control group (A). Mesangial cell decreased (MCD) (B) and
glomerular tuft hipertrophy (GTH) (C) in group 0.25 pg.L'1. (D-G) Glomerular degeneration (GD), leukocyte infiltration (LI), pyknotic cells (PC) and a large

amount of adipocytes (*) in group 25 pg.L™, respectively.
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Figure 5: Cross-section of the gills of R. quelen counterstained with HE. Standard conformation of lamellae and their filaments. Primary lamella (LP),
secondary lamella (LS), central venous sinus (SVC) in control group (A). Elevation of respiratory epithelium (), primary lamella (LP) and secondary lamella
(LS) in group 25 Hg.L'1 (B). Cellular hyperplasia with partial melting of secondary lamellae (¥), primary lamella (LP), secondary lamella (LS) and cartilage (C)
in group 25 pg.L™ (C). Vasodilation (*) and vascular axis of lamella (evl) in group 25 ug.L'1 (D).
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3.8 Integrated Biomarker Responses Index (IBRv2)

The values (mean + standard deviation) found for the selected biomarkers of
the control group in the posterior kidney and gills are shown in Table A.1. These
values, considered basal, were used for the determination of IBRv2. The results
obtained for the analysis of IBRv2 at each concentration are shown in Figure 7. The
biochemical biomarkers for the concentrations of 0.25 and 2.5 ug.L™" were the most
effective for paracetamol responses. For the concentration of 25 pg.L'1, it was

observed responses in biochemical, genotoxic and histopathological biomarker.
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Figure 6: Integrated Biomarker Responses Index (IBRv2) for the concentrations of 0.25 (A), 2.5 (B)
and 25 (C) pg.L'1 based on 10 biomarkers: glutathione-S-transferase (GST), superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx), reduced glutathione (GSH), lipoperoxidation
(LPO), comet assay (Comet), morphological biomarker (MB), carbonic anhydrase activity (CAA) and
total reactive oxygen species (ROS) for gills (g) and posterior kidney (k). The area represented above
0 reflects the induction of the biomarker and below the reduction of the biomarker.
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4. Discussion

This study presented some effects of toxicity in fish exposed to
environmentally relevant concentrations of paracetamol. Different studies around the
world detected the presence of paracetamol in environmental samples in a large
scale of variance (Biel-Maeso et al., 2018; Chen et al., 2016; Huber et al., 2016;
Paiga et al., 2016; Spongberg et al., 2011; Wang et al., 2017). In addition to this
factor, the concentrations used in this study showed significant toxic effects, mainly
the highest one.

For gills paracetamol was genotoxic at the concentration of 25 pg.L™", reduced
the activity of GST, a phase |l biostransformation enzyme, and changed the
functioning of the antioxidant system reducing SOD activity and increasing GPx
activity and GSH concentration at 2.5 and 25 ug.L™" groups. It also caused damage to
membrane lipids at the concentration of 2.5 pg.L'1. The reduction of enzymes
activities may occur due to excess of substrate, but it is also a consequence of
oxidative damage (Ge et al., 2017; Lushchak, 2011). An effect in GST activity was
observed in gills at all the concentrations and this change (reduction) has been
reported by Gonzalez-Rey and Bebianno (2011) in a study using Ibuprofen, another
NSAID.

SOD is an enzyme of the antioxidant system specialized in the conversion of
superoxide (O, *) to H2O, (Barbosa et al., 2010). Reduction of SOD activity was
observed only at the concentration of 25 pg.L™" in the gills, which could result in an
increase of superoxides in the tissue. The increase of the enzyme activity of the
antioxidant system, occurs as a way to neutralize ROS (Barbosa et al., 2010).
Although exposure to paracetamol did not lead to increased CAT activity in gills,
exposure to the drug at concentrations of 2.5 and 25 pg.L™" increased the activity of

GPx, the enzyme responsible for the reduction of peroxides using GSH as cofactor
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(Davies, 2000). The increase in GPx activity was also observed by Nunes et al.
(2017) in the acute exposure of Ruditapes philippinarum, a saltwater clam, to the
concentration of 2.5 ug.L™ of paracetamol.

The metabolism of paracetamol generates a large amount of reactive oxygen
species (ROS), by converting its original molecule to the N-acetyl-p-benzoquinone-
imine (NAPQI) bioactive metabolite (McGill and Jaeschke, 2013). Reduction of GSH
levels in the gill tissue is related to the increase of GPx activity. GSH also participates
as a cofactor of the GST enzyme, in the process of converting NAPQI into less toxic
matabolites, allowing excretion of the drug (McGill and Jaeschke, 2013). The GSH
depletion leads to increased NAPQI levels, which may result in cytotoxic damage
(Siemionow et al., 2016; Weigt et al., 2010).

The membrane damage observed in the gills through the increase of the LPO
in the concentration of 2.5 pg.L™”" may be the result of an accumulation of ROS in the
tissue. Lipoperoxidation in gills of organisms exposed to paracetamol was also
observed by Ramos et al. (2014). Although no statistical difference was observed
among groups and control, a biological effect may be present based on the increase
of ROS in gills at 0.25 pg.L™" and 25 pg.L™".

The activity of the enzyme carbonic anhydrase (CAA) was reduced in the gills
in the concentration of 0.25 pg.L™”. In freshwater fishes gills CAA is responsible by
the reversible reaction of CO, hydration, which results in hydrogen ion (H:) and
bicarbonate (HCOj3’). The cell HCO3™ and H* are respectively exchanged by CI™ or
Na®, or even pumped out (H*) by the vacuolar apical H*-ATPase, thus allowing for
the active absorption of salt (Evans, 2005). Compatible with the CAA reduction at
0.25 pg.L™, plasma sodium (absorbed by the gill in freshwater) presented reduction

after exposured to 0.25 ug.L™" and 2.5 pg.L™" of paracetamol, indicating reduction on
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salt absorption by the gill epithelia. The reduction on CAA observed in the gills after
exposed to 0.25 ug/L of paracetamol could be associated to its role in plasma sodium
uptake (Evans, 2005; Prodocimo et al., 2015). The CCA inhibition and loss of plasma
ionic homeostasis was also observed in R. quelen exposed to 2 and 11 ug/L of
copper (Mela et al., 2013a). Oxidative stress lipoperoxidation and DNA damage in
the gills contributes to tissue damage, and reduction of carbonic anhydrase activity
and plasma sodium concentration may impair the control of ions in the organ
(Lionetto et al., 2012). Similar results were found in animals exposed to diclofenac
(Saravanan et al., 2011).

In the gills, the histopathological alterations observed were the elevation of
respiratory epithelium, vasodilation and cellular hyperplasia. Tissue damage is a
result of biochemical changes and genotoxicity, leading to changes of
osmoregulation control by the tissue (Groner et al., 2017). Similar histopathological
changes were found in gills of animals exposed to diclofenac (Groner et al., 2017;
Triebskorn et al., 2004) and to the antibiotic oxytetracycline (Rodrigues et al., 2017).

In the kidney, paracetamol increased GST, CAT and GPx activities and GSH
levels, but there was no change in SOD activity. Exposure to paracetamol did not
generate lipoperoxidation in renal tissue. The alteration of the antioxidant system in
the kidney is due to the high blood flow and role in the metabolism and excretion of
drugs that this organ plays, being susceptible to the toxic effects of xenobiotics in fish
(Gorgulho et al., 2017). The increase in enzyme activity of the antioxidant system of
the posterior kidney is in agreement with the reduction of ROS in the tissue, when the
test groups were compared to the control group.

Parolini et al. (2010) found very similar results in a study that analyzed the

acute toxic effect of paracetamol in Dreissena polymorpha, a small freshwater
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mussel. The results indicated the increase in GST, CAT and GPx activities at
concentrations of 0.75 and 1.51 pg.L-1. Alterations of the antioxidant system were
also indicated by Mezzelani et al. (2016), Melvin (2016) and Gonzalez-Rey and
Bebianno (2012) in aquatic organisms exposed to different NSAIDs.

Paracetamol was genotoxic in posterior kidney at concentrations of 2.5 and 25
ug.L™". The damage in DNA leads to the process of cell death, occurring process of
apoptosis or tissue necrosis. Paracetamol was also shown to be genotoxic in an
acute study with bivalves exposed to concentrations of 30 to 400 ug.L™ (Parolini et
al., 2009) and in renal cell culture at concentrations of 0.25, 2.5 and 25 mg.mL"
(Ribas et al., 2014).

In the kidney, the alterations were mesangial cell reduction, hypertrophy and
glomerular degeneration, adipocyte and leukocyte infiltration and the presence of
pycnotic cells. The nephrotoxic potential of paracetamol is already well known in
mammals (Majhi et al., 2011; Mazer and Perrone, 2008). The presence of pycnotic
cells, a result of the sum of oxidative stress and DNA damage, leads to the process
of cellular migration of blood leukocytes to the renal tissue (Fischer et al., 2006). The
nephrotoxicity of paracetamol in fish has also been observed in other studies
(Gorgulho et al., 2017; Peng et al., 2010). Compatible with histopathological changes
observed, renal function was also affected, resulting in reduction on the rate of
tubular magnesium reabsorption and consequently plasma magnesium reduction
(Beyenbach, 2000). These results were similar to the concentrations found for R.
quelen in previous studies and for freshwater teleosts (Beyenbach, 2000; Mela et al.,
2013b, 2013a). Plasma potassium is maintained by ion uptake from ingested food
into intestinal epithelia and also by renal tubular reabsorption using apical NKCC

(Na+,K+,2Cl- co-transporter) (Marshall and Grosell, 2006). Potassium reduction
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observed in all groups exposed to paracetamol may indicate reduction of potassium
uptake by the intestinal epithelium, or reduction of its renal reabsorption (Evans,
2005; Marshall and Grosell, 2006). In contrast to its disturbing effect on gills CAA,
paracetamol exposure did not affect this enzyme activity indicating maintenance of its
renal function.

In this study, paracetamol also affected hematological parameters leading to a
reduction in the total count of leukocytes and thrombocytes at 25 pg.L™, in addition,
the drug demonstrated blood genotoxicity at the same concentration. In fish, as well
as in mammals, leukocytes have a function in the body’s defense mechanism. They
are also capable of performing cell-mediated cytotoxicity against altered and foreign
cells (Fischer et al., 2006). In addition to leukocytes, thrombocytes are also
functioning cells in the defense of the organism of these animals through
phagocytosis (Nagasawa et al., 2015). Studies have demonstrated the expression of
the major histocompatibility complex (MHC II) molecule in thrombocytes, which
reinforces the immune role of these cells (Ferdous and Scott, 2015) .

The reduction of thrombocytes was observed on exposure to other NSAIDs
such as dipyrone, for example (Pamplona et al., 2011). On the other hand, leukocyte
reduction is hardly detected in subchronic studies. Some studies report the increase
of leukocytes in aquatic organisms exposed to NSAIDs during subchronic and acute
assay (Guiloski et al., 2017a; Saravanan et al., 2012, 2011).

The gills and the posterior kidney presented different responses after
paracetamol exposure. These results can be a consequence of the difference in
tissue function. The gills are responsible for the gas exchange and remain in direct
contact with the external environment and contaminants (Machado, 1999). On the

other hand, the fish posterior kidney has a non-specialized function of excretion and,
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consequently, has more contact with metabolites of already biotransformed
substances (D'Angelo et al., 2016).

Several biomarkers were used in this study and for an integrated visualization
of the results o the use of IBRv2 as an indicator of environmental stress was used
(Kim et al., 2010; Sanchez et al., 2013). The values found for IBRv2 demonstrated
that the highest stress occurred at the concentration of 25 pg.L™. This finding allowed
us to draw a parallel with the animal health, being important when considering
environmental concentrations, since sites with higher concentrations of contaminants

tend to trigger higher stress in the organisms.

5. Conclusion

Environmentally relevant concentrations of paracetamol affected the
functioning of the antioxidant system of gills and posterior kidney in Rhamdia quelen.
Paracetamol demonstrated non-concentration dependent effects, being genotoxic to
blood, kidney and gills. It promoted osmoregulatory and tissue damage in the gills
and posterior kidney, demonstrating its nephrotoxic effect. These results pointed to
the need to control paracetamol concentrations found in aquatic compartments in

order to avoid further ecological damage.
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Appendices
Table A.1: Integrated Biomarker Responses Index (IBRv2) of R. quelen exposed to paracetamol.
GILLS KIDNEY
Biomarker mean = SD mean + SD
GST 76.21 £ 10.60 87.59 + 29.93
SOD 256.92 + 52.84 150.73 £ 39.90

CAT 24.27 £ 3.32 37.33 £ 10.64
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GPx 2743+ 512 16.37 £ 3.30
GSH 2.31+£1.02 2.77 £0.98
LPO 3.00 £ 1.02 9.93 £ 3.46
Comet assay 160.66 + 59.99 197.14 £ 67.16
MB 0.60 £ 1.34 1.80 £ 2.57
CAA 11.93 £ 1.51 4.40 +£1.40
ROS 0.60 +0.98 2.71 £0.85

Values related the results of biomarkers for the control group, used as baseline for IBRv2. Values are
expressed by mean * standard deviation (SD). Glutathione-S-transferase (GST), Superoxide
dismutase (SOD), Catalase (CAT), Glutathione peroxidase (GPx), reduced Glutathione (GSH),

Lipoperoxidation (LPO), Morphological biomarker (MB), Carbonic anhydrase activity (CAA) and
Reactive Oxygen Species (ROS).
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6 CONSIDERAGOES FINAIS

O presente estudo avaliou efeitos toxicos de concentragdes ambientalmente
relevantes do farmaco paracetamol em sangue, rim posterior e branquias de peixes
da espécie Rhamdia quelen. Os resultados demonstram que em todas as
concentragcbes o farmaco foi capaz de alterar parametros fisiologicos, tendo
comportamento téxico diferente entre os tecidos. Em brénquias, o paracetamol foi
capaz de alterar o funcionamento do sistema antioxidante, provocar alteragdes
teciduais e promover danos em DNA na maior concentragédo testada e, na menor
concentragdo, reduziu atividade da enzima anidrase carbdnica. Ja no rim posterior,
além de alterar o sistema antioxidante, o farmaco foi capaz de provocar danos em
DNA e lesbes teciduais. Dessa forma, comprovou-se o carater nefrotéxico do
paracetamol, além de sua capacidade genotoxica, produgdo de alteragdes no
controle de ions, células sanguineas brancas e morfologia de tecidos.

As informagdes contidas nesse trabalho contribuem para o conhecimento
sobre o efeito de contaminantes emergentes em organismos aquaticos e podem
auxiliar os 6rgdos governamentais na busca de mecanismos legais que exijam
limites de detecgcdo para farmacos em compartimentos aquaticos, assim como ja
ocorre para metais, por exemplo. Os resultados também reafirmam a necessidade
de tecnologias aplicaveis em grande escala para a retirada desses contaminantes de

efluentes.
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