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Resumo

Os efeitos téxicos de substancias quimicas sobre o sistema urinario tém sido
estudados ao longo dos ultimos anos, sendo que o herbicida diuron e seus
metabdlitos mostraram potencial cancerigeno na bexiga urinaria de ratos Wistar e
citotoxicidade em células uroteliais derivadas de ratos e humanos. Assim, estudos
gue buscam elucidar os principais eventos envolvidos na toxicidade desses
compostos sdo essenciais para compreender o possivel mecanismo de agéo sobre o
urotélio. Este estudo teve como objetivo investigar os mecanismos de toxicidade
urotelial exercida pelo diuron e metabdlitos, abordando o possivel papel da
disfuncdo mitocondrial. Apds exposicao aos produtos quimicos, as células uroteliais
humanas 1T1 apresentaram alteracbes relacionadas a morte e proliferacao,
instabilidade do ciclo celular, estresse oxidativo, e dano mitocondrial. Aléem disso, por
meio de investigacdo metabolémica em mitocondrias uroteliais isoladas de ratos
Wistar foram encontradas alteragcdes em moléculas associadas a membrana e em
moléculas envolvidas no metabolismo celular. Avaliados em conjunto, tais resultados
indicam potencial acdo nociva do diuron e seus metabdlitos sobre a funcéo
mitocondrial, o que pode ser considerado o0 evento iniciador de um processo

sequencial que desencadeia a citotoxicidade observada neste estudo e as

alteracdes morfologicas observadas em estudos anteriores.



Abstract

The toxic effects of chemical substances on the urinary system have been
studied over the past years, being that the diuron herbicide and its metabolites
showed carcinogenic potential in the urinary bladder of Wistar rats and cytotoxicity in
rat and human-derived urothelial cells. Thus, studies that seek to elucidate the key-
events involved in the toxicity of these compounds are essential to understand the
possible mechanism of action on the urothelium. This study aimed to investigate the
underlying mechanisms linked to urothelial toxicity resulting from diuron and
metabolites exposure, addressing the possible role of mitochondrial dysfunction.
After exposure to the chemicals, human urothelial cells 1T1 showed alterations
related to death and proliferation, cell cycle instability, oxidative stress, mitochondrial
and damage. Additionally, through metabolomic investigation in urothelial
mitochondria isolated from Wistar rats, alterations in membrane-associated
molecules and in molecules involved in cellular metabolism were found. Altogether,
these results indicate potential harmful action of diuron and its metabolites on
mitochondrial function, which can be considered the initiator event of a sequential
process that triggers the cytotoxicity observed in this study and the morphological

changes observed in previous studies.
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1. INTRODUCAO

1.1 Bexiga urinaria como 6rgéo-alvo de toxicidade

Quando em contato com uma substancia quimica, inicia-se no organismo o
processo de toxicocinética, pelo qual a substancia é absorvida, distribuida,
metabolizada e excretada (ADME) (1, 2). A absorgédo ocorre principalmente pelas
vias dérmica, inalatéria e digestiva, sendo que a resposta adversa pode iniciar logo
no sitio de contato. A substancia pode ser distribuida através do organismo e causar
efeitos em multiplos 6érgdos ou atuar em oOrgdos-alvo, e pode ainda sofrer
biotransformacao, o que favorece a excrecdo. No entanto, a biotransformacéo pode
gerar metabolitos menos ou mais toxicos, levando também a desfechos adversos.
Na fase de eliminacéo, fezes e urina séo vias primarias de grande importancia (1, 2).

A urina é formada pelos néfrons nos rins e é transportada para a bexiga
urinaria através dos ureteres. A bexiga é uma viscera de armazenamento e sua
composicdo microscopica € organizada em diferentes camadas: epitélio do
revestimento, lamina prépria, muscularis propria e serosa. Em particular, o epitélio
de revestimento da bexiga urinaria, ou urotélio, € a camada mais superficial e possui
em sua estrutura as células superficiais em forma de guarda-chuva (umbrella cells),
tornando-o uma barreira protetora contra lesdes nas camadas subjacentes. O
urotélio também reveste a pelve renal, ureter e uretra. A bexiga possui capacidade
de armazenamento de aproximadamente 500-700 mL, podendo permanecer por
tempo razoavel - em média 24 horas - em contato com as substancias a serem
expelidas (3, 4). Quanto mais tempo as substancias permanecerem na bexiga, maior

€ a probabilidade de agéo toxica local (2).

-20-
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Os efeitos da acédo toxica de substancias quimicas no sistema urinério tém
sido motivo de preocupacdo ha véarios anos (5). Por exemplo, em estudo
desenvolvido por Hueper, Wiley (6), foi observado que a formacédo de metabdlitos
reativos desempenha um papel fundamental no modo de acdo carcinogénico das
aminas aromaticas na bexiga urindria. Dentre as aminas aroméaticas esta o 2-
acetilaminofluoreno (2-AAF), substancia formulada na década de 1940 com
proposito praguicida, mas que teve sua comercializagdo impedida apos a descoberta
de seu alto potencial carcinogénico para a bexiga em diferentes espécies animais
(7). Dessa forma, pesquisas envolvendo o estudo da toxidade quimica em diferentes
niveis do sistema urinario mostram-se essenciais para a compreensao do modo e
mecanismos de acdo subjacentes, e podem auxiliar na tomada de decisao
regulatéria. Nesse contexto, o cultivo de células ou tecidos em ambiente in vitro
constitui ferramenta muito util para a compreensao dos eventos-chave envolvidos na
toxicidade de compostos quimicos (8). Assim como na experimentacao in vivo, 0 uso
de células derivadas de seres humanos possibilita a obtencdo de resultados
toxicoldgicos representativos e que, portanto, aumentam a previsibilidade para
toxicidade humana (9). Além do mais, as culturas de linhagens celulares humanas
apresentam-se como uma excelente ferramenta para otimizacdo de métodos
alternativos a utilizacdo de animais em pesquisas (10-13).

Diferentes linhagens celulares podem ser empregadas nos ensaios in vitro
para avaliar dano causado ao urotélio, dentre elas, as células 1T1 (Figura 1). A
populacdo de células 1T1 é derivada do epitélio de ureter humano saudavel e
imortalizada por transfeccdo dos genes E6 e E7 de HPV-16 (14). O cultivo da

linhagem celular 1T1 € um modelo bem caracterizado na pesquisa da biologia do
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tumor de bexiga e tem sido utilizado na avaliagdo de citotoxicidade, além de

genotoxicidade e mutagenicidade em diferentes protocolos experimentais (15-17).

Figura 1. Cultivo de células 1T1 em monocamada. Aumento de 100x. Foto do préprio autor.

No cotidiano, o contato com substancias potencialmente téxicas ao
organismo, incluindo o sistema urinario, muitas vezes ocorre em baixas doses, mas
de forma frequente (18). Dentre essas substancias estdo os ftalatos,

hidrocarbonetos policiclicos aromaticos, bem como alguns praguicidas (5, 18).

1.2 Praguicidas no Brasil
O uso de praguicidas, definidos como substancias ou misturas de

substancias quimicas responsaveis por eliminar, repelir ou controlar pragas, esta

-22-
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entre o0s principais instrumentos do atual modelo de agricultura no Brasil (19). A
necessidade de aplicagdo dessas substancias nas lavouras deve-se principalmente
ao clima tropical, que favorece o aparecimento de pragas. Embora o Brasil seja um
grande consumidor de praguicidas, também possui um extenso territério de area
plantada que chega a 75.866.854 hectares, ou seja, cerca de 9% do territério total
(20). Em 2020, as vendas internas de ingredientes ativos (IA) (Produtos Formulados)
no pais corresponderam a 685,745.68 mil toneladas, 0 que representa um aumento
de 10,51% com relacdo ao ano anterior. Dentre as classes de praguicidas que
apresentaram maior volume de vendas nesse mesmo ano, destacam-se 0S
herbicidas, com um total de 413,833.41 toneladas de IA, sendo que somente no
estado de S&o Paulo esse valor chegou a 47,825.02 toneladas. Do total de
praguicidas comercializados em S&o Paulo, 47,25% pertencem a classe Il de
periculosidade de acordo com o Sistema Globalmente Harmonizado de
Classificacao (GHS, sigla em inglés) adotado pela ANVISA, na qual esta inserida o
herbicida diuron, que atingiu 3,723.33 toneladas em vendas no estado e 7,901.84

toneladas no Brasil (21).

1.2.1 Diuron
O diuron 3-(3,4-diclorofenil)-1,1-dimetilureia € um herbicida derivado da ureia
comumente aplicado na pré- e pds-emergéncia de plantas infestantes em culturas
de soja, abacaxi, alfafa, algoddo, banana, cana-de-aclUcar, cacau, café, citros,
seringueira e uva (22, 23). Sua acao herbicida se da pela inibicdo da reacdo de
fotélise da &gua e consequente producdo de espécies reativas do oxigénio e
nitrogénio (ERONSs) que levam a destrui¢éo peroxidativa de pigmentos como clorofila

e de &cidos nucleicos, proteinas e lipideos, inibindo a fotossintese (24, 25). As
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plantas infestantes possuem vantagem ecoldgica com relacdo a proliferacédo

vegetativa; as sementes ou estruturas de reproducdo apresentam capacidade de

geminagao em fases iniciais de desenvolvimento. Por outro lado, o seu ciclo de vida

curto associado a area de absorcdo e dose aplicada as tornam mais suscetiveis a

toxicidade dos herbicidas (26).

A ampla utilizacdo do diuron na agricultura combinada a lenta degradacao no

solo possibilita sua dispersdo para o lencol freatico e contaminacao aquatica (27,

28). Fatores climaticos, caracteristicas fisicas, quimicas e microbioldgicas do solo e

propriedades fisico-quimicas do herbicida influenciam a degradagédo no ambiente e

resultam em metabdlitos potencialmente téxicos: 3-(3,4-diclorofenil)-1-metilureia

(DCPMU), 3,4-diclorofenilureia (DCPU) e 3,4-dicloroanilina (DCA) (Tabela 1) (28,

29).

Tabela 1. Estrutura quimica do diuron e seus metabdlitos.

Substéancia Estrutura quimica Nomenclatura IUPAC* Referéncia
o o 3-(3,4-diclorofenil)- 1,1-
Diuron (31:@\}4 )LN,CH;
oL dimetilureia
a o 3-(3,4-diclorofenil)-1-
DCPMU jij\)k/m
“ L metilureia (22)
Cl o
DCPU j@\ Bl 3,4-diclorofenilureia
NH,H :
DCA 3,4-dicloroanilina
Cl
1

*International Union of Pure and Applied Chemistry.
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Os mesmos metabdlitos sdo gerados durante a metabolizacdo do herbicida
em mamiferos, incluindo o homem. Neles, o diuron é absorvido pelo trato
gastrointestinal e respiratorio (28). A biotransformacédo ocorre por desmetilacao,
hidroxilacdo do anel aromatico, N-oxidacéo, declorinacdo e conjugacdo com &cido
glicurdnico, sendo excretado pela urina ou, em menor quantidade, pelas fezes (23,
28). H& poucos estudos sobre o metabolismo do diuron em humanos. No entanto,
em um relato isolado de intoxicacdo aguda, o principal metabdlito encontrado na
urina foi o DCPMU, seguido por pequenas quantidades de DCPU e tracos de DCA
(30). Em ratos, o diuron é quase que completamente absorvido e metabolizado,
sendo o DCPU o principal metabdlito urinario (31). Uma vez que a sua eliminacéo
ocorre pricipalmente pela urina, o tecido urotelial € um alvo importante da toxicidade

desse herbicida e/ou seus metabdlitos.

1.2.2 Estudos experimentais

O diuron foi classificado pela Agéncia de Protecdo Ambiental norte-americana
(U.S. EPA) como “provavel cancerigeno para a espécie humana” apds estudo de
carcinogenicidade de dois anos apresentar aumento das incidéncias de papilomas e
carcinomas uroteliais na pelve renal e na bexiga de ratos Wistar de ambos 0s sexos
expostos continuamente a 2.500 ppm via racao (25, 32). Estudos desenvolvidos em
nosso laboratério - Nucleo de Avaliacdo do Impacto Ambiental sobre a Saude
Humana (TOXICAM) - permitiram propor o modo de acdo (MoA) pelo qual o
herbicida é cancerigeno para o urotélio de ratos, onde o produto parental e/ou seus
metabdlitos induzem sucessivamente citotoxicidade inicial, degeneracéo celular,
esfoliacdo e necrose seguida de hiperplasia regenerativa continua e potencial

aparecimento de tumores. Nesses estudos in vivo, em que o diuron foi administrado
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por via oral pela ragdo em concentracBes de até 2.500 ppm, ndo foi detectado
genotoxicidade em células uroteliais ou de sangue periférico pelo ensaio do cometa,
nem alteracées na composicdo urinaria, como mudancas do pH ou a presenca de
solidos urinarios (cristais e calculos) (31, 33-37).

Foram observadas altera¢des uroteliais a microscopia eletrénica de varredura
(MEV) ja no primeiro dia de tratamento de ratos alimentados com racdo contendo
2.500 ppm de diuron, o menor periodo de exposicdo avaliado. Essas alteracdes
consistiram em células uroteliais edemaciadas, salientes para o limen da bexiga,
sendo denominadas “swollen cells”. A incidéncia e quantidade dessas células
aumentaram no 3° dia de estudo e persistiram até o 7° dia. A microscopia eletronica
de transmissdo (MET) no 7° dia mostrou que essa alteragcdo correspondia a
degeneracao hidropica citoplasmatica e nuclear, que resultavam no alargamento e
protrusdo das ceélulas uroteliais superficiais para o lumen vesical, com ruptura da
membrana celular, necrose e esfoliacdo (36). Uma das causas que podem levar a
este quadro morfolégico é a disfuncdo mitocondrial, fator que nos levou a aprofundar
na avaliacao deste parametro no presente trabalho.

Os estudos também mostraram aumento das incidéncias de necrose urotelial,
hiperplasia e indice de proliferacédo celular em ratos Wistar machos tratados durante
15-20 semanas com 125, 500, 1.250 e 2.500 ppm de diuron na racao, sendo que
resultados significativos foram observados em 2.500 ppm a partir de 7 dias de
exposicao (33-35, 38, 39). Esse perfil dose-resposta também foi observado quanto a
expressdo de genes relevantes para a carcinogénese em células uroteliais isoladas
da bexiga de ratos expostos a diferentes concentracdes do diuron por periodos
variados. Foi possivel observar, pela analise PCA (Principal Component Analysis) -
ferramenta de resolugcdo de dados que agrupa amostras de expressdo génica
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similares em um espaco tridimensional - evidente separacdo entre 0S grupos
expostos a altas concentragdes (1.250 e 2.500 pm) e a baixas concentracdes (60,
125 e 500 ppm) apds 07 dias ou 20 semanas de exposi¢cao pela ragcéo (39, 40).

Diferencas na resposta citotoxica aos metabdlitos urinarios foram
demonstradas em estudos in vitro com células uroteliais de ratos (MYP3) e humanas
(1T1). Para a linhagem MYP3, DCPMU foi o0 metabdlito mais citotoxico, seguido por
DCPU, enquanto DCA foi o metabdlito mais citotdxico para as células 1T1, seguido
por DCPU e DCPMU (37).

Embora o MoA citotoxico do diuron tenha sido proposto com base nesses
estudos experimentais, seu mecanismo de toxicidade ainda ndo foi completamente
estabelecido. Deste modo, ensaios utilizando métodos alternativos in vitro podem
auxiliar no esclarecimento mecanistico dos processos bioquimicos e celulares
envolvidos no dano ocasionado pela exposi¢céo ao herbicida. Esses métodos in vitro
nao sO6 permitem a analise detalhada de efeitos subcelulares como atendem ao
movimento de cuidados éticos com animais de experimentacdo, pela sua

substituigao, refinamento e redugao de uso (3R’s) (10).

1.3 Citotoxicidade
A proliferacéo celular é dependente do equilibrio entre diferenciacdo e morte
das células e, por isso, € uma das primeiras funcdes a ser afetada apos exposicéo
guimica (41, 42). Um agente quimico toxico pode também atuar diretamente na
integridade das membranas, levando a degradacdo ou liberagdo de componentes
celulares. Tais alteracbes da homeostasia podem desencadear diferentes tipos de
morte celular (apoptose, necrose ou autofagia), o que dependera do tipo de célula,

da estrutura e fungdo comprometidas e doses de exposicao quimica (43).
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AlteracBes morfoldgicas e bioquimicas permitem caracterizar o tipo de morte
celular (Figura 2) (44). A apoptose inicia-se com inducéo de processos ativos, i.e,
com consumo energeético, dentro da propria célula, que podem envolver ativacdo de
receptores de morte localizados na membrana celular, danos ao DNA ou eventos
gue levem a perda de permeabilidade da membrana mitocondrial (45, 46).
Caracteristicamente, ha condensacdo excéntrica da cromatina. Logo apos, as
células mortas constituem os corpos apoptoticos que sao rapidamente reconhecidos
e captados por células vizinhas ou macrofagos. A resposta inflamatoria praticamente
inexiste. A perda de assimetria de fosfolipidos de membrana e a externalizacdo e
permanéncia da fosfatidil serina (PS) na porcao externa da membrana celular facilita
o reconhecimento das células apoptoéticas por macrofagos (43, 47).

Ao contrario da apoptose, a morte celular por necrose € um processo
independente de energia caracterizado por alteragcbes metabdlicas que causam
imediata deplecdo do ATP, desequilibrio i6nico e alteracdes morfologicas devido ao
intumescimento mitocondrial e celular. O nucleo torna-se picnético e ha formacao
de pequenas bolhas na membrana citoplasmatica. A ativacdo de enzimas de
degradacéao resulta em rompimento da membrana, rapido vazamento do conteudo
celular e ativacao da resposta inflamatoéria na regido da célula morta (48, 49).

A autofagia (ou mitofagia quando relacionada com as mitocéndrias) é um
processo auto-degradativo altamente dindmico e importante para reciclagem de
componentes celulares, bem como para eliminacdo de patdgenos intracelulares.
Assim como outras vias celulares, o processo autofagico pode ser modulado em
varias etapas, tanto positiva quanto negativamente. De modo geral, a autofagia é
considerada um mecanismo de sobrevivéncia, embora sua desregulacéo tenha sido
associada a morte celular ndo-apoptética (50). E caracterizada morfologicamente
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por intensa vacuolizagéo do citoplasma sem, entretanto, condensacéo da cromatina
(43, 50, 51). Apéds a ativacdo de autofagia, a sintese de algumas proteinas como a
LC3B aumenta e, por esse motivo, é utilizada como marcador desse mecanismo.
Esta se associa a membrana dos autofagossomos e auxilia na sua maturagdo (52,
53). Os autofagossomos fagocitam os constituintes e organelas danificados, que sao

degradados por lisossomos (54, 55).

Intumescimento das
organelas e
formagao de bolhas
na membrana

NECROSE —>

Condensacao da

3 Estimulo nocivo
CELULANORMAL | -------------- - APOPTOSE  |—» formggg%tégacﬁ (pos
Néao-adaptacgédo apoptoticos
Fusao com

lisossomo e lise dos
componentes
celulares

AUTOFAGIA —>

Figura 2. Caracterizagdo morfologica dos 3 tipos mais comuns de morte celular: apoptose, necrose e
autofagia. Ao entrar em apoptose a célula passa por condensacéo da cromatina, degradacéo celular
e posterior fagocitose dos corpos apoptoticos. Na necrose ha o inchago das organelas, formacéo de
bolhas na membrana com posterior ruptura celular. J& na autofagia, os componentes celulares
passam por processo de autodegradacd@o seguido da formacgdo do autolisossomo para degradacéo
dos residuos celulares. Figura criada com BioRender.com. Fonte do préprio autor.

As vias de sinalizacdo de morte celular podem ser ativadas em resposta a um
dano no DNA. No entanto, é importante salientar que, ndo necessariamente ou

exclusivamente, a morte das células esta associada ao dano genético. Ainda, essas
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sinalizacdes podem ser desencadeadas de forma independente ou dependente de

mitocondrias (56).

1.4 Importancia da mitocondria na toxicidade de xenobidticos

As mitocondrias sdo organelas intracelulares presentes em organismos
eucariontes aerobicos e, experimentalmente, tém sido utilizadas como ferramenta
para esclarecer o mecanismo de toxicidade de diferentes xenobioticos (57, 58). Sua
estrutura basica é formada por uma membrana externa que € separada da
membrana interna por um espago intermembranas, e uma matriz onde estdo
localizados os componentes necessarios a funcdo da mitocéndria, como o DNA
mitocondrial (MtDNA), proteinas e lipidios, ribossomos, RNAs, além de outras
enzimas (59).

A mitocdndria é considerada a “casa de for¢a” das células, sendo a energia
produzida pela organela, a partir do ciclo de Krebs e fosforilagdo oxidativa, que
ocorrem na matriz mitocondrial e na membrana mitocondrial interna,
respectivamente, armazenada na forma de adenosina-trifosfato (ATP) (60-62). A
fosforilacdo oxidativa compreende a Ultima etapa do processo de respiracdo celular
e desempenha papel crucial no metabolismo energético. Essa etapa € caracterizada
pelo transporte de elétrons através de quatro grandes complexos proteicos (NADH
desidrogenase; I, Succinato desidrogenase; Il, Ubiquinol-citocromo c redutase; Ill, e
Citocromo c¢ oxidase; V) por reacdes de oxido-reducdo, até um aceptor final, o
oxigénio molecular (O2) (Figura 3). Agentes capazes de interferir em qualquer
dessas vias metabdlicas, podem induzir a producdo de ERONSs, principalmente os
radicais superoéxido (O2"), peréxido de hidrogénio (H202) e hidroxila (OH"), que se

acumulam e podem levar ao estresse oxidativo intracelular sistémico. O estresse

-30-



Revisdo da literatura

oxidativo € uma condicdo decorrente do desequilibrio entre a producdo de ERONs e
defesas antioxidantes, a favor dos oxidantes, o0 que pode resultar no
comprometimento de componentes celulares como lipideos, proteinas, carboidratos
e DNA. Alteracdes na producdo de ERONs podem ser causa ou consequéncia da

disfuncdo mitocondrial (1, 63).

Citoplasma
Membrana
-7 externa

Espago
intermembranas 4. aH

2H* nH*

. 9900000000064 ¥ A LETTE — QS | Jelelelele]
| Membrana

interna
20000000080

Matriz

mitocondrial s Téai i f’;ﬂ' [2H‘+1/20;+—’ Hyo:IXZ
([ ADP ATP
I | ’
[
Cadeia de transporte de elétrons
Figura 3. Etapas da fosforilagdo oxidativa. O transporte de elétrons através dos quatro (I, 11, Ill, 1V)

complexos mitocondriais leva ao bombeamento de prétons (H*) para o espaco intermembranas. A
energia gerada pelo fluxo inverso de prétons através da ATP-sintase é utilizada para sintese de ATP.
Figura criada com BioRender.com. Fonte do préprio autor.

Algumas caracteristicas da membrana interna sdo de importancia
toxicolégica como, por exemplo, o poro de transicdo de permeabilidade mitocondrial
(PTPM) (1). O PTPM ¢ fechado e composto por uma série de complexos proteicos
gue tornam a membrana impermeavel a maioria dos ions e moléculas polares;
entretanto, certos xenobidticos apresentam capacidade de induzir sua abertura e
aumentar a permeabilidade (1, 64). Como consequéncia, 0 potencial eletroquimico

7

da membrana entra em colapso e a fosforilagdo oxidativa é afetada. Ainda, a

-31-



Revisdo da literatura

diferenca de osmolaridade entre a matriz mitocondrial e o citosol possibilita o influxo
de agua e causa o0 inchamento da organela. Varios eventos subcelulares e
possivelmente reversiveis, como o edema celular, estdo associados diretamente
com a injaria no sistema de fosforilagdo oxidativa e, desta forma, caso a exposi¢ao
seja de duracao e intensidade (dose) suficientes para levar a célula ao ponto de ndo
retorno, havera a leséo irreversivel e morte celular (1).

De acordo com o exposto, a funcdo da mitocdndria é complexa, altamente
regulada e essencial para a manutencdo de diversos processos bioldégicos como
sobrevivéncia e homeostase metabolica das células. Portanto, a interagdo de
agentes exdgenos de natureza diversa em diversos pontos deste sistema pode

resultar em danos irreversiveis na estrutura e fungdo mitocondrial (47, 65).

1.5 Metabolémica na avaliacéo de disfunc&do mitocondrial

Diferentes métodos tém sido aplicados para avaliar a acdo de xenobioticos
sobre a mitocondria, que incluem técnicas citoquimicas, moleculares e bioquimicas
(66). A metabolbmica € uma das adicbes mais recentes a familia "-omics",
caracterizada como um meétodo analitico de alto rendimento para medir e comparar
um grande numero de metabdlitos (metaboloma) de baixa massa molecular (até
1.500 Daltons) presentes em amostras biolégicas (67, 68).

A analise metabolémica pode ser direcionada a um grupo de pequenos
metabdlitos que serdo quantificados e identificados, ou ser semi-direcionada a uma
classe especifica de metabdlito (aminoacidos, acidos organicos ou acirionitinas), ou
ainda basear-se em uma abordagem nao-alvo, na qual todos os metabdlitos

presentes em uma amostra seréo submetidos a deteccéo e quantificacdo. A escolha
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da abordagem adequada dependerd do objetivo acerca do material bioldgico
disponivel (67, 68).

Uma vez que toda atividade celular da origem a metabdlitos, a
implementagdo desse método em um estudo tem o potencial de auxiliar no
esclarecimento das alteragbes envolvidas nos efeitos toxicos causados por
exposicdo a agentes exdgenos, incluindo aqueles relacionados a mitocéndria (67).
Ha uma série de estudos que utilizaram a anélise metabolémica para avaliar danos
causados por resposta a estresses ambientais ou na identificacdo de potenciais
biomarcadores para compreensao dos mecanismos associados ao desenvolvimento
de doencas. Investigacdo metabolbmica realizada em tecido cerebral de
camundongo modelo para doenca de Alzheimer Familiar mostrou alteragbes em
biomarcadores associados ao metabolismo de nucleotideos, carboidratos,
aminoacidos e de neurotransmissores, aléem de metabolitos associados ao ciclo de
Krebs e transferéncia de energia, confirmando o importante papel da disfuncdo
mitocondrial na patofisiologia da doenca (69). Considerando que os metabdlitos
celulares sdo conservados em varias espécies animais, os achados de pesquisa em
animais de experimentacédo podem ser extrapolados para humanos (67).

Outro estudo que objetivou investigar potenciais vias metabdlicas
envolvidas na progressdo do carcinoma urotelial também mostrou desregulacdo de
marcadores relacionados ao metabolismo de glicose, ciclo de Krebs, lipidios de
membrana, aminoacido e nucleotideos em amostras biolégicas de individuos e
linhagens celulares neoplasicas (70).

Para determinar o potencial nocivo e mecanismos de substancias, € crucial a
realizagcdo de testes utilizando sistemas diferentes do ponto de vista de
complexidade biolégica e de desfechos. Deste modo, os dados obtidos neste estudo
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irdo contribuir com os achados de testes in vivo ja aplicados por nosso grupo de
pesquisa, além de trazer novos dados associados a citotoxicidade e dano
mitocondrial induzido pelo herbicida diuron e seus metabdlitos, permitindo a melhor
compreensao dos processos bioquimicos e celulares chaves envolvidos no seu

mecanismo de acao toxica.
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2. OBJETIVOS
2.1Geral
Este trabalho objetivou estudar os mecanismos de citotoxicidade induzidos
pelo diuron e dois de seus principais metabdlitos em células uroteliais, DCA e

DCPMU, pela avaliagéo dos processos de morte celular e da fungéo mitocondrial.

2.2Especificos

e Caracterizar o potencial citotoxico do diuron e seus metabdlitos em linhagem
de células uroteliais humanas imortalizadas 1T1.

e Investigar os efeitos provocados pela exposi¢cao ao diuron e seus metabdlitos
na mitocondria de células uroteliais isoladas de ratos Wistar utilizando analise

metabolomica.
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Abstract

Diuron, 3- (3,4-dichlorophenyl) -1,1-dimethylurea, is an herbicide used worldwide
and its metabolization in the environment or in mammals gives rise to the toxic metabolites,
3- (3,4-dichlorophenyl) -1-methylurea (DCPMU) and 3,4-dichloroaniline (DCA). Previous
studies indicated that the diuron herbicide induces toxicity in different tissues, especially in
the urinary bladder of Wistar rats, where at high doses it may lead to the development of
tumors. Our research group has established its mode of cytotoxic action (MoA) on the
urinary bladder of Wistar rats, however, the associated intimate events remain unclear. The
present study aimed to investigate the underlying mechanisms involved in the toxicity of
those chemicals, addressing the cell death and relating with the possible role of
mitochondrial dysfunction. For this purpose, human urothelial cells 1T1 were exposed to
diuron, DCA and DCPMU at a six-concentration range of 0.5 to 500 uM. The tested chemicals
induced alterations related to cell death and proliferation, cell cycle instability, oxidative
stress and mitochondrial damage, which were more expressive for the metabolites at higher
concentrations. These data corroborate with our previous study and, collectively, suggest

the mitochondrial dysfunction as an initiator event triggering cellular damage.

Keywords: urothelial toxicity; mitochondrial dysfunction; herbicide exposure; cell culture.
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1. Introduction

Despite policies to encourage the reduction of the pesticides usage, application of
these chemicals, mainly herbicides, is still among the main models of agriculture worldwide,
especially in China, United States and Brazil (Sharma 2019). Diuron (3- (3,4-dichlorophenyl) -
1,1-dimethylurea) is a urea-derived herbicide of moderate organic carbon—water partition
coefficient (logKoc), moderate water solubility and high stability, properties that, together
with soil characteristics and climatic factors, influence its dispersion in the environment
(Gatidou and Thomaidis 2007; Giacomazzi and Cochet 2004). In the United States, 28 ug/L of
diuron was found in surface water, while diuron and DCPMU were found in shallow ground
water at concentrations of 2 and 13 pg/L, respectively. In the same study diuron and DCPMU
was also detected in the soil at concentrations ranging from 0.38-0.9 mg/kg and 0.53-1.2
mg/kg, respectively (Field et al. 2003). Recently, 94 ng L™ of diuron was detected in surface
water in Brazil (Acayaba et al. 2020). Biodegradation and metabolization of diuron in
mammals result in the toxic metabolites, 3- (3,4-dichlorophenyl) -1-methylurea (DCPMU),
3,4 -dichlorophenylurea (DCPU) and 3,4-dichloroaniline (DCA) (APVMA 2011; Giacomazzi and
Cochet 2004). Since excretion in mammals occurs mainly through urine, the urothelial tissue,
which lines the urinary tract from the renal pelvis and ureters to the bladder, is one
important target of the toxicity of this herbicide and/or its metabolites.

Over the past years, our research group has dedicated to the study of the adverse
effects of diuron and has established its mode of cytotoxic action (MoA) on the urinary
bladder of Wistar rats, which involves metabolic activation leading to initial cytotoxicity
followed by cell degeneration, exfoliation and necrosis, continuous regenerative hyperplasia
and possible appearance of tumors after a long-term exposure (Cardoso et al. 2013; da

Rocha et al. 2014; da Rocha et al. 2010; Fava et al. 2015; Ferrucio et al. 2010; |hlaseh-
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catalano et al. 2014; lhlaseh et al. 2011; Nascimento et al. 2006; Rocha et al. 2013; Rocha et
al. 2012). However, the associated subcellular and the initiating events remain unclear.

Many studies have shown that mitochondrion is a target organelle of toxicity for
different xenobiotics, including pesticides (Roubicek and de Souza-Pinto 2017). Study
evaluating the toxicity of diuron in two human cancer cell lines (breast adenocarcinoma:
MCF-7; placental choriocarcinoma: BeWo) showed damage on cell viability and DNA induced
by the herbicide, in addition to a statistically significant increase in the production of
reactive oxygen and nitrogen species (RONs) in both cell lines at 200 uM (Huovinen et al.
2015). In addition, when investigating the effects of diuron on the hepatic energy
metabolism using isolated perfused rat liver, Simdes et al. (2017) observed decrease in the
cellular ATP content leading to inhibition of the gluconeogenesis and ammonia
detoxification, followed by increase in the glycolysis and fructolysis as a compensatory
phenomenon. Such adverse effects are indicative of mitochondrial injury; however, similar
alterations were still unexploited in the evaluation of diuron toxicity on urothelial tissue.
Thereby, the present study was undertaken to elucidate the mechanism of cytotoxicity of
the diuron and its metabolites on urothelial cells, addressing the cell death and relating with
the possible role of mitochondrial dysfunction.
2. Material and Methods

2.1. Chemical exposure

Standard solutions of the herbicide diuron (Sigma-Aldrich Co., St Louis, MO, CAS No.
330-54-1, 298%) and two of its main cytotoxic metabolites for urothelial cells, DCA (Sigma-
Aldrich Co., St Louis, MO, CAS No. 95-76-1, 98%) and DCPMU (Sigma-Aldrich Co., St Louis,
MO, CAS No. 3567-62-2, <100%) were dissolved in 0.05 % DMSO + Tween 20. Solvents were

tested in the 1T1 cells and no toxicity was observed at this concentration. Chemical exposure
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was carried out using a concentration range between 0.5 to 500 uM, which comprises
concentrations found in the environment and used in previous experimental studies,
remaining below the dietary carcinogenic dose for Wistar rats (2,500 part per million - ppm):
500 uM diuron, DCA and DCPMU equals to 116.5 ppm, 81.0 ppm and 109.5 ppm,
respectively (Field et al. 2003; Rocha et al. 2013). These concentrations were used in all
cytotoxicity assays, in addition to the negative (0.05 % DMSO + Tween 20) and positive
controls that include carbonyl cyanide m-chlorophenyl hydrazone (CCCP; Sigma-Aldrich Co.,
St Louis, MO, CAS No. 555-60-2), terc-butyl hydroperoxide (TBOOH; Merckmillipore,
Darmstadt, BRD, CAS No. 75-91-2), cisplatin (Sigma-Aldrich Co., St Louis, MO, CAS No. 15663-
27-1) and starvation medium (Hank’s Balanced Salt Solution supplemented with 10 mM
Hepes, pH 7.4) applied according to the requirement of each assay.
2.2. Cytotoxicity analysis

2.2.1. Cellular culture

Population of 1T1 immortalized urothelial cells derived from a normal human ureter
epithelium was provided by Prof. Dr. Samuel Cohen, University of Nebraska Medical Center,
USA. Cells were grown in Keratinocyte-SFM medium (1x), supplemented with bovine
pituitary extract (minimum 25 mg) and recombinant human EGF (minimum 2.5 ug) (Gibco-
BRL, Grand Island, NY, Cat No. 17005-042), at 37 °C in a 5% CO; atmosphere. After
cultivation, the cells were incubated with diuron or with each of its metabolites for 24 and
48 hours. Experiments were performed in triplicate and repeated three times.

2.2.2. Kinetic study - Cell growth curve

Two different passages of 1T1 cells (1%t and 28™) were chosen for this kinetic analysis.
A total of 10* cells/mL were cultured in 24-well plates and, during seven days, three

replicates/day were trypsinized and the number of cells was determined by counting in the
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Neubauer chamber. From the cell growth curves, it was possible to determine the cell
growth phases, as well as the growth rate (a), duplication time (h) and latency time (h)
(Freshney, 2010; lloki Assanga et al. 2013).

2.2.3. Cellular metabolic capacity - MTT

Approximately 5x10% cells/mL were cultured in 24-well plates. After 24 and 48 hours of
exposure to chemicals, incubation with [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide] (MTT) (Sigma-Aldrich Co., St Louis, MO, CAS No. 298-93-1) was carried out for 3
hours at 37 °C in a 5% CO, atmosphere. The Formazan salt generated from the metabolism
of the dye MTT by the cells was solubilized in DMSO/Glycine solution. The absorbance was
measured at 570 nm, using a spectrophotometer (Synergy™ HTX, BioTek) (Denizot et al.
1986).

2.2.4. Cell proliferation

Cell proliferation was assessed using sulforhodamine B (Sigma-Aldrich Co., St Louis, MO, CAS
No. 3520-42-1), according to Skehan et al. (1990). Approximately 5x10* cells/mL were
incubated in 24-well plates. After incubation, the culture medium was removed and the cells
washed with buffered saline. The adhered cells were fixed with methanol for two hours,
washed and stained with sulforhodamine B 0.5%. The absorbance of the solubilized dye was
measured at 540 nm, using a spectrophotometer (Synergy™ HTX, BioTek).

2.2.5. Cell cycle analysis

Approximately 10° cells/mL were exposed to chemical compounds. After 24 and 48
hours of treatment, the cells were washed with cold PBS, trypsinized, centrifuged and
subsequently incubated on ice and protect from light for 30 minutes with 164 pL of
hypotonic fluorescent solution (HFS) containing sodium citrate 0.1%, triton 0.1% and Pl 5

ug/mL. Cell populations at Sub-GO, GO/G1, S, and G2/M phases were detected in a flow

-47 -



Manuscrito

cytometer (Guava® EasyCyte 8, Merckmillipore) immediately after incubation (de Camargo,
2015).

2.2.6. Live/Dead assay

To simultaneously evaluate cell function based on its cytoplasmic metabolism and cell
viability based on integrity maintenance of the cell membrane. After exposure,
approximately 10° cells/mL were incubated for 30 minutes with phosphate buffered saline
(PBS) containing calcein-AM and ethidium homodimer (Invitrogen, Eugene, OR, Cat. No.
L3224) at final concentration of 1 uM and 4 uM, respectively. Then, the number of viable
cells (stained green by calcein) and non-viable cells (stained red by ethidium) were
determined in a flow cytometer (Guava® EasyCyte 8, Merckmillipore).

2.2.7. Annexin V/PIl assay

After incubating 10° cells/mL with diuron and metabolites, the cells were incubated for
15 minutes, at 37 °C, with 100 pl of solution containing binding buffer (Hepes 100 mmol/L,
NaCl 1.5 mol/L, KCI 50 mmol/L, MgCl; 10 mmol/L, CaCl, 25 mmol/L, pH 7.4) and FITC Annexin
V (BD Pharmingen™, Cat. No. 556419). The samples were kept in ice and, at the moment of
reading, 100 pl of solution containing 5 ug/mL of propidium iodide (Pl) was added in binding
buffer. Exposure of phosphatidyl serine residues on the cell surface and damage to the cell
membrane were detected by fluorescent labeling with annexin V and/or PI, respectively, by
flow cytometry (Guava® EasyCyte 8, Merckmillipore) (Zhivotovsky et al. 1999).

2.2.8. Nuclear abnormalities

Cells (10° cells/mL) were cultured in 24-well plates on sterile coverslips and, after
chemical exposure for 24 and 48 hours, they were fixed using absolute methanol for 2 hours
at -20 °C and stained with Hoechst 33342 (1 uM). Coverslips with the cell monolayer adhered

to their surface were transferred to a glass slide, over a drop of Slowfade® Gold Antifade
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Reagent Slide Mounting Solution (Life Technologies Co., CA, USA, Cat No. S36963). Apoptotic
cells were detected by nuclear morphological changes (nuclei with visible signs of
condensation and fragmentation) with the aid of a fluorescence microscope at 40X
magnification and the number of cells showing nuclear abnormalities was expressed as a
percentage of the total number of cells. Cisplatin (1 mg/mL) was used as a positive control

(adapted from Crowley et al. 2016).

2.2.9. Lysosome accumulation

After exposure of the cells (10° cells/mL) to the test chemicals for 24 and 48 hours,
they were carefully washed with PBS and incubated with 100 nM of LysoTracker Red DND-99
(Molecular Probes, ThermoFhisher Scientific, Cat No. L7528) and 1 uM of Hoechst 33342
(Sigma-Aldrich Co., St Louis, MO, CAS no. 875756-97-1) for 30 minutes under constant
agitation. The fluorescent dye LysoTracker was used in order to monitor the distribution of
lysosomes in cells after exposure to diuron, DCA and DCPMU, since it has an affinity for
acidic organelles, and for marking lysosomes it has been widely used for the evaluation of
the autophagy process (Chikte et al. 2014; Rodriguez-Enriquez et al. 2006). The cells were
then evaluated and photographed with the aid of a fluorescence microscope. As a positive
control for autophagy induction, the nutrient-deficient medium, also known as starvation

medium was used.

2.2.10. LC3B accumulation

Manufacturer protocol of the LC3B Antibody Kit for Autophagy (Molecular Probes,
ThermoFisher Scientific, Cat No. L10382) was adapted for 1T1 cells and performed as
follows: after the period of exposure to the compounds, the culture medium was discarded,

the cells were then washed with PBS and fixed with 3.7% formaldehyde for 15 minutes at
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room temperature and incubated with blocking solution containing BSA 1% (w/v) and Triton
x-100 0.01% (v/v) diluted in PBS for 1 hour under gentle and constant agitation, to
permeabilize the cells and block possible nonspecific binding sites. The cells were then
incubated with anti-LC3 antibody 0.25 pg/mL overnight at 4 °C. The next day, the antibody
was discarded, cells were carefully washed with PBS and incubated with secondary antibody
conjugated with Alexa Fluor® 594 (Molecular Probes, ThermoFisher Scientific, Cat No. A-
21207) at a 1:2000 dilution for 3 hours at room temperature under gentle and constant
agitation. In order to show the cell nuclei and to detect the mitophagy process, 1 uM
Hoechst 33342 and 20 nM MitoTracker (Molecular Probes, ThermoFisher Scientific, Cat No.
M7514) was used, respectively. Cells were photographed under fluorescence microscope
and analyzed using Imagel) software (version 1.53K) by counting the number of puncta
labeling pattern for the LC3 protein/nucleus. Three independent experiments were also
carried out using 50 nM Chloroquine for 16 hours, a classic inhibitor of the autophagy

signaling pathway.

2.2.11. Mitochondrial membrane potential

After exposure to the chemicals, approximately 10° cells/mL were incubated with
tetramethylrhodamine methyl ester (TMRM) (Invitrogen, Eugene, OR, Cat No. T668) 6.6
umol/L, at 37 °C for 30 minutes. The samples were centrifuged and the pellet resuspended in
200 uL of PBS solution. The fluorescence of TMRM captured and retained by viable
mitochondria was determined by flow cytometry (Guava® EasyCyte 8, Merckmillipore).

In addition, the same marker was also evaluated by fluorescence microscopy. For this,
10° cells/mL were plated on sterile coverslips, exposed to chemical compounds, and

incubated with TMRM under the same conditions mentioned above. Then, the coverslips
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were removed from each culture well and placed in an inverted position so that the cells are
positioned between the coverslip and the slide (Imberti et al. 1993).

2.2.12. Accumulation of Reactive Oxygen and Nitrogen Species (RONS)

Formation and accumulation of RONS were measured by incubating 10 cells/mL in PBS
solution containing 5 uM of 5-(6)-chloromethyl-2',7'-dichlorodihy-drofluorescein diacetate,
acetyl ester (CM-H;DCFDA) (Invitrogen, Eugene, OR, Cat No. C6827) for 30 minutes at 37 °C;
the fluorescence was analyzed in spectrophotometer (Synergy™ HTX, BioTek) at 503 and 528
nm for excitation and emission, respectively (Lebel et al. 1992). Fluorescence values were
normalized by the amount of cellular protein obtained for each corresponding well, using
Bradford reagent (Sigma-Aldrich Co., St Louis, MO, Cat No. B6916).

3. Statistical analysis

The results of the cytotoxicity tests with 1T1 cells were evaluated by Analysis of
Variance (ANOVA), followed by the Dunnett’s post-hoc test to compare the different groups
treated in relation to their respective negative controls using the GraphPrism program (San
Diego, USA, version 8.0.2 for Windows).

4. Results
4.1. Cytotoxicity assays

4.1.1. Kinetic study - Cell growth curve

The 1T1 cells appeared in increasing numbers as the experiment lasted longer (Figure
1A). From the analysis of cell growth curves, it was possible to identify the latency and
exponential phases (Figure 1B). When the experiment was carried out using cells at first-
passage, the latency phase ended on the 2" cultivation day, from which the exponential
phase began. When twenty eighth-passage was used, the cell growth rate showed stability
from the first to the second day of culture and later recovery. Thus, the increase in the
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growth rate was considered as a second exponential phase. Although the plateau and
decline phases are not represented on the curves, it can be said that these events started on
the 8™ day, since the cells had already reached 100% confluence on the last evaluation day
(7t day).

In addition, it was possible to determine some parameters such as growth rate (a),
doubling time (h) and latency time (h). It has been estimated that first-passage 1T1 cells take
33.4 hours to adapt (latency time) and, since then, have shown a growth rate of 0.20, taking
about 35.6 hours to duplicate. For the twenty eight-passage, was estimated a latency time of
20.9 hours. Those cells presented a growth rate of 0.34 and 0.19, taking about 21.2 and 36.2

hours to duplicate in the exponential phase | and Il, respectively (Figure 1C).

4.1.2. MTT reduction rate

A propensity to increase the MTT reduction rate was observed at the lowest
concentration (0.5 puM) and intermediate concentrations up to 10 uM after 24 hours of
exposure, consolidated at 48 hours. However, at the higher concentrations (100 uM and 500
KUM) a significant decrease in this rate was found for all chemicals (diuron, DCA and DCPMU)
compared to the negative control; with 24 hours of exposure, the decrease was 48.6% and
38.6% - 81.2% respectively for DCA 500 uM and DCPMU 100 puM - 500 uM, while after 48
hours this decrease at higher concentrations was more expressive (25.9% - 37.43% for
diuron 100 pM - 500 puM; 57,8% - 78.6% for DCA 100 puM - 500 uM and 95.2% for DCPMU
500 uM) (Figure 2).

4.1.3. Cell proliferation

Increased cell proliferation was observed for all chemicals. For diuron, significant
increases were observed at 24 and 48 hours in the lowest (0.5 uM) and intermediate
concentrations up to 10 uM, but a significant decrease in 500 uM 24 hours. When cells were
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exposed for 24h and 48h to DCA, they showed significant increases in proliferation from 0.5
to 10 uM. The DCPMU metabolite also induced an increase in cell proliferation in both

exposure times, at concentrations of 0.5 - 10 uM (Figure 3 and 4).

4.1.4. Cell cycle alterations

As there were changes in cell content at concentrations in which there was no
indication of cell death, the influence of chemical compounds on the functioning of the cell
cycle was evaluated. For this purpose, propidium iodide was used as a marker, which has the
ability to intercalate with the DNA molecule and emit fluorescence.

After 24 hours, a statistically significant decrease in the number of cells in the S phase
of the cell cycle was observed in diuron and DCA 500 uM. After 48 hours, the number of cells
in the S phase also decreased significantly from 0.5 up to 10 uM, and at 500 uM in DCPMU;
DCA showed a significant decrease in 0.5 and 1 uM in the same phase. Additionally, an
increase in the number of cells in the Sub-GO phase was seen in diuron at 10 uM, as well as
in DCA at 5 uM. Decrease in the G1/G0 phase was only observed in diuron 10 uM (Figure 5A

and B).

4.1.5. Live/Dead

Progressive increase in non-viable cells was observed for all chemicals and at both
exposure times. Exposure to DCA and DCPMU showed a significant increase in the
percentage of non-viable cells followed by reduction in viable cells at highest concentration

(500 uM), especially in DCPMU at 48 hours (Figure 6).

4.1.6. Annexin V/PI

After 24 and 48 hours, most of the cells were in the process of late apoptosis (or
necrosis) (Pl+/An+) being this result more remarkable for the metabolites at higher

concentrations tested. For DCA at both times of exposure, most of the cells were not viable
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(P1+/An-) at 500 uM. Significative increase in late apoptosis was seen for DCPMU 48 horas at
intermediate concentrations (5 and 10 uM) (Figure 7).

4.1.7. Nuclear abnormalities

In order to confirm the results indicative of activation of the apoptotic pathway
observed with Annexin V/PI, an assay was carried out to assess the induction of nuclear
condensation and fragmentation in 1T1 cells. It was possible to see that diuron and DCA
presented statistically significant results at the tested concentrations of 0.5 to 500 uM after
24 hours of exposure, while for DCPMU the same occurred only at higher concentrations.
After 48 hours, the chemical compounds showed more pronounced significant results at 100
and 500 uM. Fluorescence microscopy micrographs show an increase in the number of cells

with condensation and nuclear fragmentation at these concentrations (Figures 8 and 9).

4.1.8. Autophagy - Accumulation of lysosomes and LC3B

Based on previous data, which demonstrate cytotoxicity resulting from exposure to
diuron and metabolites, we decided to verify the presence of autophagy after exposure of
1T1 cells to the compounds. Under conditions in which the autophagic process is activated,
the labeling of lysosomes with the LysoTracker Red DND-99 probe appears clustered or
dotted. As can be seen in Figures 10 and 11, there was no significant increase in LysoTracker
labeling, except at the lowest concentrations for diuron and DCPMU within 24 hours.

We also verified the autophagy by the LC3B protein labeling profile using
fluorescence microscopy. Our results showed a significant increase in LC3B accumulation at
the highest concentrations only for DCA (Figures 12 and 13A and B). The MitoTracker
accumulation could be seen in green in the cytoplasm of some cells. As autophagy is highly
dynamic, Chloroquine, an inhibitor of the autophagic process, was added to the culture

medium for 16 hours in three independent experiments to assess whether the LC3B labeling
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pattern would be altered if the autophagic process was inhibited before the end of the 24-
hour and 48-hour incubation. Pre-incubation with Chloroquine induced a clear increase in
protein accumulation in all compounds and both exposure times, being significant mainly at
48 hours in higher concentrations (100 and 500 uM) for DCA and DCPMU (Figures 12 e 13C
and D). As can be seen in the micrographs, MitoTracker accumulation was more evident and
occurred concomitant with the accumulation of LC3B, generating a yellowish color in the

overlapping images.

4.1.9. Mitochondrial membrane potential

All chemicals - parental and metabolites - were able to alter the mitochondrial
membrane potential (AWm), in both exposure times. There was a tendency to decrease the
AWm at all concentrations, being that metabolites induced significant reduction at 100 and
500 uM after 24 and 48 hours. At 48 hours, concentrations of diuron from 10 uM up to 500

UM also significantly reduced the mitochondrial membrane potential (Figures 14 and 15).

4.1.10. RONS production by 1T1 cells

RONS production was observed in diuron, DCA and DCPMU after both times of
exposure — 24 and 48 hours. Significative alterations occurred specially in diuron exposure
and was dose-response (Figure 16).

5. Discussion and Conclusions

Although diuron, DCA and DCPMU are easily eliminated by the organism considering
its octanol-water partition coefficient (logKow) 2.68, 2.90 and 2.94, respectively, the time
length that chemicals are stored in the bladder before excretion can lead to direct and
sufficient impact to induce damage on urothelial cells. In order to elucidate the events
involved in the diuron and metabolites cytotoxicity on the human 1T1 urothelial cells, assays

were performed addressing different endpoints. First, is important to note that the kinetic
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study of the cell growth curves showed that 1T1 cells follow the growth pattern of
monolayer cultures (lloki Assanga et al. 2013). This type of analysis is crucial to understand
the cellular behavior and support discussion of results, besides assisting in the planning of
experiments. There were variations between the two cell passages used regarding the
analyzed parameters, and the fact that there are two growth peaks when the older passage
was used suggests cell death followed by an adaptation of the cell culture to the
environment. Considering the results, it is suggested that for carrying out experiments with
1T1 cells, an intermediate passage to those shown is adequate. Furthermore, it
demonstrates that the exposure time of 24 and 48 hours are sufficient to cover a complete
life cycle of 1T1 cells exposed to the compound.

For all chemicals and at both exposure times, an increase in the ability to reduce MTT
dye was observed at the lowest concentration (0.5 uM) and at intermediate concentrations
up to 10 uM, while at the highest concentrations (100 and 500 uM) this rate was lower when
compared to the negative control. Likewise, there was an increase in cell proliferation for all
chemicals and at both exposure times. As the duplication time for 1T1 cells is 21.9 hours
(Figure 1), it can be affirmed that the increased reduction rate of MTT observed in diuron
and its metabolites is due to the greater number of cells converting the dye into formazan
crystals. These results corroborate with the findings of our previous study with male Wistar
rats exposed to 2,500 ppm of diuron in the diet: there was a dose-dependent increase, after
15 weeks of exposure, of hyperplasia and the urothelial cell proliferation index (Rocha et al.
2010). It is well-known that cell proliferation can be initiated as a form of compensatory
mechanism, referred to as apoptosis-induced proliferation (AiP). This process is triggered
particularly by the effector enzymes caspase-3 and -7, critical mediators of mitochondrial

events of apoptosis, which induce activation of signaling cascades and growth factors and,
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consequently, stimulate the mitotic division of neighboring cells. Mitogen activation includes
signaling supported by extracellular ROS production and ROS-mediated recruitment of
immune cells (Fogarty and Bergmann 2017; Lakhani et al. 2006). This caspase-driven AiP
mechanism appears to occur in cells exposed to the lower up to intermediate concentrations
in the present study, but fails when the cells are exposed to higher concentrations.

Deregulation of the cell proliferation is associated with alterations in the cell cycle
(Gérard and Goldbeter 2014). Rocha et al. (2013) reported cytotoxicity induced by DCA and
DCPMU in MYP3 rat urothelial cell line and human 1T1 cells, being that both metabolites
were associated with changes in oxidative stress genes, metabolism of amino acids and
lipids, inflammation, besides genes involved in the cell cycle and DNA replication and repair.
Herein, we observed significant decrease in the number of cells was mainly seen in the S
phase at 24 and 48 hours, being that after 48 hours of exposure, we also observed
alterations in the number of cells in sub-G0 and G1/G0 phases. This reduction in S-phase can
be attributed to the checkpoint role of G1 and G2 phases along the cell cycle, which prevents
damaged cells to replicate (S phase) or divide (M phase) (Barnum and O’Connell 2014; Yan Li
et al. 2015). In addition, increase of cell population with fragmented genetic material (Sub-
GO phase) suggests apoptosis (Zak et al. 2010). Together, these findings reflect cell cycle
instability after exposure to diuron and metabolites.

From the live/dead and annexin V/PI assays it was possible to observe that cell death
occurs at different levels after exposure to the chemical compounds, with a more marked
increase in the rate of cells in late apoptosis, especially for the diuron metabolites at higher
concentrations. Such induction of apoptosis was confirmed by the increase in nuclear
condensation and fragmentation at these concentrations. In an experimental Swiss mouse

model of urinary bladder carcinogenesis, exposure to 1,250 or 2,500 ppm of dietary diuron
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was found to increase the urothelial hyperplasia but did not alter the apoptotic index (de
Moura et al. 2010). In turn, male Wistar rats exposed to 2,500 ppm of diuron presented in
the microarray analysis significant increase in differentially expressed genes related to
different biological functions, including to cell death (lhlaseh-catalano et al. 2014).

In addition to apoptosis, exposure to contaminants in many cases is also related to
the induction of the autophagy process. (Orrenius et al. 2013). Autophagy is a cellular
process that sometimes protects the cell from cell death, but in other cases is considered to
induce cell death. (Vinod et al. 2014). In the present study, we demonstrated for the first
time in the literature that the tested compounds act as autophagic modulators in 1T1 cells,
possibly in an attempt to protect the cell from diuron and metabolites toxicity. However,
when autophagy fails in its role of cellular recycling after chemical stress, cells undergo
apoptosis. Furthermore, the results suggest that the autophagic process is activated in the
mitochondria (mitophagy) as co-localization of labels with MitoTracker and LC3B was
observed. Such alteration in the homeostasis of this organelle is commonly related to
dissipation of mitochondrial membrane potential and RONS accumulation, which in turn may
be precursors of apoptotic events via the mitochondrial pathway (Pereira et al. 2012).

It is currently well established that RONS overproduction generates oxidative stress,
a harmful condition to the cell. On the other hand, low levels of RONS can also activate
various signaling pathways to stimulate cell proliferation and survival (Roubicek and de
Souza-Pinto 2017). In a previous study, alterations were identified in genes related to
oxidative stress after exposure to diuron and metabolites (Rocha et al. 2013) and, likewise,
significant production of RONS was found in this study for the same compounds when
compared to the negative control. Although oxidative stress is known to cause mitochondrial

impairment, it may have arisen as a consequence of damage to this organelle in urothelial
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cells. Wistar rats exposed to 2,500 ppm of diuron presented urothelial changes on scanning
electron microscopy (SEM) that consisted of urothelial protruding cells into the bladder
lumen, being called swollen cells (Rocha et al. 2012). This morphological scenario can be
generated by mitochondrial dysfunction (Pereira et al. 2012; Rose et al. 2017). In the present
study, a decrease in the mitochondrial membrane potential (AWm) was observed, mainly at
the metabolites higher concentrations. The AWm is generated by proton pumps (H+) across
the inner mitochondrial membrane which is harnessed to make ATP. Long-lasting drop or
rise of AWm normal levels may induce unwanted loss of cell viability and be a cause of
various adverse effects (Zorova et al. 2018). Instabilities of AWm have been associated to the
oscillations of the mitochondrial permeability transition (MPT). In this context,
mitochondrion can release or accumulate unwanted substances, including cations. Ca%* is a
well-recognized regulator of mitochondrial respiration and intermediary metabolism.
However, Ca®* and also K* play a critical role in mitochondrial swelling since influx or efflux of
these ions enhances osmotic pressure favoring the high-water accumulation in the matrix,
which will impair mitochondrial integrity leading to cell death (Javadov et al. 2018).

The presented results corroborate the hypothesis that hepatic metabolism of diuron
in mammals generates compounds with greater potential for cytotoxicity and that cellular
changes can be triggered by mitochondrial dysfunction, as described in the most recent
mechanistic framework proposed by our research group (Souza et al. 2020). On 1T1
urothelial cells, it can be seen that the metabolites DCA and DCPMU induce cell death and
mitochondrial damage mainly at high concentrations, but some toxic effects could also be
observed at the low and intermediate concentrations used here. In summary, this difference
in the toxic action profile between concentrations is valuable in understanding the behavior

of the evaluated compounds in different exposure scenarios. In addition, understanding the
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mechanisms involved in the toxicity of those products is important for the establishment of
treatment and prevention strategies, in addition to aid in the regulatory aspects of this
herbicide.
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Figure 13.
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Figure 15.
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Figure 16.
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Figure captions

Figure 1. Kinetic study of the cell growth. (A) Images of 1T1 cells at first (A - G) and
twenty eighth-passage (H — N) captured under optical microscope (100x magnification)
during 7 days. (B) Growth curve of 1T1 cells represented by the log of the number of
cells counted from 1t to 7t" day of cultivation. (C) Parameters obtained from the

growth curve of 1T1 cells in monolayer.

Figure 2. MTT reduction rate (%). Exposure to chemicals up to 24h or 48h. Negative
Control: DMSO/Tween 20; Positive Control: Carbonyl cyanide m-chlorophenyl
hydrazone (CCCP). One-way ANOVA followed by Dunnett’s test. Data are expressed as

Mean * SEM. *Significant difference when p <0.05.

Figure 3. Cell proliferation (%). Exposure to chemicals up to 24h or 48h. Negative
Control: DMSO/Tween 20; Positive Control: TBOOH - Terc-butyl hydroperoxide. One-
way ANOVA followed by Dunnett's test. Data are expressed as Mean * SEM.

*Significant difference when p <0.05.

Figure 4. Micrographs in 100X magnification showing the proliferation of the 1T1 cells
after exposure to the chemicals for 24 (A) and 48 (B) hours. The images are

representative of three independent experiments. 50 um scale bar.

Figure 5. Cell cycle; % of cells in each phase. Exposure to chemicals up to (A) 24h or (B)
48h. Negative Control: DMSO/Tween 20; Positive Control: Cisplatin 500 pg/mL. Two-
way ANOVA followed by Dunnett's test. Data are expressed as Mean = SEM.

*Difference considered significant when p<0.05.
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Figure 6. Percentage (%) of live and dead cells. Exposure to chemicals up to 24h or 48h.
Negative Control: DMSO/Tween 20; Positive Control: TBOOH - Terc-butyl
hydroperoxide. One-way ANOVA followed by Dunnett’s test. Data are expressed as
Mean * SEM. @Difference between control and calcein assumed when p <0.05,

bdifference between control and ethidium assumed when p <0.05.

Figure 7. Percentage (%) of positive cells for Annexin V/PI. Exposure to chemicals up to
24h or 48h. Negative Control: DMSO/Tween 20; Positive Control: Cisplatin 250 pg/mL.
Two-way ANOVA followed by Dunnett’s test. Data are expressed as Mean * SEM.

*Significant difference assumed when p <0.05.

Figure 8. Percentage (%) of cells positive for nuclear condensation and fragmentation.
Exposure to chemical products for up to 24h or 48h. Negative Control: DMSO/Tween
20; Positive Control: Cisplatin 1 mg/mL. One-way ANOVA followed by Dunnett's test.

Data are expressed as Mean = SEM (p <0.05).

Figure 9. Micrographs for nuclear condensation and fragmentation of 1T1 cells
incubated after exposure to the chemicals for 24 (A) and 48 (B) hours and stained with

Hoechst 33342. 400X magnification; 100 um.

Figure 10. Monitoring of the location of lysosomes in the cytosol of 1T1 cells using the
LysoTracker probe. Negative Control: DMSO/Tween 20; Positive Control: Starvation.
One-way ANOVA followed by Dunnett's test. Data are expressed as Mean = SEM (p <

0.05).

Figure 11. Micrographs at 1000X magnification showing the accumulation of the
LysoTracker probe in a clustered/dotted pattern after exposure to the chemicals for 24

(A) and 48 (B) hours. Nuclei are stained with Hoechst 33342.
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Figure 12. Effect of diuron and metabolites on protein conversion from LC3 to LC3B in
1T1 cells exposed for 24 and 48 hours. Negative Control: DMSO/Tween 20; Positive
Control: Starvation medium. One-way ANOVA followed by Dunnett's test. Data are

expressed as Mean + SEM (p < 0.05).

Figure 13. Micrographs showing cell nuclei labeled in blue, the LC3B protein in red, and
the MitoTracker probe in green. Co-location of the MitoTracker probe and LC3B is
shown with yellowish placement. Figures A and B: without addition of Chloroquine.
Figures C and D: with addition of 50 nM Chloroquine for 16 hours. 400X magnification;

100 pum.

Figure 14. Mitochondrial membrane potential (AWm). Exposure to chemicals up to 24h
or 48h. Negative Control: DMSO/Tween 20; Positive Control: Carbonyl cyanide m-
chlorophenyl hydrazone (CCCP). One-way ANOVA followed by Dunnett’s test. Data are

expressed as Mean + SEM. *Significant difference when p <0.05.

Figure 15. Micrographs in 400X magnification showing the accumulation of the TMRM
probe in 1T1 cells intact mitochondria after exposure to the chemicals for 24 (A) and
48 (B) hours. The images are representative of three independent experiments. 100

pum scale bar.

Figure 16. Production of RONS (%). Exposure to chemicals up to 24h or 48h. Negative
Control: DMSO/Tween 20; Positive Control: TBOOH - Terc-butyl hydroperoxide. One-
way ANOVA followed by Dunnett's test. Data are expressed as Mean = SEM.

*Difference considered significant when p <0.05.
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Abstract

Diuron, 3- (3,4-dichlorophenyl)-1,1-dimethylurea, is a worldwide used herbicide whose
biotransformation gives rise to the metabolites, 3-(3,4-dichlorophenyl)-1-methylurea
(DCPMU) and 3,4-dichloroaniline (DCA). Previous studies indicate that diuron and/or its
metabolites are toxic to the bladder urothelium of the Wistar rats where, under certain
conditions of exposure, they may induce successively urothelial cell degeneration, necrosis,
hyperplasia and eventually tumors. The hypothesis was raised that the molecular initiating
event (MIE) of this Adverse Outcome Pathway (AOP) is the mitochondrial toxicity of those
compounds. Therefore, this study aimed to investigate in vitro the metabolic alterations
resulting from urothelial mitochondria isolated from male Wistar rats exposure to diuron,
DCPMU and DCA at 10 and 100 pM. A non-targeted metabolomic analysis using mass
spectrometry showed discriminative clustering among groups and alterations in the intensity
abundance of membrane-associated molecules phosphatidylcholine (PC), phosphatidylinositol
(P) and phosphatidylserine (PS), in addition to methylhexanoyl-CoA and, particularly for
diuron 100 pM, dehydro-L-gulonate, all of them involved in critical mitochondrial
metabolism. Collectively, these data indicate the mitochondrial dysfunction as a MIE that

triggers cellular damage and death observed in previous studies.

Keywords: Herbicide; DCA; DCPMU; mitochondrial dysfunction; diuron toxicity.
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Introduction

Numerous studies used metabolomics to assess damage caused by environmental
stresses or to identify potential biomarkers to understand the mechanisms of disease
development (Houten et al. 2016; Walker et al. 2016; Surowiec et al. 2019). Metabolomics is
one of the most recent additions to the "-omics" family, characterized as a high-throughput
analytical method for measuring and comparing a large number of low molecular mass (up to
1500 Daltons) metabolites (metabolome) present in biological samples (Braga and Adamec
2019; Wishart 2019). Since the metabolome is at the endpoint of all cellular activity, the
implementation of its analysis may contribute to clarify subcellular alterations involved in the
toxic effects caused by xenobiotics, including environmental contaminants such as pesticides
(Braga and Adamec 2019; Wishart 2019). Considering that most of cellular metabolites are
conserved in several animal species, research findings in experimental animals can be
extrapolated to humans (Wishart 2019), in order to elucidate the mode of action (MoA) and
mechanisms of action of toxic chemicals.

Diuron, 3-(3,4-dichlorophenyl) 1,1-dimethylurea, is a worldwide used herbicide
whose biodegradation in the environment or metabolization in mammals results in the
metabolites 3- (3,4-dichlorophenyl)-1-methylurea (DCPMU), 3,4 -dichlorophenylurea
(DCPU) and 3,4-dichloroaniline (DCA) (Giacomazzi and Cochet 2004; APVMA 2011). Since
in mammals the excretion of these compounds occurs mainly through urine, the urothelial
tissue which lines the urinary tract from the renal pelvis and ureters to the bladder, is one of
the most affected by their potential toxicity. Previous studies with diuron demonstrated that its
MoA on the urinary bladder of Wistar rats involves chemical metabolic activation leading to
initial cytotoxicity followed by cell degeneration, exfoliation and necrosis, continuous
regenerative hyperplasia and eventual tumors after a long-term exposure (Nascimento et al.

2006; da Rocha et al. 2010; Ferrucio et al. 2010; lhlaseh et al. 2011; da Rocha et al. 2012;
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Cardoso et al. 2013; da Rocha et al. 2013; da Rocha et al. 2014; Ihlaseh et al. 2014; Fava et al.
2015). Recently, the hypothesis was put forward that this sequence of successive events
induced by diuron and/or its metabolites could comprise an Adverse Outcome Pathway
(AOP) in which the mitochondrial toxic damage represents the initiating molecular event
(MIE) (Souza et al. 2020).

Recently, metabolomics has been increasingly applied in the mitochondrial-related
disease research and diagnosis (Esterhuizen et al. 2017). However, up to date, there are no
studies available in the literature addressing mitochondrial metabolomic changes of urothelial
cells resulting from exposure to the herbicide diuron and/or its metabolites, as proposed here.
Bearing this in mind, the present study aimed to investigate the effects of urothelial
mitochondria exposure to diuron and two of its main toxic metabolites, DCPMU and DCA
using a non-targeted metabolomics approach. The present results may contribute to
understand the findings of in vivo and in vitro studies already developed by our research
group (Nascimento et al. 2006; da Rocha et al. 2010; Ferrucio et al. 2010; Ihlaseh et al. 2011,
da Rocha et al. 2012; Cardoso et al. 2013; da Rocha et al. 2013; da Rocha et al. 2014; lhlaseh
et al. 2014; Fava et al. 2015) through a better comprehension of key biochemical and cellular

events involved in the urothelial toxicity of those compounds.

Material and Methods

Experimental animals

Four-weeks old male Wistar rats (n=3) obtained from the Multidisciplinary Center of
Biological Investigations (CEMIB UNICAMP, Campinas, SP, Brazil) were kept under
controlled conditions at the bioterium of the Department of Pathology, Botucatu Medical

School (UNESP, SP, Brazil) such as temperature at 21 + 3°C, relative humidity at 50 + 20%,
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four cycles of daily air exhaustion, and a 12/12-hour light/dark period with basal food and
water provided ad libitum. The animals were sacrificed by decapitation when they weighed
approximately 180g. The present study was approved by the local Committee for Ethics in

Animal Experimentation (Protocol No. 1253/2017).

Mitochondrial isolation

After euthanasia, the bladder was immediately removed and inflated with 0.9% NacCl
solution. With the aid of a glass microcapillary, the bladder was inverted to expose the
urothelial epithelium. The urothelial cells were gently removed by scraping and immersed in
approximately 5 mL of 0.9% NaCl solution (Cohen et al. 2007). Shortly afterwards, the
bladder mitochondria were isolated by differential centrifugation. First, the suspension was
centrifuged at 770 g, 4 °C, for 5 minutes; then, the resulting supernatant was centrifuged at
9800 g, 4 °C, for 10 minutes and, finally, the pellet was centrifuged at 4500 g, 4 °C, for 15
minutes. The sediment containing the fraction rich in mitochondria was carefully
resuspended with 1 mL of 0.9% NaCl solution and mitochondrial proteins were determined

by the biuret reaction (Pedersen et al. 1978).

Chemical exposure assay

In order to evaluate the metabolic alterations triggered in isolated urothelial
mitochondria exposed to diuron or its metabolites (Diuron CAS no. 330-54-1; DCA CAS no.
95-76-1; DCPMU CAS no. 3567-62-2, Sigma-Aldrich Co., St Louis, MO), we selected 10
UM and 100 uM concentrations based on previous cytotoxicity results of our research group
(da Rocha et al. 2013). The compounds were dissolved in 0.05 % DMSO + Tween 20, which
was also used as negative control (NC); 2 uM carbonyl cyanide m-chlorophenyl hydrazone

(CCCP; Sigma-Aldrich Co., St Louis, MO, CAS no. 555-60-2) was used as positive control.
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Mitochondrial samples (1 pg/mL) were then exposed in vitro to each of the chemical
compounds during 30 minutes at room temperature and stored in a freezer at -80 °C until the

moment of mass spectrometry analysis.

Mass spectrometry analysis

To assess the metabolic profile, three analytical replicates of each sample condition
were prepared. Briefly, 40-uL aliquots of each sample were added to a plastic conical tube
containing 200 pL of tetrahydrofuran and vortexed for 30 seconds at room temperature. After
agitation, the content was diluted with methanol (1000 pL g.S.), homogenized and centrifuged
at 1228 g for 5 minutes at 4 °C for protein precipitation. Subsequently, 100 puL of each
supernatant was diluted to 500 pL with methanol. After preparation, the samples were
positively ionized with 0.1% formic acid and direct infused in a ESI-LTQ-XL Discovery mass
spectrometer (Thermo Scientific, Bremen, Germany). Fifteen acquisitions were made for each
replicate in the mass range of 50-1400 m/z using the positive ion mode and 50 scans per
acquisitions. Instrument parameters were defined as follow: flow rate of 10 uL.mL™?, capillary
temperature at 275°C, spray voltage of 5 kV, and sheath gas at 5 arbitrary units. All spectra
were analyzed and visualized using the XCalibur software (v. 2.4, Thermo Scientific, San
Jose, Ca). This protocol was carried out at Innovare Biomarkers Laboratory, School of
Pharmaceutical Sciences, University of Campinas (UNICAMP), Campinas, SP, Brazil (Melo

et al. 2017).

Statistical analysis and markers annotation

The acquired mass spectra data were into binary datasets for the comparison of
exposed samples (CCCP, diuron 10, diuron 100, DCPMU 10, DCPMU 100, DCA 10 e DCA
100) individually with negative controls (NC). Each dataset was filtered with interquartile
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range, normalized with quantile normalization and auto-scaled before supervised multivariate
analysis using Partial Least Squares Discriminant Analysis (PLS-DA) for sample clustering

provided by MetaboAnalyst (www.metaboanalyst.ca) (Chong et al. 2018). From PLS-DA

analysis, discriminant m/z were selected considering a Variable Importance in Projection
score (VIP score) over 1.5. The annotation of biomarkers was initially performed based on the
comparison between theoretical and experimental masses by consulting the online database
METLIN (Scripps Center for Metabolomics, La Jolla, CA, USA). Then, the chemical
structure of the selected biomarkers was elucidated according to the ion fragmentation profile
through in tandem mass spectrometry (MS/MS), and their comparison with theoretical mass
fragmentation using the Mass Frontier software (v. 6.0, Thermo Scientific, San Jose, CA). A
heat map with Euclidean distance measure and Ward clustering method was used to illustrate
markers distribution among samples. Significance of the markers were evaluated through t-
test (significant with p- value < 0.05 FDR-adjusted) and groups separation using Principal

Component Analysis (PCA).

Results

In the PLS-DA analysis, separation was found between the selected groups of isolated
mitochondria exposed to negative control (0.05% DMSO + Tween 20) and those exposed to
each one of the chemical compounds (Figure 1). This difference was also seen when
comparing the negative control with the positive CCCP control, a well-known mitochondrial
uncoupler. Interestingly, a clustering of the data generated by the positive control and diuron
together was observed when compared to the negative control, suggesting that both
chemicals, diuron and CCCP, may be able to alter similar biochemical routes, by modifying

the abundance of common metabolites (Figure 1A).
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[Figure 1 near here]

Based on VIP score values greater than 1.5, m/z features that metabolically
discriminated the experimental groups were selected. Some identified molecules are crucial
components of biological membranes - phosphatidylcholine (PC), phosphatidylinositol (PI)
and phosphatidylserine (PS) -, in addition to methylhexanoyl-CoA and dehydro-L-gulonate,
molecules directly or indirectly linked to mitochondrial metabolism. A heat map analysis of
each group averages provided the abundance distribution of such relevant markers (Figure 2).
The consistency of enhanced levels of the 4 common markers with CCCP reinforces their
correlation with mitochondrial impairment. In general, markers’ intensities are dose
dependent; however, dehydro-L-gulonate is only enhanced due to diuron 100 UM exposure.
Structural characteristics of annotated molecules are described in Table 1. The metabolites
successfully discriminated negative controls from exposed conditions as demonstrated by
validation approaches using PCA (see Supplementary File Figure S1), and their significances

displayed in Table S1 (Supplementary File).

[Figure 2 near here]

[Table 1 near here]
Discussion and Conclusion

Since mitochondria play a crucial role in different biological processes within the cell,
including energy generation, regulation of apoptosis and redox balance, the integrity of this
organelle is imperative to ensure an adequate cellular response to chemical aggression (Meyer
et al. 2018; Dreier et al. 2019; Pascual 2021). Impairment of mitochondrial structure and
function can be caused by xenobiotics through direct or indirect interaction with

mitochondrial proteins, lipids, and ribonucleic acids, which can trigger other cellular
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damages (Roubicek and de Souza-Pinto 2017; Burgos-Aceves et al. 2018).

In the present metabolomics analysis of isolated urothelial mitochondria exposed to
diuron and its metabolites, the intensities of the molecules PC, Pl and PS were increased
compared to the negative control. These phospholipids are abundant in the eukaryotic
membranes that compose the physical and functional barrier between cells and the
surrounding environment, acting as signaling mediators and providing the permeability
required for the mitochondrial biochemical processes, such as the cellular respiration (Ball et
al. 2018). In the mitochondria, PS serves as substrate to produce phosphatidylethanolamine
(PE) through decarboxylation by PS decarboxylase (PSD) (Figure 3). In turn, PE methylation
leads to production of PC (Van der Veen et al. 2017), i.e., increases in PC levels occurs at the
expense of PE levels. Mitochondrial abnormally high or low PE/PC molar ratio can affect
energy metabolism and impact other cellular activities, since PC is involved in the
maintenance of the membrane fluidity and release of cytochrome c into the cytosol, while PE
has been proposed to participate in different biological functions, such as in autophagosome
synthesis during the autophagic process (Mejia and Hatch 2016; Van der Veen et al. 2017). In
fact, plasma concentration of fragmented PC was elevated in Wistar rats following induction
of oxidative stress by vitamin E deficiency and high oxygen concentration (Frey et al. 2000).
In addition, increased PC/lysophosphatidylcholine (LPC) ratios were found in plasma lipid
extracts of individuals with Parkinson's disease, condition with pathophysiology known to be
associated with mitochondrial dysfunction (Vukajlovi¢ et al. 2020). Conversely, inhibition of
the PSD gene (~85%) in Chinese Hamster Ovary (CHO) cells was associated to decreased PE,
which severely impaired cell survival, growth, respiratory capacity, mitochondrial
ultrastructure and ATP production (Tasseva et al. 2013; Mejia and Hatch 2016). Experimental
evidences suggest that increased levels of some membrane phospholipids prevent cells from

demanding microenvironmental conditions and may be considered as a tumor biomarker
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(Szlasa et al. 2020). Phosphatidylinositol accumulation generally occurs when Pl specific
phospholipase C (PI PLC) remains inactive or mutated (Szlasa et al. 2020). Study using C6
glioma cell line demonstrated an association between increased phosphatidylinositol 3-kinase
signaling with increased invasiveness and matrix metalloproteinases activity in malignant
gliomas (Kubiatowski et al. 2001). Mitochondrial DNA mutations play an important role in
glioblastoma pathogenesis, favoring abnormal energy and reactive oxygen species production
and resistance to apoptosis and to chemotherapeutic agents (Barros et al. 2021). On the other
hand, depletion or masking of PI, specifically the PI(4, 5)P2, was also related with
mitochondrial fragmentation and possible autophagy activation in mouse fibroblasts (NIH
3T3), human breast cancer cells (MCF-7) and liver hepatocellular carcinoma cells (HepG2)
(Rosivatz and Woscholski 2011). These observations demonstrated that phospholipid
homeostasis is essential for maintaining optimal physical and biochemical properties of
membranes that in turn support cell functioning and survival. Mitochondria perform lipid
biosynthesis, but that activity also depends on phospholipid trafficking from the endoplasmic
reticulum and the Golgi apparatus (Mejia and Hatch 2016).

Other significantly relevant metabolic marker found was the methylhexanoyl-CoA, a
medium-chain acyl-CoA participating in the synthesis and oxidation of fatty acids. -
oxidation of the 2-methylhexanoyl-CoA originates acetyl-CoA, an important coenzyme
oxidizing pyruvate in the citric acid cycle that takes place in the mitochondrial matrix
(HMDB 2009) (Figure 3). Alterations in these coenzymes affect the synthesis of substrates
required for the subsequent steps of cellular respiration. In that sense, bioenergetic analysis of
hepatic mitochondria exposed to diuron showed reduction in the ATP content, characteristic
phenomenon of oxidative phosphorylation impairment (Simdes et al. 2017). Other studies
evaluating the toxicity of diuron found adverse effects indicative of mitochondrial injury; a

significant increase in the production of RONS was observed in two human cancer cell lines
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(breast adenocarcinoma: MCF-7; placental choriocarcinoma: BeWo) at 200 uM (Huovinen et
al. 2015), and a decrease in the cellular ATP content was seen using isolated perfused rat liver
as experimental model (Simdes et al. 2017). Increased RONS production and accumulation
possibly reflect the inability of the antioxidants to deal with these reactive species, which is in
accordance with the alteration herein found in the molecule related to the synthesis of
ascorbic acid, an important antioxidant. In the present study, dehydro-L-gulonate was
considered a differential marker only in the comparison between negative control and diuron,
especially in diuron 100 uM. Via uronic acid cycle, conversion of L-gulonate and NAD* into
dehydro-L-gulonate and NADH is catalyzed by the oxidoreductase enzyme L-gulonate 3-
dehydrogenase. This cycle is an alternative pathway for glucose metabolism and plays
essential role in the biosynthesis of ascorbic acid and glucuronic acid, and is also linked to the
pentose phosphate cycle, another alternative pathway to glycolysis, since has pentoses as a
bioproduct (Horecker 1976; Agrawala et al. 2018). Due the ability of ascorbic acid to donate
electrons, it acts as a reactive oxygen species scavenger and aid to reduce higher oxidation
states (Smirnoff 2018). It should be emphasized that some groups of animals, among which
humans are included, have lost the ability to synthesize ascorbic acid during their evolution
due toloss of function mutationsin the gene for L-gulono-1,4-lactone oxidase (GLO)
(Smirnoff 2018). Interestingly, the gene for human glutathione reductase is located at the
same chromosomal sub-band than the GLO gene, which could explain its non-functionality
(Nishikimi et al. 1994). Considering our findings, the hypothesis can be raised that alterations
in the uronic acid pathway only occur in organisms exposed to high concentrations of
pesticides, such as diuron. Furthermore, it has been demonstrated that conjugation with
glucuronic acid is a major pathway in the biotransformation and elimination of xenobiotics
and, therefore, an increase in dehydro-L-gulonate may indicate an attempt to improve

detoxification (de Groot et al. 2007).
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[Figure 3 near here]

[Figure 4 near here]

In summary, alterations herein observed may contribute to support the mechanistic
framework recently proposed by our research group (Souza et al. 2020), which indicates
mitochondrial dysfunction as the MIE of the AOP launched by diuron and its metabolites in
the urothelium, leading to the urothelial cell damage observed in previous studies. Our results
reinforce the importance of broader studies using metabolomics and to the best our
knowledge, this is the first reported metabolomic experimental assessment of the effects of

diuron on the urothelial mitochondria.
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Table 1. Proposed metabolites from urothelial mitochondria exposed to diuron or its metabolites elected by PLS-DA VIP scores.

Molecule MID? Adduct Experimental m/z Molecular formula MSMSP
PC 46:7 60196 [M+Na]* 939 Cs4HoaNOgP 447, 924, 865, 515
PS P-38:6 78832 [M+H]* 792 CasH74aNOgP 592, 724, 676, 674
Pl 34:1 61168 [M+Na]* 859 C43Hs1013P 773, 595, 507, 567, 623
Methylhexanoyl-CoA 62405 [M+H]* 880 C2sHagN7017P3S 806, 680, 679, 834
Dehydro-L-gulonate 58394 [M+K]* 233 CeH1007 71,172, 200, 151

Isomers with the same m/z and similar fragmentation profile are not distinguished. 2METLIN ID; In tandem mass spectrometry;

PC-phosphatidylcholine; PI-phosphatidylinositol; PS-phosphatidylserine.
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Figure 2.
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Figure 3.
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Figure 4.

1 = 0 /
O = ®
Removal of the urinary

bladdler, inversion and
scraping to obtain
urothelial cells.

\mlwﬂ

¢

Exposure of

mitochondria to the
chemical compounds in

vitro.

| Diuron|| DCA ||DCPMU| _T

Performing differential
centrifugation to
isolate mitochondria.

Phosphatidylcholine

Phosphatidylinositol

()

Metabolomic analysis
led to identification of

important metabolites.

Phosphatidylserine

2-methylhexanoyl-CoA

3-dehydro-L-gulonate

-112 -



Manuscrito

Figure captions

Figure 1. Partial Least Square-Discriminant Analysis (PLS-DA) score plot showing separation
between negative control (NC) and chemical exposed groups in A- CCCP-Diuron, B-Diuron_10,
C- Diuron_100, D- DCA _10, E- DCA 100, F- DCPMU_10 and G-DCPMU_100 clustering with

data on positive ion mode.

Figure 2. Heatmap demonstrating the frequency averages of the markers per group. In general,
chemically exposed groups have an increased abundance of annotated metabolites when
compared to the negative control (NC). PC-phosphatidylcholine; Pl-phosphatidylinositol; PS-

phosphatidylserine

Figure 3. Detected molecules using metabolomic analysis and their relationship with
mitochondria. PC-phosphatidylcholine; Pl-phosphatidylinositol; PS-phosphatidylserine; PS

decarboxylase-PSD. Created with BioRender.com.

Figure 4. Graphical abstract showing the main steps involved in the metabolomic analysis and

the five important metabolites detected. Created with BioRender.com.

NumWords: 4507
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Figure S1. Principal Component Analysis (PCA) score plot validation with the selected markers
showing separation between negative control (NC; green) and chemical exposed groups in A-
CCCP-Diuron, B-Diuron_10, C- Diuron_100, D- DCA 10, E- DCA 100, F- DCPMU_10 and
G-DCPMU_100.
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Table S2. Significance of markers’ intensities variation (Fold change - FC) between comparisons of each chemical exposed groups to negative
controls (NC) were tested with t-test using FDR adjusted p-value.

FC (p-value)
Molecule
CCCP-Diuron/ NC | Diuron_10/ NC | Diuron_100/ NC | DCA 10/ NC | DCA 100/ NC | DCPMU_10/NC | DCPMU_ 100/ NC
PC 46:7 582.94 (< 0.01) 6.05 (< 0.01) 6.80 (< 0.01) 5.79 (< 0.01) 5.94 (< 0.01) 20.171 (< 0.01) 31.029 (< 0.01)
PS P-38:6 509.29 (< 0.01) 6.84 (< 0.01) 6.39 (< 0.01) 6.05 (< 0.01) 6.10 (< 0.01) 9.01(<0.01) 4.20 (< 0.01)
Pl 34:1 496.06 (< 0.01) 6.68 (<0.01) 8.63 (< 0.01) 4.54 (<0.01) 6.19 (< 0.01) 21.78 (< 0.01) 24.09 (< 0.01)
Methylhexanoyl-CoA 370.35 (< 0.01) 4.55 (< 0.01) 10.92 (< 0.01) 6.04 (< 0.01) 6.18 (< 0.01) 25.93 (< 0.01) 33.49 (< 0.01)
Dehydro-L-gulonate 0.4928 (< 0.01) 0.92 (0.14) 2.24 (<0.01) 0.87 (0.02) 0.92 (0.16) 0.72 (< 0.01) 0.75 (< 0.01)

PC-phosphatidylcholine; PI-phosphatidylinositol; PS-phosphatidylserine.
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Conclusao

Nossos resultados permitiram caracterizar os danos induzidos pela
exposicdo a diferentes concentracdes entre 0,5 e 500 pumol/L do diuron e seus
metabdlitos em células uroteliais humanas 1T1, sendo os efeitos mais expressivos
observados para os metabdlitos e nas concentracdes mais altas. Ainda,
considerando os achados em mitocondrias uroteliais isoladas de ratos Wistar,
sugere-se a disfuncdo mitocondrial como evento inicial no desencadeamento de
eventos envolvidos na citotoxicidade dos compostos testados. Este estudo
investigou endpoints diversos decorrentes da exposi¢cao in vitro aos compostos
guimicos e fornece subsidios para a realizacdo de ensaios adicionais, incluindo a
avaliacdo da ativacdo de caspases com 0 objetivo de esclarecer o envolvimento
da apoptose nesse mecanismo de acdo toxica. A compreensdao global do
mecanismo de acdo subjacente € crucial para estabelecer estratégias de
prevencao e terapéutica aos efeitos nocivos em cenarios de intoxicacdo, além de

auxiliar na tomada de decisao regulatoria.
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Introduction

Numerous sudies wed metabolomics to ases damage
caused by environmental stresses or to identify potential bio-
markers to understand the mechanisms of disease develop-
ment (Houten et al. 2018; Walker ot al 2006; Surowiec ot al
2019). Matabolomics s ane of the most recent additions to
the “-amics’ family, characterized 25 a high-throwghput ana-
Iytical method for messwring and comparning a large numbser
aof low moleculsr mass (up o 1500 Dahons) metabolites
(metabolome] present in biclogical samples (Braga and
Adames 2019; Wishart 2015). Since the metabolome is at the
endpoint of all cellular activity, the implementation of its
analysis may contribute to danfy subcellular alterations
imvohed in the toxic effects caused by xenobiotics, including
emvironmental contaminants such as pesticides (Braga and
Adames 201%; Wishart 2018). Considering that most of cellu-
lar metabolites are comserved im several animal species,
research findings in experimental animals can be extrapo-
lated to humans (Wishart 2013), in arder to ducidate the
mode of action (Mod)l and mechanisms of action of
toaie chemicals.

Diwron, 343 4-dichlorophenyd]  1,1-dimethydurea, s a
worldwide wed herbicide whose biodegradation in the

environment of metabolization in mammals results in the
metabolites  3-[3 4-dichlorop heny()-1-methylurea  (DOPMLUL
3 A-dichlorophenylurea [DCFU) and 3 A-dichloroani line [DCA)
(Giacomarzi and Codvet 2004; APVMA 2011) Since in mam-
mals the excretion of thete compounds ocours mainky
through wrine, the wrothelial tissuse which lines the urinary
tract from the renal pelvis and ureters to the bladder, s one
of the most affected by their potential toxicty. Previows
studies with divron demonstrated that its MoA an the wrin-
ary bladder of Wistar rats involves chemical metabolic activa-
tion leading to initial cotoxicity followed by cell
degeneration, exfoliation and mecrosis, continuows negenera-
tive hyperplasia and eventual twmors after 3 long-tesm
exposure (Mascimento e al 2008 da Rocha e al 2000;
Ferrucio et al 2010; Ihlaseh-Catalano et al 2011; da Rocha
et &l 20012; Cardoso et al 2013; da Rocha et al 2013; da
Rocha e al. 2004; Ihlaseh-Catalane ot al. 2004; Fava at al
2015). Recently, the hypothesis was put forsard that this
sequence of sucoesive events induced by divron andlor its
metabolites could comprise an Adverss Outcome Pathway
(AOF) in which the mitochondrial toxic damage represents
the initiating molecular event (MIE) [Souza = al 2020).
Recently, metabolomics has been increasingly applied in
the mitochondrialrelsted disease research and disgnosis
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