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RESUMO

O herbicida triclopir (acido 3,5,6-tricloro-2-piridiniloxiacético) é considerado um
problema ambiental devido as concentragcdes encontradas no ambiente decorrentes
do descarte incorreto, lixiviacdo e dispersdo aérea, podendo representar risco para
0 ambiente e para a salde humana. Estudos avaliaram o metabolismo, a absorcéo,
a excrecao e o transporte ativo do triclopir, mas ndo ha informacdes claras sobre seu
modo de acdo (MoA) e sua potencial acdo citotdxica permanece desconhecida.
Nesse contexto, as mitocondrias tém sido utilizadas para avaliar a toxicidade de
xenobidticos por serem organelas complexas e altamente reguladas, essenciais para
a manutencdo de diversos processos bioldgicos como homeostase celular e
metabdlica. Interacbes de substancias toxicas podem resultar em disfuncdo
mitocondrial e consequentemente citotoxicidade. Com o intuito de identificar o
mecanismo tdxico do triclopir foram utilizadas mitocondrias isoladas de figado de
ratos Wistar machos, jovens, expostas in vitro a concentra¢fes entre 0,5 a 500
pumol/L. A formacdo de espécies reativas de oxigénio e nitrogénio (ERONS), estado
redox de nucleotideos de piridina, dissipacdo de potencial de membrana,
lipoperoxidacdo de membrana, niveis mitocondriais de grupos sulfidril de
membrana, glutationa reduzida (GSH) e glutationa oxidada (GSSG), producdo de
ATP, movimentacdo de calcio, inchamento e a respiracdo mitocondrial foram
avaliadas e comparadas entre os grupos por analise de variancia (ANOVA) seguida
do teste de Dunnett, demostrando que o triclopir altera a bioenergética mitocondrial
sem afetar o estado redox e a estrutura mitocondrial. Os resultados sugerem que o
triclopir atua como um desacoplador da fosforilacdo oxidativa, sendo classificado

como mitotoxicante induzindo disfun¢do mitocondrial.



ABSTRACT

The herbicide triclopyr (3,5,6-trichloro-2-pyridinyloxyacetic acid) is considered an
environmental problem due to environmental damage caused by incorrect disposal,
leaching and aerial dispersion, which may represent a risk to the environment and
health human. Studies have assessed the metabolism, absorption, excretion and
active transport of triclopyr, but there is no clear information about its mode of
action (MoA) and it is potential for cytotoxic action remains unknown. In this
context, mitochondria have been used to assess the toxicity of xenobiotics because
it is a complex and highly regulated organelle, essential for the maintenance of
several biological processes such as cell and metabolic homeostasis. Interactions of
potentially toxic substances can result in mitochondrial dysfunction and
consequently cytotoxicity. In order to identify the toxic mechanism of triclopyr,
liver mitochondria from young Wistar rats were exposed in vitro to different
concentrations of triclopyr, between 0.5 to 500 uM. The formation of reactive
oxygen and nitrogen species (RONS), redox state of pyridine nucleotides,
membrane potential dissipation, membrane lipid peroxidation, mitochondrial levels
of membrane sulfhydryl groups, reduced glutathione (GSH) and oxidized
glutathione (GSSG), ATP production, calcium movement, swelling and
mitochondrial respiration were evaluated and compared between groups by analysis
of variance (ANOVA) followed by Dunnett's test, demonstrating that triclopyr alters
mitochondrial bioenergetics without affecting redox state and mitochondrial
structure . The results suggest that triclopyr acts as an uncoupler of oxidative
phosphorylation, being classified as a mitotoxicant inducing mitochondrial

dysfunction.
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Capitulo 1 - REVISAO DA LITERATURA
1. INTRODUCAO

Os praguicidas representam um grupo de substancias quimicas, incluindo
algumas de origem bioldgica, heterogéneas, que visam aumentar a produtividade e
qualidade dos alimentos (WEISS et al., 2004).

Séo classificados a partir da praga que irdo combater (fungicidas, herbicidas,
entre outros) ou também, de acordo com a estrutura quimica das substancias ativas
(organoclorados, organofosforados, piretroides, etc.), e a partir dos efeitos a salde
humana e ao ambiente (poluentes organicos persistentes ou contaminantes
ambientais emergentes) (KINOSHITA et al., 2007; SANCHES et al., 2003;
ZACHARIA, 2011).

A utilizagdo de praguicidas no Brasil cresceu a partir dos anos 1990, juntamente
aos demais paises do Mercado Comum do Sul (Mercosul) contribuindo para o pro-
cesso de modernizacdo agricola, inserindo o pais no que se convencionou chamar
de Revolucdo Verde. A utilizacdo de praguicidas em maior escala proporcionou ga-
nhos relacionados a produtividade, juntamente com o uso de fertilizantes, maquina-
rios e praticas modernas de gestdo agricola (DELGADO, 2005; SILVA e COSTA,
2012; VIEIRA e GAQUES, 2016).

Os praguicidas podem causar efeitos adversos em humanos ou em outras
espécies nao-alvo. Por este motivo, o risco decorrente a exposi¢do precisa ser
devidamente caracterizado. Vale lembrar que ndo sdo apenas os trabalhadores rurais
que estdo expostos aos praguicidas, mas sim a populacdo em geral através de
residuos, ingestdo de 4gua e/ou alimentos contaminados, descarte incorreto ou até
mesmo durante a manufatura dos produtos (WEISS et al.,, 2004; FERRER e
CABRAL, 1991; IARC, 1991).

Muitos praguicidas, podem ser classificados como contaminantes de
preocupacao emergentes, estando relacionados a contaminantes ndo legislados, ndo
havendo monitoramento de rotina sobre as reais concentracfes ambientais e que
podem causar efeitos para o ambiente e satde humana (DEBLONDE et al., 2011,
NASCIMENTO et al., 2015). S&o encontrados em solo, fontes de abastecimento de



agua, aguas subterraneas, agua potavel, entre outros (GIL et al., 2012; KOERICH
et al., 2021). Esses aspectos devem ser melhor caracterizados e estudados para

maior seguranga no consumo dessas substancias (SILVA e ALVES, 2007).

1.1. Triclopir

O herbicida triclopir (&cido 3,5,6-tricloro-2-piridiniloxiacético, C7H4CIsNQOs) é
um acido monocarboxilico substituido por grupos de cloro nas posicdes 3,5 e 6 da
molécula, é um éter aromatico, uma cloropiridina e um acido monocarboxilico (PU-
BCHEM, 2022). E um &cido acético substituido com peso molecular (PM) de 256,5
g/mol com faixa de ponto de fusdo de 148 °C a 150 °C, estavel em condi¢bes nor-
mais de armazenamento (AHRENS, 1994). Possui um valor pKa de 2,98, sendo
considerado um &cido forte (WOLT, 1998), Kow de 2,64 em pH 5 e 0,36 em pH 7,
sendo facilmente diluido em 4gua e Koc médio (RODRIGUES e ALMEIDA, 2005),
semelhante aos de outros &cidos ariloxiacéticos (CESSNA e GROVER, 1978). E
geralmente formulado como solucdo aquosa de sal trietilamina (triclopyr TEA) ou
isopropilamina (triclopyr IPA), ou éster 2-butoxietilico soluvel em dleo (triclopyr
BEE) (CESSNA et al., 2002).

O
c_N_ oM
a OH
NS
Cl Cl
Figura 1: Estrutura quimica do acido 3,5,6-tricloro-2-piridiniloxiacético
(Triclopir).

Sua funcdo como herbicida sistémico do grupo de piridinas € controlar plantas
daninhas em pastagens e culturas com absor¢do foliar e radicular. O triclopir é
classificado dentro do grupo de mimetizadores do horménio auxina (HOLMES et
al., 1994) e seu mecanismo de a¢do no combate as erva-daninhas envolve o
metabolismo de &cidos nucleicos e a plasticidade da parede celular. Ha relatos que

0 composto também possa causar acidificagdo da parede celular por meio do
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estimulo da atividade da bomba de prétons ATPase, ligada a membrana celular. Por
outro lado, em concentrages altas, este herbicida inibe a divisdo e o crescimento
celular (AHRENS, 1994). Em adic&o, por ser um herbicida acido, dependendo das
caracteristicas do solo, apresenta grande indice de lixiviagdo ap0s a precipitacdo da
aplicacdo (D’ANTONINO et al., 2009).

A degradacdo do triclopir no solo é considerada de rapida a moderada, com meia
vida em torno de 20 a 45 dias, porém, pode demorar até 300 dias para degradar,
dependendo do tipo de solo e das condicbes climaticas. Em solos com pH mais
baixo o seu grau de adsorcdo & mais elevado e a mobilidade ¢ menor. Sua
degradacdo ocorre mais rapidamente em condi¢cdes de umidade e temperatura
elevadas, neste caso, 0 metabolismo microbiano pode ser o principal meio de
degradacdo (NEWTON et al., 1990; RODRIGUES e ALMEIDA, 1998).

A partir da degradacdo do triclopir pode haver a formag&do de dois metabdlitos,
0 3,5,6-tricloro-2-piridinol (TCP), que é seu principal produto de degradagédo no
solo sob condi¢bes aerdbicas e, presente em pequenas quantidades, o 3,5,6-tricloro-
2-metoxi-piridina (TMP) (CESSNA et al., 2002), que pode provavelmente ser for-
mado a partir da metilagdo de TCP por fungos, ou degradacédo por descarboxilagdo
da porcéo acetato (BIDLACK et al., 1977). Nos seres humanos a formacéo hepatica
dos metabolitos TCP e TMP é minima, e a excregdo ocorre mais de 90% na forma
de molécula parental (TIMCHALK et al., 1988).

A classificagdo do triclopir (Tabela 1), segundo o Sistema Globalmente Harmo-
nizado de Classificacdo e Rotulagem de Produtos Quimicos (GHS), demonstra que

este causa toxicidade variada a partir do tipo de exposi¢do (ECHA, 2021).

Tabela 1: Classificacdo do triclopir no Sistema Globalmente Harmonizado de
Classificagdo e Rotulagem de Produtos Quimicos (GHS) (ECHA, 2021).

Tipo de exposicao Categoria GHS Classificacéo
Oral categoria 4 Toxicidade aguda.
Dérmica Sensibilizacdo da pele, alergia.
Ocular Lesdes oculares graves.




Repetida/prolongada Toxicidade crénica.

Seres Aquaticos Muito téxico, perigo agudo.

Com o0 uso rotineiro e crescente, o triclopir é considerado um problema
ambiental devido as concentracGes encontradas em aguas superficiais (0,0004
pmol/L — 20 umol/L), estuérios (8 umol/L), lencdis freaticos (0,023 — 2,3 nmol/L)
e sedimentos (0,015 — 540 nmol/L) decorrente do seu descarte incorreto, lixiviagdo
e dispersdo aérea (CESSNA et al., 2002; RODRIGUES et al., 2019).

No Brasil, o uso do triclopir € regulado pela ANVISA e é restrito as culturas de
arroz, milho, soja, trigo e eucalipto. No entanto, sua utilizacdo ganha destaque pela
ampla utilizacdo em pastagens, cuja aplicacdo também é permitida (ANVISA,
2020), sendo uns dos mais utilizados no pais juntamente com os herbicidas 2,4-D,
Glifosato, entre outros (EMBRAPA, 2020). Este tipo de contaminacdo pode
representar grave risco a salde humana e para o ambiente, principalmente na Europa
e América do Sul, assim como no Brasil, onde o triclopir € muito utilizado
(GUILHERME et al., 2015; RICHARDSON et al., 2016).

1.2. Estudos experimentais com triclopir

Ap0s o contato com o triclopir a substancia € distribuida no organismo em maior
quantidade nos rins, seguida pelo figado e tecido adiposo, evidenciado em estudos
com ratos, cdes e macacos (NORTOX, 2020).

Embora o rim seja o principal 6rgao-alvo de toxicidade para o triclopir em todas
as especies de mamiferos (EFSA, 2005; USEPA, 2019), o acido triclopir e suas
outras formulagdes comerciais como Togar, Arremate, Triclon, Picloram e Triclopir
Butilico possuem capacidade de alterar o funcionamento hepatico. Para o &cido,
degeneracdo de hepatdcitos e inchacgo centrolobular sdo evidenciados em ratos ma-
chos e fémeas a partir de 120 mg/kg/dia e degeneracao dos tabulos proximais dos
rins a partir de 20 mg/kg/dia para ambos os sexos (UPL, 2015; ADAMA, 2021).

A absorc¢do do triclopir e seus metabdlitos foi determinada in vivo em ratos,

cachorros e humanos vonluntérios por meio da anélise na urina e, em alguns estudos



em amostras fecais e de tecido, apds administracGes orais, intravenosas ou dérmicas
(FINCO e COOPER, 1995; GRIFFIN, 1979). Outro estudo também avaliou a ab-
sor¢éo oral do triclopir em voluntarios humanos e uma média de 83% a 84% de uma
dose administrada de 0,1 ou 0,5 mg/kg/p.c foi recuperada como triclopir parental
em até 96 horas apos a dosagem, sem dependéncia da dose nas taxas de eliminacao
(CARMICHAEL et al., 1988a, 1988b).

Também foi estudado em ensaios in vitro utilizando células do tabulo proximal
renal para avaliar o transporte ativo do triclopir confirmando que o triclopir é bem
absorvido em todas as espécies de mamiferos, havendo reabsor¢do mais evidente
nos cdes, possivelmente causada atraves de transportadores de anions organicos
(BARTELS et al., 2020).

A formacdo hepética de metabdlitos de triclopir foi avaliada em microsso-
mas de figado de ratos Fischer (vesiculas do reticulo endoplasmatico liso) e de do-
adores humanos. Os resultados demonstraram viabilidade da atividade microssomal
baseada em enzimas do citocromo (CYP) e nenhum metabdlito mensuravel do tri-
clopir foi encontrado nas incubag¢des com microssomas de ratos e de doadores hu-
manos, coincidente com estudos prévios realizados in vivo que resultaram em pouco
ou nenhum metabolismo do triclopir em mamiferos (BARTELS et al., 2020).

Estudos sobre o metabolismo e excre¢éo do triclopir também foram realizados
em humanos e animais demonstrando baixa taxa de absorcéo e rapida eliminacéo
em mamiferos (TIMCHALK et al., 1997; CARMICHAEL et al., 1989). A via uri-
néria é a principal responsavel pela eliminagao do produto em até 95,7% e a maior
parte do triclopir foi eliminada de forma rapida do plasma, com meia vida de 3
horas. A menor parte avaliada, excretou em velocidade menor, demorando até 151
horas devido a reabsor¢ao. Além disso, mais de 90% foi excretado como acido tri-
clopir original e pouco como seu metabdlito tricloropiridinol (TCP) (TIMCHALK
et al., 1988).

Pouco se sabe sobre o mecanismo de toxicidade do triclopir em humanos
(GUILHERME et al., 2015; ZHANG et al., 2016), porém, este herbicida apresenta
toxicidade em organismos aquaticos com CL50 de 117 mg/kg e 148 mg/kg em truta



arco-iris e peixe-lua, respectivamente (WSSA, 1983), desencadeando desregulacéo
hormonal perturbando os niveis de horménios tiroxina (T4) e hormdnio estimulante
datireoide (TSH). Em ratos a toxicidade é considerada moderada (HOTCHKISS et
al., 1992; ZHANG et al., 2016) com DL50 oral de 630 — 729 mg/kg (GUILHERME
etal., 2015).

Entre os danos induzidos pela sua exposi¢do podemos citar neurotoxicidade pela
diminuicdo significativa do conteudo de RNA total e diminuicdo de viabilidade
celular em células primarias neuronais C57BL/6 (neuroblastoma) de camundongos
em concentracdo de 3 mMol/L de triclopir (REDDY et al., 2011). Além disso, foi
evidenciada genotoxicidade em peixes Anguilla anguilla, provocada por dano
oxidativo no DNA, tanto pela formulacdo comercial Garlon® quanto pelo principio
ativo triclopir (67,6 —270,5 pug/L e 30 - 120 ug/L, respectivamente) (GUILHERME
etal., 2015).

Foi notado também provavel enfraquecimento muscular de embriGes de
zebrafish apds exposicdo ao herbicida triclopir (39-50 umol/L), implicando no
retardo da eclosdo dos ovos (WARKENTIN, 2007; SAMAEE et al.,, 2015;
ANDRADE, 2021).

1.3. Importancia da mitocondria

As mitocondrias sdo organelas presentes em quase todas células eucarioticas.
sendo formadas por estruturas complexas, com duas membranas altamente especi-
alizadas, uma externa e outra interna, além do espaco intermembranas, que reveste
0 espaco interno denominado matriz mitocondrial onde estdo presentes 0 DNA mi-
tocondrial (MtDNA), os ribossomos mitocondriais, 0s RNAS, varias enzimas como
piruvato desidrogenase, enzimas constituintes do ciclo do acido citrico, carbamoil-
fosfato-sintetase, ornitinatranscarbamoilase, catalase, superoxido dismutase, gluta-
tiona peroxidase, glutationa redutase, entre outras, além de proteinas e lipidios
(ALBERTS et al., 2004).

Essa organela tém funcdes essenciais nas células, produzindo energia através da

formacdo da adenosina trifosfato (ATP), obtida pelo ciclo do acido citrico e



fosforilagédo oxidativa que ocorrem na matriz mitocondrial e na membrana
mitocondrial interna, respectivamente (FRIEDMAN e NUNNARI, 2014; NI et al.,
2015; ROUBICEK e SOUZA-PINTO, 2017), desempenhando importantes
atividades no organismo, contribuindo com a genética a partir do mtDNA, atuando
na homeostase celular e regulando processos de morte. A atividade das
mitocdndrias é fundamental para manter as funcbes celulares normais (ZHU,
WANG e CHU, 2013).

A integridade mitocondrial é essencial para o perfeito funcionamento na
bioenergética celular. O transporte de ions e moléculas nas membranas € seletivo,
o0s poros naturalmente fechados por complexos proteicos regulam a permeabilidade
e a interrupc¢éo da integridade da membrana €, como consequéncia, um ponto sem
retorno na morte celular (BOELSTERLI, 2002; YOULE e STRASSER, 2008;
KUNZELMANN, 2016; BROZ et al., 2020).

Alguns xenobi6ticos apresentam capacidade de induzir sua abertura e aumentar
a permeabilidade (NICHOLLS e FERGUSON, 1982; BOELSTERLI, 2002)
colapsando o potencial eletroquimico da membrana, afetando a fosforilagio
oxidativa e a diferenga de osmolaridade entre a matriz mitocondrial e o citosol
possibilitando o influxo de 4gua e consequente inchamento da organela
(BOELSTERLI, 2002; PEREIRA et al., 2012).

Os xenobidticos que induzem citotoxicidade possuem mecanismos distintos que
podem interferir na integridade das membranas, no metabolismo mitocondrial e/ou
celular, na degradacgéo ou liberagdo de componentes celulares, na divisdo celular,
entre outros, causando muitas vezes dissipacdo do potencial de membrana,
formacdo e acumulo de espécies reativas de oxigénio e nitrogénio (ERONS),
alteragdes na producdo de ATP, inchamento e outros disturbios mitocondriais
(SEIBERT, 1996).

Por este motivo, essa organela, complexa e altamente regulada, atua como
biossensor para avaliacdo toxicoldgica pois a avaliagdo dos mecanismos de danos
mitocondriais pode descrever os processos que explicam como 0s xenobioticos

induzem seus efeitos toxicos nos sistemas biologicos (BOELSTERLI, 2002; LI et



al., 2012; PEREIRA et al., 2012) pelo fato de que a interacdo de substancias
potencialmente toxicas em diversos pontos do sistema mitocondrial pode resultar
em disfuncdo mitocondrial e consequente citotoxicidade (PEREIRA et al., 2012;
PEREIRA et al., 2013).

Elucidando os mecanismos de toxicidade de um xenobidtico é possivel avaliar
0s riscos a saude humana, permitindo que a toxicidade dessa substancia seja prevista
e prevenida (BOELSTERLI, 2002).

2. JUSTIFICATIVA

Embora o triclopir tenha a meia vida considerada moderada, devido a sua alta
utilizacdo este herbicida é encontrado no ambiente, podendo ser potencialmente
toxico para o solo, agua e animais (CESSNA et al., 2002; RODRIGUES et al.,
2019), porém, a legislacdo brasileira ndo prevé o monitoramento desse herbicida
nos compartimentos ambientais do pais. No entanto, seu uso consideravel na
agricultura associado aos seus efeitos nocivos mostram a necessidade do
desenvolvimento de pesquisas que melhor elucidem os mecanismos de sua
toxicidade.

Este projeto buscou avaliar os efeitos do triclopir sobre mitocondrias isoladas
do figado de ratos Wistar, uma vez que a distribuicdo neste 6rgdo é descrita na
literatura, na tentativa de identificar processos bioquimicos envolvidos no
mecanismo de citotoxicidade desse composto acompanhando a tendéncia mundial
pela busca de métodos alternativos para a caracterizagcdo do perigo de compostos
quimicos, em sintonia com os conceitos dos 3R’s. Desta forma, preconizando a
reducdo no numero de animais utilizados e o refino, diminuindo o sofrimento

durante a vida do animal.



3. OBJETIVOS
3.1 Geral
Este projeto visou estudar os mecanismos de danos mitocondriais induzidos
pelo triclopir em mitocdndrias hepéticas isoladas de ratos Wistar com exposicéo

in vitro.

3.2 Especificos

e Avaliar os efeitos da exposicdo do triclopir sobre a bioenergética
mitocondrial isoladas de células hepaticas de ratos Wistar.

e Avaliar os efeitos da exposi¢do do triclopir sobre a estrutura mitocondrial
de células hepéticas de ratos Wistar.

e Avaliar os efeitos da exposicdo do triclopir sobre o estado redox
mitocondrial de células hepaticas de ratos Wistar.
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Capitulo 2 - MANUSCRITO

De modo a atender as normas do Programa de P6s-Graduagdo em Patologia, o Capitulo 11 desta dissertacéo é
composto por artigo cientifico a ser publicado na revista Journal of environmental science and health.

Triclopyr induces damage in liver mitochondria
RI1ZZl1,J. S.%; PEREIRA, L. C.2?

1S40 Paulo State University (Unesp), Medical School, Botucatu; “Center for
Evaluation of Environmental Impact on Human Health (TOXICAM), Botucatu,
S&o Paulo, Brazil; 3540 Paulo State University (Unesp), School of Agriculture,
Botucatu.

1. INTRODUCTION

Triclopyr herbicide (3,5,6-trichloro-2-pyridinyloxyacetic acid) is classified as a
herbicide of the auxin hormone mimicking group (Holmes et al., 1994; Cessna et
al., 2002). As a systemic herbicide of the pyridine group of herbicides, triclopyr
controls weeds with foliar and root absorption in pastures and agricultural crops
(Ahrens, 1994; Senseman, 2007). As it is an acid herbicide, depending on the cha-
racteristics of the soil, it has a high rate of leaching after the precipitation of the
application (D'Antonino et al., 2009).

Although triclopyr has a moderate half-life, due to its high use, this molecule is
found in the environment and can be potentially toxic to soil, water and animals
(Cessna et al., 2002; Rodrigues et al., 2019).

Toxic compounds, including emerging contaminants of concern, can induce
cytotoxicity by different cellular and subcellular mechanisms (Mishra and Chan,
2014). Mitochondria are organelles responsible for several cellular functions, con-
sidered as sources of cellular strength due to their irreplaceable importance in me-
tabolism. They are present in almost all eukaryotic cells and have been used as a
tool to clarify mechanisms of toxicity of different types of xenobiotics (Alberts et
al., 1997; Protti et al., 2007; Li et al., 2012).

In order for mitochondria to perform their functions, it is necessary that they
maintain their integrity in terms of their functioning and morphology (Pereira et al.,
2013; Pereira et al., 2012). Xenobiotics can interfere with the balance between

energy generation and use, causing cellular damage. Different xenobiotics induce
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poor mitochondrial performance, decreasing energy production, generating and ac-
cumulating oxidative stress due to the presence of Reactive Oxygen and Nitrogen
Species (RONS), opening mitochondrial permeability transition pores (PTPM),
causing swelling and possibly cell death (Lipskaya, 2001; Navarro and Boveris,
2007; Ferreira et al., 2008; Pereira et al., 2012; Pereira et al., 2013).

In this context, and in order to elucidate the mechanisms of damage induced by
triclopyr, mitochondria isolated from the liver of healthy and young male Wistar
rats were used, since the liver is a central organ of biotransformation of exogenous

and endogenous substances, rich in mitochondria (Knasmuller et al., 1998).

2. MATERIAL AND METHODS

This work was carried out at campus of the S&o Paulo State University (Unesp)
“Jalio de Mesquita Filho”, in Botucatu, SP - Brazil, at the TOXICAM laboratory.
Standard solutions of triclopyr herbicide (3,5,6-trichloro-2-pyridinyloxyacetic acid,
C7H4CI3NOs), Sigma, CAS: 55335-06-3, purity > 99% was solubilized in dimethyl
sulfoxide (DMSO). The doses used were between 0.5 to 500 uM on a logarithmic
scale.

2.1. Experimental animals

Male and young Wistar rats were used (Ethical Commission on the Use of Ani-
mals - CEUA n° 1356/2020, Annex 1), weighing around 180 g, acquired from the
Multidisciplinary Center for Biological Research (CEMIB) of Unicamp, Campinas,
SP - Brazil. The animals were kept under controlled conditions in the vivarium of
the Department of Pathology, Faculdade de Botucatu School of Medicine, with
constant temperature (21+3 °C) and relative humidity (50 20%), four cycles of
daily air exhaustion and 12/12 hour light/dark period for approximately one week.
Water and basal feed were provided ad libitum.

Mitochondrial isolation

Hepatic mitochondria were isolated by differential centrifugation. After
euthanizing the animals, the liver was immediately removed, minced into

approximately 50 mL of standard solution containing Sucrose 250 mM, EGTA 1
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mM and Hepes-KOH 10 mM, pH 7.2, at 4 °C, and homogenized three times for 15
seconds at 1 minute intervals in a Potter-Elvehjen homogenizer. The suspension was
centrifuged at 770 g for 5 minutes and the resulting supernatant centrifuged at 9800
g for 10 minutes. The pellet was resuspended with 10 ml of standard solution
containing Sucrose 250 mM, EGTA 0.3 mM and Hepes-KOH 10 mM, pH 7.2, and
centrifuged at 4500 g for 15 minutes. The final mitochondrial pellet was suspended
with 1 ml of standard solution containing Sucrose 250 mM and Hepes-KOH10 mM,
pH 7.2, and used within a period of 3 hours (Pedersen et al., 1978). The
mitochondrial protein was determined by the biuret reaction (PEDERSEN et al.,
1978; CAIN and SKILLETER, 1987). The exposure of mitochondria isolated from
liver of Wistar rats to triclopyr was performed in vitro.

2.2. Mitochondrial respiration with glutamate and malate and with succinate

Oxygen consumption by mitochondria energized from complex | by the addition
of glutamate and malate (5 pM) and oxygen consumption by mitochondria
energized from complex II by the addition of potassium succinate (5 uM plus
Rotenone 2.5 uM) were polarographically monitored on oxygraph equipped with a
Clark type electrode (Model Hansatech Oxygraph®, England) (CHANCE and
WILLIANS, 1956). Mitochondria (1 mg protein) were incubated in 1 mL of
standard solution containing Sucrose 250 mM, Potassium Chloride 65 mM, Hepes-
KOH10 mM, Dibasic Potassium Phosphate (K2HPO4) and EGTA 0.3 mM. State 3
respiration was created with 400 nmoles of ADP (Sigma, Ref.: 20398-34-9) (Cain
and Skilleter, 1987). The respiratory control ratio (RCR) was provided by dividing
the rate of oxidative consumption (V3) by the return to baseline mitochondrial state
(\V4). To determine the ratio of ADP per molecule of oxygen, the amount of inserted
ADP (400 nmoles) was divided by the oxygen consumption during the oxidative
consumption stage (V3).

2.3. ATP production

Mitochondrial ATP was determined by chemiluminescence using the luciferin-

luciferase system. The mitochondrial suspension (1 mg protein/mL) was

centrifuged at 9000 g for 5 minutes at 4 °C, and the sediment containing the
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mitochondria was treated with 1 mL of HCIO4. After centrifugation at 14000 g for
5 minutes at 4 °C, aliquots (100 uL) of the supernatant were neutralized with 570
uL of KOH 2 M, added to 830 uL Tris-HCI 100 mM, pH 7.8 and again centrifuged
at 15000 g for 10 minutes at 4 °C. The luminescence of the supernatant was
measured using a kit from Sigma Chemical Co. (St. Louis, MO, USA, Ref.: 213-
579-1) using an Synergy HTX (Biotek).

The ATP present in the sample is consumed during the oxidation of Luciferin,
catalyzed by the luciferase enzvme with light emission according to the reaction:

ATP + Luciferin + 0, EUCHErase | o vy ciferin + CO, + AMP + PP + Light

When the concentrations of luciferin, luciferase and oxygen are kept constant,
ATP is the limiting reagent, the amount of light emitted is proportional to the ATP
present (Thore, 1979).

2.4. Mitochondrial membrane potential

The mitochondrial membrane potential was determined spectrofluorimetrically
by the equipment Synergy HT X (Biotek) monitoring the changes in the fluorescence
of safranin-O (Sigma, Ref.. 477-73-6), a fluorescent cationic dye that is
electrophoretically distributed in the mitochondrial matrix in response to the
negative charge of the inner membrane (Lemasters et al., 1987). Were used 495 nm
excitation and 586 nm emission wavelengths. Mitochondria (1 mg of protein) were
incubated in standard solution containing Sucrose 125 mM, Potassium Chloride
(KCI) 65 mM and Hepes-KOH 10 mM plus Safranin-O 10 uM, in final volume of
1 mL and energized by the addition of Potassium Succinate 5 mM (+ Rotenone 2.5
uM). The decrease in membrane potential observed by the electrogenic influx of the
cation is linearly correlated with the increase in the fluorescence intensity of the dye
as it is released from the mitochondria (Akerman and Wikstrom, 1976; Emaus et
al., 1986).

2.5. Effects on Ca?* uptake and release

Extramitochondrial calcium was monitored using Calcium Green 5N (Molecular
Probes) (Invitrogen, Ref.: C3737) (Murphy et al., 1996). The standard solution was
composed of Sucrose 125 mM, KCI 25 mM, Hepes-KOH 50 mM (pH 7.4), CaCl;
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10 uM, Rotenone 2.5 uM and Calcium Green 5N 100 uM (final volume 1 mL).
Mitochondria were energized with Succinate 5 mM and fluorescence was
continuously monitored at 37 °C in a equipment Synergy HTX (Biotek), using
excitation and emission wavelengths of 506 and 532 nm, respectively.

2.6. Mitochondrial swelling

Mitochondrial swelling was monitored by increasing the apparent absorption of
the mitochondrial suspension (0.6 mg protein/mL), incubated in 3 mL of standard
solution at 540 nm. The mitochondrial increase was accompanied by a decrease in
suspension turbidity and therefore a proportional decrease in absorption (Lemasters
etal., 1987) and then were evaluated in a spectrophotometer model Shimadzu CPS-
240A.

2.7. Monitoring the formation of reactive oxygen and nitrogen species

(RONS)
The formation of Reactive Oxygen and Nitrogen Species (RONS) was

monitored spectrofluorimetrically by the Synergy HTX equipment (Biotek), using
the fluorescent probe H.DCFDA (Sigma, Ref.: 4091-99-0) at wavelengths of 503
nm for excitation and 529 nm for emission. Mitochondria (1 mg protein/mL) were
incubated in standard solution containing Sucrose 125 mM, KCI 65 mM, Hepes-
KOH 10 mM pH 7.2 plus Rotenone 2.5 uM and HoDCFDA 2 uM and energized by
the addition of Potassium Succinate 5 mM. DCFDA is a molecule that after crossing
biological membranes is hydrolyzed by esterases releasing the non-fluorescent
compound DCFH. However, in the presence of RONS, it is quickly oxidized and
transformed into DCF, which presents a high quantum yield of fluorescence when
excited at 503 nm. Thus, the increase in fluorescence is directly proportional to the
production of RONS by mitochondria (Cathcart, Schwiers and Ames, 1983).
2.8. Evaluation of the redox state of pyridine nucleotides

The redox state of the pyridine nucleotides was monitored fluorimetrically using
the Synergy HTX equipment (Biotek) for 366 nm excitation and 450 nm for
emission. Mitochondria (1 mg protein/mL) were incubated in standard solution
containing Sucrose 125 mM, KCI 65 mM, Hepes-KOH 10 mM plus Rotenone 2.5
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UM and energized by the addition of Potassium Succinate 5 mM. Reduced pyridine
nucleotides (NAD(P)H) are fluorescent, while oxidized pyridine nucleotides
(NAD(P)") are not fluorescent. Thus, changes in fluorescence intensity reflect
changes in the redox state of pyridine nucleotides (OLIVEIRA et al., 2005).

2.9. Mitochondrial membrane lipoperoxidation

Mitochondria (1 mg/mL) were pre-incubated in 1 mL of standard solution KCI
65 MM, Hepes-KOH 10 mM at pH 7.2, plus rotenone 2.5 uM and Succinate 5 mM.
After 30 minutes, under stirring, 1 mL of Thiobarbituric Acid (TBA) (Millipore,
Ref.: 504-17-6) 1% (m/v) (prepared in NaOH 50 mM), 0.1 mL of NaOH 10 mM
and 0.5 mL of 20% Phosphoric Acid (m/v) for 40 minutes at 94 °C. After cooling,
the malondialdehyde-thiobarbituric acid complex (MDA-TBA) was extracted after
addition of 2 mL of N-butanol and centrifugation at 2500 g for 2 minutes. The
absorbance was determined at 535 nm and the MDA concentration, in nmoles/mg
of protein, was calculated from £ = 1.56x10° M (Buege and Aust, 1978).

2.10. Mitochondrial levels of sulfhydryl groups of membrane proteins

The determination of sulfhydryl groups was performed by adding the reagent
5,5'-dithio-bis-2-nitrobenzoic acid (DTNB) (Sigma, Ref.: 69-78-3). Mitochondria
(0.4 mg/mL) were pre-incubated in 1 mL of standard solution containing Sucrose
125 mM, KCI 65 mM, Hepes-KOH 10 mM, Succinate 5 mM, Rotenone 2.5 uM and
CaCl2 10 uM, pH 7.2, plus Rotenone 2.5 uM and Succinate 5 mM. After 30 minutes,
300 uL of trichloroacetic acid (TCA) 30% (w/v) was added, and the samples were
centrifuged at 7400 g for 15 minutes at 25 degrees. The supernatant was discarded
and 1 ml of K* phosphate buffer 0.5 M pH 7.6 was added to the precipitate to
solubilize the precipitate with the aid of a homogenizer. Samples were incubated at
room temperature for 10 minutes. Afterwards, DTNB 10 mM was added, vortexed,
kept at rest for 5 minutes at room temperature and centrifuged for 2 minutes at 7400
g. The DTNB reacts quickly with sulfhydryl groups, forming mixed disulfides and
the p-nitrothiophenol anion, which have a yellow color, with intensity proportional
to the amount of sulfhydryl groups (Oliveira, 2003). The reading was performed at

A = 412 nm. The amount of sulthydryl groups was calculated using the molar

19



extinction coefficient of 13600 M (Yamamoto et al., 2002).
2.11. Determination of reduced glutathione (GSH) and oxidized gluta-
thione (GSSG) levels

The content of reduced glutathione in mitochondria was determined by

fluorescence using o-phthalaldehyde (OPT) (Sigma, Ref.: 643-79-8) as an indicator
at 350 and 420 nm as excitation and emission wavelengths, respectively (Hissin and
Hilf, 1976). Mitochondria (1 mg/mL) were pre-incubated for 30 minutes at 30 °C
with different concentrations of the test substance in a standard solution containing
Sucrose 125 mM, KCI 25 mM, Hepes-KOH 50 mM pH 7.2, added with 5 mM
succinate, 2 uM rotenone and 10 uM CaCl,. After the incubation time, 0.5 ml of
trichloroacetic acid (TCA) 13% (w/v) was added, then the samples were centrifuged
at 9000 g for 3 minutes, for protein precipitation. After centrifugation, aliquots of
the supernatant (100 pulL) were removed and added to a solution composed of
NaH2POs 10 mM and EGTA 5 mM, pH 8,0 (1.8 mL), and 100 pL of OPT (1
mg/mL). Fluorescence was determined after 15 minutes on a Synergy HT X (Biotek)
GSSG levels were determined by adding 250 pL of N-ethyl-maleimide (NEM) 0.04
M to 250 pL aliquots of supernatant. After 20 minutes of incubation at room
temperature, 500 pL of NaOH 10 M was added and 100 pL of this solution was
added to 2 mL of NaOH 1 M and 100 pL of OPT (1 mg/mL). Fluorescence was
determined after 15 minutes of incubation in the dark and the result determined by
the GSH/GSSG ratio.

2.12. Statistical analysis

Analysis of variance (ANOVA) followed by Dunnet's test to compare the trea-
ted groups in relation to their respective negative controls using the GraphPrism
program (San Diego, USA), version 5.0 for Windows. A significant difference was

assumed when p < 0.05.
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3. RESULTS AND DISCUSSION

Although the target organ of triclopyr is the kidney, being excreted with more
than 90% as original triclopyr acid, it does not exclude the possibility that this com-
pound is potentially toxic to the liver, the main organ involved in numerous physi-
ological processes and because it is a very active organ, it is rich in mitochondria
(Timchalk et al., 1988; Jaeschke et al., 2002; Amacher, 2005).

Mitochondria, when healthy, maintain electron transport coupling with proton
pumping so that it is able to generate ATP. Its coupling can be measured by the
relationship between the rate of active breathing (state 3) and at rest (state 4), refer-
red to as RCR (Hartung et al., 1985). By breaking the coupling, the uncouplers sti-
mulate state 4 respiration, interfering with the production of ATP without interrup-
ting the transport of electrons through the respiratory chain (Garcia, 2009).

Although the results with succinate as oxidizable substrate demonstrate that
there were no significant changes in the values of RCR and ADP/O, there was an
alteration in state 4 induced by the higher concentration of triclopyr (500 uM) sug-
gesting decoupling, which is confirmed with the decrease in RCR from the concen-
tration of 5 uM of triclopyr using glutamate and malate as oxidizable substrate be-
cause low values of RCR indicate changes in the respiratory chain and, therefore,
in the mitochondrial bioenergetics (Lehninger et al., 2000).

NADH generated in the mitochondrial matrix during the Krebs cycle are oxi-
dized by complex I (NADH dehydrogenase), which transfers these electrons to ubi-
quinone (Lehninger et al., 2000). When there is an increase in NADH oxidation,
with a higher concentration of triclopyr evaluated, complex I is overloaded.

At the end of the respiratory chain, ATP synthase acts by causing ADP to bind
to Pi to form ATP through the two linked complexes, the F1-ATPase complex and
the Fo-ATPase complex (FoF1) which is a molecular motor linked to the membrane
that uses proton motive force to drive ATP synthesis (NICHOLLS and FERGU-
SON, 1982).

When ATPase activity is stimulated by an uncoupler, the dysfunction can

cause ATP synthase inverse, causing the proton translocators to accelerate the rate
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of ATP hydrolysis, allowing the breakdown of ATP to ADP and Pi (NICHOLLS
and FERGUSON, 1982) which may justify the decrease in ATP in all triclopyr con-
centrations evaluated, including the fact that triclopyr acts by stimulating the
ATPase proton pump activity in plants (AHRENS, 1994).

This hypothesis is supported because the ability of uncouplers to induce rapid
ATP hydrolysis by altering the ATPase was studied through CCCP, demonstrating
that uncouplers can act on ATPase causing ATP depletion (Chernyak et al., 1994),
which may be the reason way in which triclopyr acts on isolated mitochondria.

Thus, the electrical potential generated by ATP hydrolysis induces reverse
electron transfer, which is more clearly evidenced in the NAD™ binding sites of
complex I (NICHOLLS and FERGUSON, 1982), with a decrease in RCR being
observed at from 5 uM concentrations of triclopyr, demonstrating that triclopyr acts
prominently in complex | mitochondrial since the uncloupler effect is most eviden-
ced when mitochondria received glutamate and malato when compared to succinate
energization, in this case, the mitochondrial uncoupling is noted only in the highest
concentration of triclopyr evaluated.

Mitochondrial uncoupling dissipates the proton gradient formed in the inter-
membrane space, generating a permeability in the inner mitochondrial membrane
to hydrogen ions (Speakman et al., 2004) which was also evidenced at concentra-
tions of 100 uM and 500 uM of triclopyr in addition to the calcium uptake test and
efflux analysis, which had the gradient dissipated at the highest concentration eva-
luated, demonstrating alteration in mitochondrial bioenergetics.

The ability to retain calcium by isolated mitochondria is evaluated in order to
understand the extent of the PTPM opening, which must be kept closed, making the
membrane impermeable to most ions and polar molecules (Boelsterli, 2002). Dis-
ruptions of the mechanism that regulates intracellular Ca?* homeostasis is usually
the first event that develops irreversible injury, although some types of cell death
can occur by Ca?* independent mechanisms, this event compromises mitochondrial

function and can activate irreversible catabolic effects (Nicotera et al., 1992).
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The release of Ca?* by the reverse of the uptake pathway occurs when the
membrane potential drops (Nicholls, 1978), for example, in the presence of uncou-
plers (Richter and Frei, 1988).

Mitochondrial damage caused by toxic agents when initially manifested by a
decrease in membrane potential and followed by ATP depletion usually affects Ca?*
homeostasis because the mechanisms responsible for regulation require energy and
any mitochondrial dysfunction with subsequent ATP depletion invariably results in
disruption of intracellular Ca?* homeostasis (Daloce, 1995). However, even with
decoupling and dissipation of the calcium gradient, it was not enough to cause mi-
tochondrial swelling.

As expected, there was no formation of RONS in any of the triclopyr concen-
trations because the electron transport chain, after the dissipation of the potential
caused by the light decoupling, works in an accelerated way to resume the proton
gradient (Speakman et al., 2004) causing a regulation in the production of mito-
chondrial RONS due to the decrease in the probability of incomplete reduction of
O (Kowaltowski, Castilho and Vercesi, 2001; Garcia, 2009).

Likewise, triclopyr concentrations also did not induce the formation of MDA,
a lipid peroxidation product, or the oxidation of sulfhydryl groups of mitochondrial
membrane proteins, preserving them, due to the absence of RONS formation (Hal-
liwell and Gutteridge, 1999).

The coenzymes NAD(P)H and NAD(P)* were also evaluated in their reduced
and oxidized forms, respectively. NAD(P)H, which participates in the biosynthesis
of fatty acids and steroid compounds, also has the function of combating the harmful
effects of RONS by converting them into NAD(P)". In addition to the importance
of NAD(P)H in the cytosol for the synthesis of fatty acids, cholesterol and DNA, it
is used in the mitochondria for the production of ATP and has an important role in
the regeneration of reduced glutathione, helping in the homeostasis of the redox
regulation process (Zorov et al., 2014).

Even if the results are negative for any evidence of RONS formation, there was

significant oxidation of NAD(P)H at a concentration of 500 uM of triclopyr, which
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may be related to the decrease in RCR caused by mitochondrial uncoupling when
glutamate and malate is used as an oxidizable substrate.

Mitochondrial respiratory complex I (NADH/ubiquinone oxidoreductase) is
essential for the maintenance of the NAD*/NADH ratio through NADH dehydro-
genase activity (Santidrian et al., 2013). Complex I is the guardian of the respiratory
chain and catalyzes the first step of NADH oxidation. It elevates the NAD*/NADH
ratio and translocates protons across the inner mitochondrial membrane, leading to
energy production (Mayr et al., 2008).

It is also known that from the glutathione reductase enzyme, NAD(P)H from
the pentose cycle is also oxidized to reduce GSSG to GSH so that there is antioxi-
dant homeostasis and for this reason the GSH/GSSG ratio was evaluated (Comhair
and Erzurum, 2002).

Glutathione is the main sulfhydryl group present in the antioxidant cell de-
fense, mainly in its reduced form (GSH), and the high ratio between GSH/GSSG is
important for the maintenance of the redox state (Hoer et al., 2001; Pastore et al.,
2003; Tapiero and Tew, 2003).

The results showed that there were no significant changes in the ratio between
GSH/GSSG, as well as no changes in membrane sulfhydryl groups, demonstrating
that triclopyr does not have the ability to alter the mitochondrial redox status.

Although this work aims to study the mechanisms of damage induced by
triclopyr in hepatic mitochondria, which, when damaged, can harm the health of the
individual, it is important to consider that exposure to triclopyr may affect other
targets, in addition to those already have been studied previously (Shaughnesst et
al., 2010; Cannon and Greenamyre, 2011; Martinez and Greenamyre, 2012).

These data support the idea that mitochondria suffer damage related to their

bioenergetics when exposed to triclopyr.
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4. CONCLUSION

Triclopyr acts as a mitochondrial uncoupler, altering mitochondrial parameters
and amount of ATP, in addition to dissipating the mitochondrial membrane poten-
tial and its calcium homeostasis gradient, demonstrating the ability to alter mito-
chondrial bioenergetics without altering the mitochondrial structure.

In addition, NAD(P)H oxidation, even without the production of RONS, can be
explained by the alteration in the respiratory chain when glutamate and malate are
used as oxidizable substrates, since complex I increases the NAD*/NADH ratio and
damages this complex can compromise the oxidation of NAD(P)H.

However, triclopyr does not have the property of RONS formation, as well as it
does not lipid peroxide the mitochondrial membrane, it preserves the sulfhydryl
groups of the mitochondrial membrane, in addition to maintaining the normality of
the GSH/GSSG ratio, evidence of the inability of mitochondrial redox dysregula-

tion.
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