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RESUMO

O malation e a ciclosporina A sdo compostos utilizados para o controle de pragas na
agricultura e para evitar a rejeicdo de 6rgaos transplantados, respectivamente. No
entanto, ambos apresentam histérico de toxicidade. Assim, o objetivo deste trabalho foi
avaliar as possiveis alteragdes histologicas, funcionais e no status antioxidante em rins e
figado de roedores expostos ao malation e a ciclosporina A. Para estudo dos efeitos do
malation, utilizaram-se 18 ratos machos Wistar adultos distribuidos em 3 grupos (n=6):
controle (C), recebeu agua; malation 10 mg/kg (G10); malation 50 mg/kg (G50), tratados
diariamente. Apds o0 41° dia experimental, os animais foram anestesiados e submetidos
a eutanasia. Para avaliagdo da exposigdo a Ciclosporina A, 30 camundongos Swiss
adultos foram tratados durante 10 e 50 dias, distribuidos em 5 grupos (n= 6): o grupo
controle (C) recebeu agua e o grupo CsA10i recebeu 10 mg/kg de CsA, ambos
submetidos a eutanasia no 11° dia experimental; o grupo CsA10r recebeu 10 mg/kg de
CsA, passou por periodo de recuperacao de 10 dias e foi submetido a eutanasia no 21°
dia experimental. Com relagao ao periodo de 50 dias, o grupo CsA50i recebeu 10 mg/kg
de CsA, e foi submetido a eutanasia no 51° dia experimental; o grupo CsA50r recebeu 10
mg/kg de CsA, passou por periodo de recuperagao de 50 dias e foi submetido a eutanasia
no 101° dia experimental. Em ambos experimentos, foram coletados: plasma, para as
dosagens das concentracoes de AST, ALT, ureia e creatinina; rins e figado, para analise
histopatolégica e avaliacédo de biomarcadores de estresse oxidativo. A exposi¢cao ao
malation causou aumento no didmetro glomerular no grupo 50M e redugao do espacgo de
Bowman no grupo 10M. No cortex renal, houve diminuicdo de glicogénio em ambas
dosagens. No figado, foi observado aumento das reservas de glicogénio na regiao
periportal e centrolobular, nos grupos 10M e 50M. Referente a nefrotoxicidade e a
hepatotoxicidade, os animais do grupo 50M apresentaram aumento das concentragdes
de AST, ALT e creatinina. Também foi observado aumento da atividade de GST hepatica
e da catalase renal, além de diminuicdo da atividade de SOD nos rins. Referente a
exposicao a CsA, verificou-se diminuicdo apenas no espagco de Bowman no grupo
CsA10r e CsAS50r. No figado, houve aumento no didmetro médio das vénulas
centrolobulares nos grupos CsA10i e CsA10r, e da vénula porta, apenas no grupo
CsA10r. Houve diminuigdo no didmetro médio dos ductos biliares no grupo CsA50i, e
dilatacdo dos sinusoides periportais € vénulas centrolobulares nos grupos CsA10i e
CsA10r. A concentragao de ureia aumentou no grupo CsA50r e as dosagens de ALT
diminuiram no grupo CsA10i. A lipoperoxidagéo renal e hepatica aumentou no grupo
CsA50r, enquanto a GST renal diminuiu em todos os grupos tratados e no figado houve
diminuicdo apenas nos grupos CsA50i e CsA50r. Houve diminuigdo de SOD renal nos
grupos CsA10i, CsA10r e CsA50i. Conclui-se que a exposicao as doses de 10 mg/kg e
50 mg/kg de malation e 10 mg/kg de ciclosporina A provoca hepatotoxicidade e
nefrotoxicidade em roedores machos.

Palavras-chave: Nefrotoxicidade. Hepatotoxicidade. Morfofisiologia. Estresse
oxidativo
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FIGARO, Pedro Mareti Magaira. Malathion and Cyclosporin A alters renal and
hepatic morphophysiology in rodent models. 2021. 109 pages. Master's degree
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ABSTRACT

Malathion and cyclosporine A are compounds used to control pests in agriculture and to
prevent rejection of transplanted organs, respectively. However, both have a history of
toxicity. Thus, the objective of this work was to evaluate the possible histological, functional
and antioxidant status changes in kidneys and liver of rodents exposed to malathion and
cyclosporine A. To study the effects of malathion, 18 adult male Wistar rats were used,
divided into 3 groups (n=6): control (C), received water; malation 10 mg / kg (G10);
malation 50 mg / kg (G50), treated daily. After the 41st experimental day, the animals were
anesthetized and euthanized. To assess the exposure to Cyclosporin A, 30 adult Swiss
mice were treated for 10 and 50 days, divided into 5 groups (n=6): the control group (C)
received water and the CsA10i group received 10 mg / kg of CsA, both subjected to
euthanasia on the 11th experimental day; the CsA10r group received 10 mg/kg of CsA,
went through a 10-day recovery period and was euthanized on the 21st experimental day.
Regarding the 50-day period, the CsA50i group received 10 mg / kg of CsA and was
euthanized on the 51st experimental day; the CsA50r group received 10 mg / kg of CsA,
underwent a 50-day recovery period and was euthanized on the 101st experimental day.
In both experiments, plasma was collected for the measurement of AST, ALT, urea and
creatinine concentrations, kidneys, and liver, for histopathological analysis and evaluation
of oxidative stress biomarkers. Exposure to malation caused an increase in the glomerular
diameter in the 50M group and a reduction in Bowman's space in the 10M group. In the
renal cortex, there was a decrease in glycogen at both dosages. In the liver, an increase
in glycogen reserves was observed in the periportal and centrilobular regions, in the 10M
and 50M groups. Regarding nephrotoxicity and hepatotoxicity, the animals in the 50M
group showed increased concentrations of AST, ALT and creatinine. Increased activity of
hepatic GST and renal catalase has also been observed, in addition to decreased activity
of SOD in the kidneys. Regarding exposure to CsA, there was a decrease only in
Bowman's space in the CsA10r and CsA50r group. In the liver, there was an increase in
the average diameter of the centrilobular venules in the CsA10i and CsA10r groups, and
of the portal venule, only in the CsA10r group. There was a decrease in the mean diameter
of the bile ducts in the CsA50i group, and dilation of the periportal sinusoids and
centrilobular venules in the CsA10i and CsA10r groups. The urea concentration increased
in the CsA50r group, and the ALT measurements decreased in the CsA10i group. Renal
and hepatic lipoperoxidation increased in the CsAS50r group, while renal GST decreased
in all treated groups and in the liver, there was a decrease only in the CsA50i and CsA50r
groups. There was a decrease in renal SOD in the CsA10i, CsA10r and CsA50i groups.
It is concluded that exposure to doses of 10 mg/kg and 50 mg/kg of malathion and 10
mg/kg of cyclosporin A causes hepatotoxicity and nephrotoxicity in male rodents.

Key words: Nephrotoxicity. Hepatotoxicity. Morphophysiology. Oxidative stress
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1 INTRODUGAO

Estudos apontam que o malation € um dos principais inseticidas da classe dos
organofosforados, responsavel por intoxicagdées na vida adulta. Os efeitos toxicos que
estes pesticidas podem provocar no organismo estédo diretamente relacionados a sua
elevada utilizagcdo na agricultura, principalmente, nos individuos envolvidos no
processo de aplicagdo do inseticida na lavoura ou que entram em contato de forma
indireta com este quimico. O periodo peripuberal € um importante marco no
desenvolvimento pos-natal de varios 6rgaos, e pouco se sabe sobre os prejuizos
causados aos individuos expostos a este pesticida durante esta etapa. Assim, é
relevante verificar as alteracbes que o malation pode promover nos rins e figado
durante este periodo.

A Ciclosporina A (CsA) é um medicamento imunossupressor utilizado no
tratamento de doengas autoimunes e para evitar rejeicao de orgaos transplantados.
Estudos apontam a sua possivel utilizagdo como contraceptivo masculino, dada sua
capacidade em inibir a calcineurina, proteina que esta diretamente associada a
regulacdo da espermatogénese. No entanto, a CsA apresenta um histérico de
toxicidade hepatica e renal, dificultando seu uso para este propdsito. Assim, para que
este medicamento seja pesquisado para esta finalidade no futuro, faz-se necessaria
sua administragdo em baixa dose, para que nao haja resposta imunossupressora e
efeitos adversos, visto que sua toxicidade é dose dependente. Desta forma, torna-se
relevante analisar as caracteristicas renais e hepaticas, decorrentes da exposicao a
baixa dose de CsA.

Visando atingir os objetivos acima propostos, esta dissertacao de mestrado foi
elaborada em conformidade com as normas vigentes do Programa de Pés-Graduagéao
em Patologia Experimental da Universidade Estadual de Londrina, sendo constituida
por uma Revisao Bibliografica e 2 artigos cientificos baseados nas pesquisas
experimentais realizadas. A estrutura geral deste trabalho esta em conformidade com
as normas da Associagao Brasileira de Normas Técnicas (ABNT) para apresentagéo

de trabalhos académicos’.

T ABNT - ASSOCIACAO BRASILEIRA DE NORMAS TECNICAS. NBR 14724: informagées e documentagao -
trabalhos académicos - apresentagéo. Rio de Janeiro: ABNT, 2011.
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2 REVISAO BIBLIOGRAFICA

2.1 Morfofisiologia Renal e Hepatica

2.1.1 Aspectos histofisioldégicos dos rins

O sistema urinario € composto por dois rins, dois ureteres, bexiga e uretra. Os
rins sdo responsaveis pela filtracdo do sangue, removendo os dejetos metabdlicos,
apresentando grande importancia na regulagado da composi¢ao e do volume do liquido
extracelular e do equilibrio acidobasico (MOORTHY; BLICHFELDT, 2009; GARTNER,;
HIATT, 2017; JUNQUEIRA; CARNEIRO, 2017; RADI, 2019; VERSCHUREN et al.,
2020). Além disso, sao responsaveis por produzir a urina, inicialmente denominada
ultrafiltrado, o qual € modificado por reabsorgéo seletiva e secregao especifica. A urina
em seu estado final contém agua e eletrdlitos, bem como ureia, acido urico, creatinina
e outros produtos oriundos do metabolismo celular (KRICHEVSKY, 2005; ALLEN,
2008; VERSCHUREN et al., 2020).

Atividades enddcrinas também sao realizadas pelos rins, como a sintese de
eritropoietina, responsavel por regular a formacdo das hemacias em resposta a
diminui¢cdo da tensdo de oxigénio no sangue. Além disso, os rins produzem renina,
enzima envolvida no controle da pressdo arterial, do volume sanguineo e na
hidroxilagao da vitamina D3 (MOORTHY; BLICHFELDT, 2009; ROSS, PAWLINA,
2016; GARTNER; HIATT, 2017).

Internamente, os rins sao divididos em lobos, e cada um apresenta uma regiao
cortical e uma regidao medular, nas quais o principal constituinte € denominado tubulo
urinifero. O tubulo urinifero (Fig. 1), unidade funcional do rim, é uma estrutura
envolvida por uma lamina basal e altamente enovelada, a qual modifica o fluido que
passa em seu interior, formando a urina como produto. Em seu trajeto pela regiao
cortical, o tubulo urinifero é constituido pelo corpusculo renal, tubulos contorcidos
proximais e distais, enquanto na regido medular sdo encontrados a alga de Henle e
os ductos e tubulos coletores (ALLEN, 2008; GARTNER; HIATT, 2017; NAWATA,;
PANNABECKER, 2018).
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Figura 1. Representacdo esquematica de tubulo urinifero
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Fonte: JUNQUEIRA; CARNEIRO (2017).

I~ Medular

Os néfrons sao a unidade responsavel pela filtragcao sanguinea, formados por
uma parte dilatada — composta pelo corpusculo renal ou de Malpighi —, pelo tubulo
contorcido proximal, pelas partes delgada e espessa da alga de Henle e pelo tubulo
contorcido distal (MOORTHY; BLICHFELDT, 2009; GARTNER; HIATT, 2017,
JUNQUEIRA; CARNEIRO, 2017).

Os corpusculos renais sao estruturas esféricas, com aproximadamente 200 uym
de didmetro, que constituem o seguimento inicial do néfron. Cada corpusculo renal
tem um polo vascular pelo qual penetra a arteriola aferente e parte a arteriola eferente,
e um polo urinario, no qual tem inicio o tubulo contorcido proximal. Ao penetrar o
corpusculo renal, a arteriola aferente divide-se em varios capilares, que constituem as
alcas glomerulares, constituintes do glomérulo (KRICHEVSKY, 2005; ALLEN, 2008;
DUMAS et al., 2021). Os glomérulos apresentam um aglomerado de capilares
compostos por 10 a 20 algas capilares, circundadas pela de capsula de Bowman,
constituida por um epitélio simples pavimentoso, que se apoia na lamina basal a partir
de uma fina camada de fibras reticulares.

A parte interna desta camada é chamada de folheto visceral, e é constituida

por células especializadas, denominadas de poddcitos. Estas células possuem um
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grande corpo celular, de onde se projetam numerosos prolongamentos que se
interpenetram e se ancoram a lamina basal dos capilares. Entre estes prolongamentos
existem espacos denominados de fendas de filtracdo, cobertos por uma fina
membrana de aproximadamente 6 nm de espessura, constituida por colageno do tipo
IV, glicocalice dos poddcitos e a proteina nefrina, o que dificulta a passagem de
moléculas anidnicas. (ALLEN, 2008; ROSS, PAWLINA, 2016; JUNQUEIRA;
CARNEIRO, 2017). Além disso, nos glomérulos ha células mesangiais, que sao
contrateis e possuem receptores para angiotensina |l, cuja ativacdo promove a
reducao no fluxo sanguineo glomerular. As células mesangiais também garantem o
suporte estrutural ao glomérulo, sintetizam matriz extracelular e fagocitam e digerem
substancias que sao retidas pela barreira de filtracdo, além de produzir
prostaglandinas e endotelinas (KRICHEVSKY, 2005; ROSS, PAWLINA, 2016; RADI,
2019).

O tubulo contorcido proximal é o principal local onde ocorre a reabsorgéo (67%
a 80% da agua, sddio e cloreto, além de 100% das proteinas), recebendo o ultrafiltrado
do espaco urinario da capsula de Bowman. As células cubicas deste tubulo possuem
varias mitocdndrias alongadas em seu citoplasma e diversos microvilos, aumentando
a sua superficie de contato e formando uma orla em escova. Estas estruturas estao
diretamente envolvidas na absorg¢ao e no transporte de liquidos, sendo responsaveis
pela reabsorgao de Na*, que cria um gradiente osmatico no intersticio, favorecendo a
reabsorgdo de agua neste segmento do néfron (ALLEN, 2008; ROSS, PAWLINA,
2016; VERSCHUREN et al., 2020).

A alca de Henle é o segmento do néfron em forma de U que participa
diretamente da retencao de agua pelos rins. Esta estrutura é constituida por um ramo
descendente e outro ascendente, sendo que cada ramo é formado por um segmento
espesso e outro delgado. O lumen desta regidao do néfron é largo, pois a sua parede
é formada por um epitélio simples pavimentoso. Sua fungao é criar um gradiente de
hiper osmolaridade no intersticio medular, que influencia a concentragao da urina, a
medida em que passa pelos ductos coletores (ALLEN, 2008; ROSS, PAWLINA, 2016;
RADI, 2019).

Apos um curto trajeto na regido cortical, 0 segmento espesso da al¢ca de Henle
torna-se tortuoso e constitui o tubulo contorcido distal. As células dos tubulos distais
apresentam invaginagdes da membrana basolateral, onde se encontram inumeras

mitocondrias. Além disso, estas células apresentam receptores para aldosterona, que
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atuam aumentando a reabsor¢ao de Na* e de agua, bem como a secregao de K* para
o ultrafiltrado, com consequente elevagao do volume sanguineo e da pressao arterial.
Neste local, também ocorre a reabsorcdo de ions bicarbonato, com secrecéo
concomitante de ions hidrogénio, levando a uma maior acidificacdo da urina.
(GARTNER; HIATT, 2017; JUNQUEIRA; CARNEIRO, 2017; VERSCHUREN et al.,
2020).

Ao passar dos tubulos contorcidos distais para os tubulos coletores, a urina
desemboca em tubos mais calibrosos, os ductos coletores, que se dirigem em direcéo
as papilas renais. Em sua extensao, os tubulos coletores sao formados por células
pobres em organelas, porém repletas de pequenas mitocondrias e varios canais de
agua, regulados pelo horménio antidiurético. Desta forma, estes canais realizam a
reabsor¢cdo de agua, e contribuem diretamente para mudanga de concentragdo da
urina (JUNQUEIRA; CARNEIRO, 2017; NAWATA; PANNABECKER, 2018).

2.1.2 Aspectos histofisiolégicos do figado

O figado é anatomicamente dividido em quatro lobos: direito, esquerdo,
quadrado e caudado; apresenta superficie superior convexa € uma reentrancia em
sua regiao inferior, onde esta localizada o hilo hepatico (GARTNER, 2017; DANGELO;
FATINI, 2007). Esta regiao é o local de entrada da veia porta e das artérias hepaticas
(direita e esquerda), e saida do ducto biliar, de vasos linfaticos e da veia hepatica
(GARTNER, 2017; ROSS; PAWLINA, 2016).

O figado participa do metabolismo proteico, com a producdo de proteinas
plasmaticas (albumina, globulina e fibrinogénio) e sintese de aminoacidos nao
essenciais (AIRES, 2012). Também participa do metabolismo dos acidos graxos, do
colesterol, de carboidratos, da sintese de ureia, de corpos cetbnicos e é responsavel
pela produgdo da bile, que posteriormente sera armazenada na vesicula biliar
(KARANTH et al., 2018). Além disso, é capaz de inativar diversos hormonios, como a
cortisona, a adrenalina e a noradrenalina. Também armazena substancias como ferro,
hemoglobina e vitaminas (JUNQUEIRA; CARNEIRO, 2017).

O figado apresenta irrigagcao sanguinea dupla, uma vez que aproximadamente
70 a 80% do sangue que chega ao 6rgao provém da veia porta, e o restante através
da artéria hepatica (GUICCIARDI et al., 2013; MATHEW; VENKATESH, 2018). Estes
vasos ramificam-se em estruturas de menor calibre: as vénulas portas interlobulares

e as arteriolas hepaticas interlobulares, responsaveis por irrigarem os hepatocitos
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através de uma rede de capilares sinusoides. O sangue, entéo, é drenado as vénulas
centrolobulares para que possa desembocar na veia cava inferior, alcangando outras
regides do organismo. (ROSS, PAWLINA, 2016; JUNQUEIRA; CARNEIRO, 2017;
MAK; PNG, 2020).

O figado é constituido por lébulos (Fig. 2). Estas estruturas apresentam
formatos poliédricos adjacentes, contendo uma vénula em posi¢ao central,
denominada centrolobular e espacos-porta nos vértices. Os hepatdcitos ficam
dispostos em forma de corddes entre os espacos-porta e as vénulas centrolobulares,
e por entre eles passam os capilares sinusoidais (KIERSZEMBAUM, 2004; ROSS,
PAWLINA, 2016; KRUEPUNGA et al., 2019; MAK; PNG, 2020). Estes capilares
possuem uma camada de células endoteliais fenestradas, separadas dos corddes de
hepatdcitos por um espago conhecido como espaco de Disse, onde ocorre as trocas
entre o sangue e estas células (ROSS, PAWLINA, 2016; JUNQUEIRA; CARNEIRO,
2017; WANG et al., 2017).

Figura 2. Representacao da estrutura do I6bulo hepatico

Veia centrolobular

Placas de hepatdcitos

Sinusoides

Ramo da artéria Ducto Ramoda
hepatica biliar  veia porta ’

|
Triade portal

Fonte: JUNQUEIRA; CARNEIRO (2017).

Os hepatocitos constituem a unidade morfofuncional do figado e representam
cerca de 80% da populagao de células deste 6rgao. Por serem células muito ativas
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metabolicamente, apresentam nucleo grande e arredondado e citoplasma rico em
organelas, com abundante reticulo endoplasmatico liso e rugoso e grande quantidade
de mitocondrias (LOWE; ANDERSON, 2015; JUNQUEIRA; CARNEIRO, 2017; WANG
et al., 2017).

Os hepatdcitos sdo capazes de degradar toxinas e xenobidticos, além de
possuirem grande diversidade de enzimas responsaveis pelo metabolismo de
farmacos. Estas enzimas modificam quimicamente os compostos, tornando-os
inativos e facilitando a excrecdo. Esse processo € denominado biotransformacgao e
ocorre em duas fases (GEBHARDT; MATZ-SOJA, 2014). A fase | ou fase de
oxidagao/reducao ocorre no reticulo endoplasmatico liso e nas mitocondrias dos
hepatdcitos. Consiste em processos de oxidacao e redugao que modificam a estrutura
quimica. A reacgao oxidativa mais frequente é a hidroxilagdo (adicdo de um grupo
hidroxila). Estas reagdes bioquimicas envolvem uma familia de proteinas conhecidas
como citocromo P450. A fase |l ou fase de conjugacgao/hidrolise consiste na hidrélise
ou conjugagéao do farmaco com moléculas grandes e polares, como o glicuronato, o
sulfato, a glutationa e o acetato. Estas duas fases tém o objetivo de tornar os
compostos hidrossoluveis para que os rins possam excreta-los (GOLAN, 2009;
GEBHARDT; MATZ-SOJA, 2014).

No parénquima hepatico, podem ser identificadas as células de Kupffer,
macrofagos residentes que se situam na superficie das células endoteliais dos
sinusoides, suas principais fun¢des séo realizar a fagocitose e a imunorregulagao.
Além disso, existem as células de Ito, responsaveis por realizarem o armazenamento
de vitamina A. No entanto, em situagcdes de doenca hepatica estas células se
diferenciam e apresentam caracteristicas de miofibroblastos, dando inicio a sintese
de colageno e promovendo a manutencéo da fibrose no 6rgdo. (ROSS; PAWLINA,
2016; JUNQUEIRA; CARNEIRO, 2017).

2.1.3 Estresse oxidativo

A geracgao de radicais livres constitui, um processo continuo e fisioldgico, que
esta associado a funcbes importantes no organismo. Durante os processos
metabdlicos, esses radicais atuam como mediadores para a transferéncia de elétrons
em diversas reacdes bioquimicas. Sua produgdao, em propor¢cdes adequadas,
possibilita a sintese de ATP, por meio da cadeia transportadora de elétrons;

fertilizacdo do ovdcito Il; ativagdo de genes e participacdo de mecanismos de defesa
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durante o processo de infecgdo. No entanto a produgédo excessiva pode promover
danos oxidativos nos tecidos afetados (BARBOSA et al., 2010).

O organismo humano sofre agédo constante das espécies reativas de oxigénio
(ERO), sendo que as principais se distribuem em dois grupos, os radicalares: hidroxila
(HOe¢), superoxido (O2 «-), peroxila (ROO-) e alcoxila (RO+); e os nao-radicalares:
oxigénio, peroxido de hidrogénio e acido hipocloroso. Dentre estes elementos, alguns
podem ser reativos nos tecidos, promovendo alteragdes em lipidios, proteinas e DNA
(CZERSKA et al., 2015; PIZZINO et al., 2017). A continua produgdo de ERO durante
0s processos metabdlicos promove o desenvolvimento de mecanismos de defesa
antioxidante em nosso organismo, os quais sdo compostos pelo sistema enzimatico e
sistema nao-enzimatico. O sistema enzimatico (Fig. 3) é composto pela Superdxido
Dismutase (SOD), Catalase (CAT) e Glutationa Peroxidase (GPx). Além disso, o
sistema nao-enzimatico inclui compostos de origem dietética, como vitaminas,
minerais e compostos fendlicos. Estes mecanismos, apresentam o objetivo de limitar
os niveis intracelulares desses elementos oxidantes e controlar os possiveis danos
causados por estas moléculas. O inicio do processo de estresse oxidativo decorre da
existéncia de um desequilibrio entre compostos oxidantes e antioxidantes, em favor
da geracao excessiva de ERO ou em detrimento da velocidade de remocéo dos
mesmos. Este processo conduz a oxidacao de biomoléculas com consequente perda
de suas fungdes bioldgicas ou desequilibrio homeostatico, cuja manifestagéo € o dano
oxidativo potencial contra células e tecido (BARBOSA et al., 2010; PENG et al., 2014;
PIZZINO et al., 2017).

Figura 3. Sistema de defesa enzimatico

SOD
0,e- + 0y~ 4 2H" ——— > 0, + H,0,

CAT
H,0, + H,0;, ————— 2H,0 + O,

GPx
H,0, + 2GSH ————— 2H,0 + GSSG

-

Fonte: PENG et al., (2014)
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2.2 Malation

2.2.1 Caracteristicas gerais

Durante os ultimos 70 anos, os agrotoxicos sao utilizados na lavoura com o
objetivo de melhorar a produtividade, minimizando as perdas causadas por pragas
(OZSOQY et al., 2016). No entanto, sua utilizacdo ndo é totalmente segura, uma vez
que os residuos dos agrotoxicos contaminam fontes de agua, devido ao escoamento
de campos agricolas e efluentes industriais, alterando de forma direta ou
indiretamente a flora e a fauna aquatica, causando eventualmente efeitos toxicos a
saude humana (ULLAH et al., 2018). Em razdo do manuseio inadequado do produto,
os trabalhadores rurais também s&o expostos aos danos causados pelos agrotoxicos,
através das vias dérmicas, respiratdrias ou orais (MUNOZ-QUEZADA et al., 2014). De
acordo com o Sistema Nacional de Informagdes Toéxico-Farmacoldgicas (SINITOX),
em 2017 foram registrados 3.379 casos de intoxicagao pelo uso de agrotoxicos, tanto
no meio agricola quanto doméstico, com individuos entre trinta e trinta e nove anos
de idade constituindo a faixa etaria mais comprometida, representando um
contingente de 15,86% do total. Em seguida estdo os individuos entre 20 a 29 anos,
com uma porcentagem de 15,62% (SINITOX, 2020).

Os organofosforados sado compostos sintéticos, insoluveis em agua, e
amplamente utilizados na agricultura como inseticidas devido ao seu baixo custo e
sua grande efetividade no controle de pragas agricolas (VIJAYA KUMAR et al., 2010).
Sua degradacao ocorre de maneira rapida em condigdes naturais, sendo considerado
uma boa alternativa para praguicidas organoclorados, conhecidos pelos seus efeitos
toxicos para o meio ambiente devido ao fendbmeno da bioacumulagdo (SELMI et al.,
2018; SIDHU et al., 2019).

No entanto, mesmo sendo utilizados amplamente nas plantagdes, os
organofosforados sao extremamente nocivos para o organismo, sendo responsaveis
pelo maior numero de intoxicagdes do que qualquer outra classe de agrotdxicos. Seu
processo de toxicidade decorre da inibicao da acetilcolinesterase, enzima responsavel
por hidrolisar a acetilcolina nas sinapses colinérgicas e nas jungdes neuromusculares
através de ligagao covalente de radicais de fosfato com o sitio ativo da enzima. Sua
inibicdo promove o acumulo de acetilcolina e resulta na estimulagcao exacerbada de
receptores colinérgicos, muscarinicos e nicotinicos, tanto nos musculos, como no

sistema nervoso central, periférico e autbnomo. Esta exposigdo causa uma ampla
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gama de manifestagdes toxicas colinérgicas, podendo promover o bloqueio da agéo
neuromuscular (SOLTANINEJAD; ABDOLLAHI, 2009; SIDHU et al., 2019). Além
destas alteragdes, a exposigdo aos organofosforados induz a produgao de espécies
reativas de oxigénio (ERO), favorecendo o processo de peroxidagéo lipidica e a
degradagao de fosfolipidios (MEHRI et al., 2016).

No corpo humano, diversos 6rgaos podem ser acometidos pela toxicidade dos
organofosforados e isto ocorre devido as suas propriedades lipofilicas e a sua rapida
assimilagao intestinal. Dentre as alteragcbes, podem ser citados o comprometimento
do sistema imunoldgico, o desenvolvimento de pancreatite, de doenca hepatica,
disturbios hematoldgicos, doenga renal, diminuicdo da fertilidade e problemas no
sistema nervoso (SELMI et al., 2018).

Diversos inseticidas estdo presentes no grupo dos organofosforados, como o
Clorpirifés, o Diazinon e o malation, os quais vém ganhando muita ateng¢ao devido a
sua grande utilizagcdo na agricultura. O Clorpirifés, um dos praguicidas mais
amplamente utilizados no mundo devido ao seu baixo custo e sua alta eficacia contra
insetos e pragas (SANDOVAL et al, 2019). Assim como, o Diazinon um
organofosforado comum, altamente téxico e amplamente utilizado para o controle de
pragas no meio ambiente. (DEHGHANI et al., 2019) Durante anos, foi um dos
inseticidas mais utilizado nos EUA para controle de pragas residenciais e agricolas
(USEPA, 2008).

O malation, por sua vez, € um inseticida ndo sistémico de amplo espectro da
classe dos organofosforados. Introduzido na década de 1950, tornou-se
mundialmente conhecido pela sua efetividade no controle de pragas, sendo um dos
praguicidas mais utilizados na lavoura, além de ser um dos primeiros inseticidas
amplamente utilizados no campo, na veterinaria e na industria (ESPINOZA-
NAVARRO; PONCE-LAROSA; BUSTOS-OBREGON, 2017; ULLAH et al., 2018).
Derivado do acido ditionofosférico o malation € considerado pouco toxico (pertencente
a classe lll dos organofosforados), o que refor¢ga a sua ampla utilizagdo (BACONI et
al., 2013). No entanto, seu uso generalizado leva a poluigdo ambiental e aumenta a
extensao dos danos, permitindo que diversos individuos sejam expostos através de
diferentes meios (JENSEN; WHATLING, 2010).

Sua absorgao ocorre rapidamente pelo organismo, através da ingestao de agua
e alimentos contaminados, contato com a pele e exposicédo respiratéria por meios

ocupacionais e nao ocupacionais (OZSQY et al., 2016). Posteriormente, o organismo
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realiza a biotransformacédo deste composto, que sera eliminado, principalmente,
através da urina (76 — 88%), bem como pelas fezes, em menor quantidade (7 — 11%).
O malation e os seus metabdlitos acumulam em quantidades extremamente baixas
nos tecidos (menor que 1%), principalmente no figado, pele e trato gastrointestinal.
Sugere-se que a metabolizacdo deste composto ocorra pelas carboxilesterases
plasmaticas. Desta forma, o processo de metabolizacéo é caracterizado pela hidrélise
das ligagdes éster para formar o acido monocarboxilico do malation e o malation
dicarboxilico (JENSEN; WHATLING, 2010). Posteriormente, estes compostos quando
em baixas concentragdes, sdo catalisados pelas enzimas hepaticas do citocromo
P450, tanto a CYP1A2, como a 2B6. No entanto, quando em altas concentragdes, ha
também a atuacdo da CYP3A4 (BURATTI; TESTAI, 2006). Estes membros do
citocromo P450 s&o responsaveis por formar o malaoxon, considerado 40 vezes mais
téxico do que o proprio malation (JENSEN; WHATLING, 2010).

Ap6s as carboxilesterases metabolizarem o malation, tanto o acido
monocarboxilico como o acido dicarboxilico, competem com o malaoxon pelo
citocromo P-450. Sendo assim, um fator que agrava a toxicidade relacionada a este
inseticida, é a presenga de diversos contaminantes nas formulagdes comerciais de
malation, que muitas vezes atuam como potentes inibidores das carboxilesterases,
mudando assim o equilibrio para um aumento significativo na formagao de malaoxon
(BURATTI; TESTAI, 2006).

Diversos estudos apontam que a toxicidade do malation esteja relacionada com
a disfuncao de varios 6rgaos, como rim (JALILI et al., 2018), figado (ESEN; UYSAL,
2018), pancreas (EKREMOGLU et al., 2020), testiculos (MORIDI et al., 2018) e
cérebro (SANCHEZ-SANTED; COLOMINA; HERRERO HERNANDEZ, 2016).
Algumas das caracteristicas destas altera¢des sdo: inibicdo da acetilcolinesterase,
estresse oxidativo, indugcao de resposta inflamatéria, apoptose, genotoxicidade e
imunomodulagdo. No entanto, a toxicidade depende de varios fatores, como a
duracao, o nivel e 0 meio em que ocorreu a exposi¢cao, além do estado de saude e a
idade do individuo (LIU; ERIN, 2014; SANCHEZ-SANTED; COLOMINA; HERRERO
HERNANDEZ, 2016; BADR, 2020).

Como o principal mecanismo relacionado aos efeitos toxicos do malation € a
inibicdo da acetilcolinesterase (ESEN; UYSAL, 2018), na intoxicagdo aguda, os
sintomas mais caracteristicos estdo associados a excitagdo dos receptores

muscarinicos, causando salivacao, lacrimejamento, miccdo e defecagao, dispneia,
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voémito e bradicardia. Outros sintomas, porém, relacionados ao tecido muscular
também podem ocorrem e sdo provocados pela estimulagdo excessiva dos receptores
nicotinicos, proporcionando fraqueza muscular, tremores, rigidez, convulsdes,
paralisia e em alguns casos depressao respiratoria (KWONG, 2002; TAKAHASHI,
HASHIZUME, 2014).

Recentemente foi descrito que o estresse oxidativo € um dos principais fatores
envolvidos nos efeitos tdxicos causados pela exposicdo ao malation. Isto ocorre,
devido a suas caracteristicas lipofilicas, que permitem que o inseticida interaja com a
bicamada lipidica presente nas membranas celulares, causando disturbios estruturais,
peroxidacao lipidica e induza a producéo de espécies reativas de oxigénio (OZSOY
et al., 2016). Além disso, o malation pode prejudicar ou diminuir as defesas
antioxidantes celulares, como a glutationa reduzida (GSH) e a superoxido dismutase
(SOD), causando alteragdes no equilibrio redox do organismo (FRANCO et al., 2009).

Em razdo das ERO afetarem diretamente a integridade das membranas,
alteracdes no funcionamento mitocondrial podem ocorrer, bem como a indugao da
oxidagado de moléculas, como proteinas e DNA (AGARWAL,; SAID, 2005; FOUAD;
BADR; ATTIA, 2019).

O periodo peripuberal € um importante marco no desenvolvimento pds-natal de
varios 6rgaos do organismo. Assim, ele corresponde a uma janela para a agao de
efeitos de xenobidticos sobre o desenvolvimento pés natal do individuo, de modo que
o desenvolvimento de 6rgéos pode ser alterado (OJEDA et al., 1980). E conhecido
que o malation altera o desenvolvimento pds natal em modelos experimentais (SELMI
et al., 2018; ERTHAL et al., 2020). Considerando a teoria DOHAD (Developmental
Origins of Health and Disease) a qual estuda o papel da exposi¢do pré-natal e
perinatal a fatores ambientais, como desnutricdo, na determinacdo do
desenvolvimento de doencas (SILVEIRA et al., 2007), tem-se o malation como um

potencial fator interferente neste periodo.

2.2.2 Toxicidade renal e hepatica relacionada ao malation

Dentre os diversos tecidos afetados pelo malation, os rins sdo um dos principais
orgaos acometidos pela sua toxicidade. Dentre as alteragbes promovidas pelo
inseticida, sédo identificadas aumento das dosagens de ureia e creatinina, que
sugerem insuficiéncia tubular renal e filtracdo glomerular deficiente (ZIDAN, 2015;
KHALIFA; ALKHALAF, 2020). Segundo o estudo de caso conduzido por YOKOTA et
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al., (2017), ap6s a exposigao ao malation, ocorreram esclerose glomerular, inchaco
dos podacitos e das células epiteliais da capsula de Bowman, dilatagéo irregular dos
tubulos contorcidos distais, artérias interlobulares com acentuado espessamento
fibroso da tunica intima e edema endotelial focal, caracterizando o processo de
necrose tubular aguda.

Também foi relatada degeneracao dos glomérulos, das capsulas de Bowman e
das estruturas dos tubulos renais, com diminuicdo no tamanho dos glomérulos, e
aumento do espagco de Bowman. Além disso, mudangas nas concentragdes
plasmaticas de acido urico foram apontadas, decorrentes de alteragbes em sua
reabsorgao nos tubulos proximais do néfron (SELMI et al., 2018).

Além disso, alteracbes devidas ao estresse oxidativo também foram
identificadas, similares aos dados descritos para o figado. Assim, a exposi¢do ao
malation causa diminuicao da expressdo no mRNA de GPx-3 nos rins (SELMI et al.,
2018), redugao nas concentragdes da catalase, GSH, Glutationa Peroxidase e SOD,
0 que colabora para uma diminuicdo no balango antioxidante deste 6rgao e possibilita
0 aumento das espécies reativas de oxigénio, favorecendo o processo de peroxidagéo
lipidica. Mudancas nos padrdes histolégicos também foram encontradas, como
alteragbes degenerativas renais, incluindo inchago turvo, descamacgdes celulares,
bem como inchago e pleomorfismo mitocondrial (AL-ATTAR, 2010; COBAN et al.,
2015).

O figado também ¢ afetado pela toxicidade proveniente da exposi¢cdo ao
malation. Diversos estudos apontam que a exposicéo a este inseticida causa danos,
sendo que os achados mais comuns sdo o aumento da atividade das enzimas
hepaticas, aspartato aminotransferase (AST) e alanina aminotransferase (ALT), assim
como alteragdes nas concentragdes dos fatores oxidantes e antioxidantes (LASRAM
et al., 2014; MEHRI et al., 2016; ABOUBAKR et al., 2019; GUPTA et al., 2020).

Ratos Wistar machos adultos expostos a 150 mg/kg de malation por 1 semana
tiveram aumento da peroxidagdao e esse aumento foi relacionado com a producgao
excessiva de ERO. Em razao do processo de lipoperoxidagéo prejudicar a integridade
das membranas celulares, sua interacdo com as células ocasiona na liberagao de
enzimas citoplasmaticas, que promovem o recrutamento de células inflamatdrias e,
consequentemente iniciam o processo de inflamacéao local. Além destas alteracdes,
também foram encontradas mudancas nas concentragdes plasmaticas de AST e ALT,

que estavam aumentadas apos a exposicao ao inseticida (MEHRI et al., 2016).
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Referente aos achados histoldgicos, o estudo, de ABDEL-SALAM et al., (2018)
utilizando a dose de 150 mg/kg de malation em ratos Sprague—Dawley machos
adultos, com eutanasia quatro horas apds sua administracao, identificou diversas
alteracbes estruturais, como dilatagdo das veias porta e sinusoides, sinais de
degeneragao vacuolar, caridlise, cariorrexe, picnose e focos necréticos.

Semelhante a estes dados, em outro estudo utilizando ratos Sprague—Dawley
machos adultos, com a dose de 40 mg/kg e eutanasiados ao término da
administracdo, foram identificados congestado das veias centro lobulares, infiltrados
inflamatorios e degeneracao hidrépica (NUR et al., 2018). Do mesmo modo, foram
identificados efeitos similares no estudo de AL-ATTAR., (2010) o qual utilizou a dose
de 100 mg/kg de malation diariamente durante o periodo de um més em ratos Wistar
machos.

Além destes fatores, ha um aumento expressivo da inflamacao hepatica, que
se da através da expressao de algumas citocinas como interferon-y, interleucina 1-3,
fator de necrose tumoral-a e fator nuclear-kB (NF-kB). Estes mediadores promovem
o recrutamento e ativagcdo de células do sistema imune, podendo provocar lesdes
hepaticas, como esteatose e apoptose (FUJII; KAWADA, 2012; LASRAM et al., 2014;
INCE et al., 2017).

Além destas alteragdes, reducado nas concentragdes plasmaticas de albumina
também foi descrita em roedores expostos ao malation, sugerindo possivel alteragcéo
no metabolismo de proteinas e aminoacidos em ratos Wistar machos adultos (AKBEL
et al., 2018). Também foram encontradas alteragcbes no metabolismo de lipidios,
sendo caracterizadas pelo aumento do colesterol total, da lipoproteina de baixa
densidade (LDL) e dos triglicerideos, bem como pela reducéo da lipoproteina de alta
densidade (HDL).

2.3 Ciclosporina A

2.3.1 Caracteristicas gerais

A ciclosporina A (CsA) é conhecida por ser um undecapeptideo ciclico lipofilico
neutro isolado a partir do fungo Tolypocladium inflatum (BEAUCHESNE; CHUNG,;
WASAN, 2007). Sua descoberta ocorreu em 1976 durante um estudo que buscava
novas substancias antibiéticas. Primeiramente, foi utilizada com um amplo espectro

de atividades bioldgicas, incluindo efeitos antiparasitarios, fungicidas e anti-
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inflamatorios. No entanto, em estudos posteriores foi descoberto ser um poderoso
agente imunossupressor (BOREL et al., 1994). Dentre as diversas variagdes que a
ciclosporina possui, a CsA é uma das mais conhecidas e utilizadas. Este medicamento
faz parte de um grupo de imunossupressores inibidores da calcineurina, e a sua
principal funcao esta associada a prevencao da rejeicao de érgaos transplantados,
como rins, coragao, pancreas e figado, levando a diminuicdo da morbidade (BOREL
et al., 1994; FLORES et al., 2019; MOON; KIM, 2019). Além disso, a CsA também &
utilizada como tratamento de diversas doengas autoimunes, como psoriase, sindrome
nefrética idiopatica e artrite reumatoide (KOROLCZUK et al., 2013; ZHU et al., 2016).
Sua atividade celular é restrita a um subconjunto de células T e, como resultado, € um
forte inibidor da inflamagao crénica, ndo apresentando efeito na inflamagéo aguda
mediada pelo sistema imunolégico (BOREL et al., 1996).

A CsA atua no organismo ao se ligar em seu alvo endégeno (SCHREIBER;
CRABTREE, 1992), uma proteina presente no citosol, denominada ciclofilina. Seu
mecanismo de ag¢ao ocorre, devido a formacao de um complexo de alta afinidade, que
age através da inibicdo da calcineurina (COLOMBO; AMMIRATI, 2011).

A calcineurina, ou proteina fosfatase 3, € um heterodimero, dependente de
Ca?+, que apresenta duas subunidades. A subunidade “A”, considerada o centro
catalitico da enzima e a subunidade “B”, que regula a ligacdo com o Ca%+. Ambas
estdo fortemente ligadas e sofrem dissociagdo apenas por desnaturacdo ou em
situacdes extremas de baixa quantidade do Ca?+, estando envolvida no crescimento
e desenvolvimento muscular e neuronal, na apoptose e no reparo do DNA (MUSSON,;
SMIT, 2011).

Além disso, a calcineurina é essencial na produgao de citocinas necessarias
para ativagao do receptor das células T (TCR) (CAMPISTOL; SACKS, 2000). Estas
células sao ativadas pelo reconhecimento de antigenos através TCR, gerando uma
cascata de sinalizagao que culmina na ativacdo da tirosina quinase. Desta forma,
permite fosforilar varias proteinas adaptadoras e enzimas situadas proximas ao TCR.
As proteinas adaptadoras se ligam e ativam fosfolipases, como a PLC Y. Este
processo, gera um subproduto denominado IP3, que por sua vez estimula a liberagao
de Ca?*+ do reticulo endoplasmatico (MUSSON; SMIT, 2011). O aumento na
concentracdo de Ca?+ no citosol culmina na abertura de canais na membrana
plasmatica, promovendo influxo deste ion. Assim, o Ca?*+ se liga a calmodulina,

formando um complexo que ativa a calcineurina. Esta fosfatase € responsavel por
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retirar o grupo fosfato do fator nuclear de células T ativadas, tornando possivel sua
migragao para o nucleo, onde ira ativar genes promotores de interleucina 2, um dos
fatores de crescimento de linfocitos T (ABBAS; LICHTMAN; PILLAI, 2015).

Sendo assim, ao ser administrada, a CsA liga-se a ciclofilina, seu receptor
citoplasmatico e o complexo CsA-ciclofilina liga-se a calcineurina, inibindo sua
capacidade de desfosforilar fatores nucleares presentes no citosol, o que, por sua vez,
impede a produgao de citocinas envolvidas no processo de ativagédo dos linfocitos T
(HO, 2004).

A CsA administrada por via oral apresenta baixa absor¢do, que ocorre
principalmente no intestino delgado, nas regides do jejuno e ileo (BEAUCHESNE;
CHUNG; WASAN, 2007). Este medicamento apresenta o efeito de primeira passagem
de aproximadamente 59% e sua biodisponibilidade de cerca de 30% em pacientes
saudaveis. Sua concentragdo maxima no sangue pode ser encontrada em 1 até 8
horas ap6s a administragao oral (FAULDS; GOA; BENFIELD, 1993).

A concentragdo plasmatica maxima de CsA é de 240 a 1,250 ug/ml, atingida
entre 2 a 4 h apos a administragéo oral de uma dose de 600 mg (BLOCK; SUTTER,;
MIHATSCH, 1983). Sua distribuicdo ocorre rapidamente entre os componentes
sanguineos, onde 58% esta presente nos eritrocitos, 5% ligado aos linfécitos, 4% aos
granuldcitos e 33% a fragdo plasmatica, ligando-se principalmente as lipoproteinas
(BEAUCHESNE; CHUNG; WASAN, 2007). Deste modo, este medicamento se
correlaciona com os niveis teciduais de ciclofilina e lipidios, apresentando
concentragcdes maiores nos 6rgaos ricos em leucdécitos e em 6rgaos com quantidade
acentuada de tecido adiposo (BLOCK; SUTTER; MIHATSCH, 1983).

Sua metabolizacido ocorre principalmente nos hepatécitos, através do
metabolismo de fase | pela subfamilia CYP3A, um tipo de sistema do citocromo P450
(CYP450). Grande parte deste metabolismo sera realizado a partir de dois membros
desta subfamilia, a CYP3A4 e CYP3AD5, presentes em grandes quantidades tanto no
figado como no intestino (WANG et al., 2018).

A CsA é excretada principalmente por metabdlitos, com menos de 1% sendo
farmaco inalterado. Sua liberagao ocorre de maneira bifasica, sendo 6% eliminado na
urina e 70% a 80% eliminado nas fezes, uma vez que a sua principal via de excrecao
se d4, através do sistema biliar, devido a CsA ser absorvida pelas micelas formadas
pela bile (LINDHOLM, 1991; BEAUCHESNE; CHUNG; WASAN, 2007).
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2.3.2 Nefrotoxicidade induzida pela Ciclosporina A

Os danos renais causados pela exposi¢cao a CsA podem ser citados em duas
formas distintas: a nefrotoxicidade aguda e a nefrotoxicidade crénica. A
nefrotoxicidade aguda é caracterizada por alteragdes hemodinamicas e auséncia de
lesdo permanente nos tecidos, de modo que as células lesadas retornam ao estado
normal com a diminuicdo ou parada na utilizacdo do medicamento. Em relagao a
nefrotoxicidade crénica, sua principal caracteristica € a fibrose intersticial progressiva
dos rins, podendo progredir para doencga renal crénica (BURDMANN et al., 2003).

As alteragdes hemodinamicas identificadas na lesdo aguda sao caracterizadas
pelo desequilibrio nos mediadores de vasoconstricdo renal. Este processo €
caracterizado pela ativagéo do sistema renina-angiotensina, causando vasoconstricao
arteriolar aferente intensa, diminuicdo do fluxo sanguineo renal e na taxa de filtragao
glomerular (MURRAY; PALLER; FERRIS, 1985; BURDMANN et al., 2003; MOON;
KIM, 2019; SHIROLIKAR et al., 2020). A ativagcdo do sistema renina-angiotensina
pode acontecer de duas formas, através de um efeito direto nas células
justaglomerulares, aumentando a secrecdo de renina (KURTZ; DELLA BRUNA;
KUHN, 1988), e de forma indireta através da vasoconstricdo arterial e diminuicao do
fluxo plasmatico renal (SHIROLIKAR et al., 2020).

O processo de vasoconstricdo que ocorre pela exposi¢cdao a CsA, pode ser
acompanhado de hipdxia, e esta associado ao aumento da expressao de endotelina -
1 (ET-1), um potente vasoconstritor, que exerce sua fungdo na célula alvo por meio
de dois receptores, ETA e ETB. A ativacéo do receptor ETA € o principal responsavel
pela vasoconstricao, proliferagdao celular, proteinuria e indugao de fibrose renal. A
enzima de conversao de endotelina (ECE -1), responsavel por gerar a ET-1, sofre
regulagdo positiva via fator induzivel por hipoxia (HIF). Ou seja, a CsA atua
aumentando a expressdo de ET-1 diretamente, assim como contribuindo
indiretamente para o aumento de ECE-1 devido a presenga do HIF (CAIRES et al.,
2018; HEYMAN et al., 2018).

Disfungdes tubulares sdo uma das maiores manifestagdes da nefrotoxicidade
aguda da CsA (ADU et al., 1983). Um dos mecanismos associado a estas alteragdes
€ 0 aumento da permeabilidade para o cloreto nos tubulos distais, o que propicia o
aumento na reabsorgao de ions e do volume de sangue dentro dos vasos. (KAMEL et
al., 1992). Além disso, em um estudo utilizando células MDCK |, foi possivel identificar

que a CsA causa alteragbes na montagem das proteina presentes nas jungdes
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comunicantes, e consequentemente altera a permeabilidade nos tubulos renais (LEE
et al., 2011).

Com relagao a nefrotoxicidade cronica, alteracbes como fibrose intersticial e
glomerulosclerose podem ser identificadas. Estas alteracbes s&o observadas pela
presenca de algumas caracteristicas como: atrofia tubular, acimulo de matriz
extracelular (MEC) e espessamento da membrana basal, o que resulta em perda da
fungéo das estruturas renais (SLATTERY et al., 2005; ZHAO, 2019).

As células mesangiais renais ativadas s&o as principais produtoras de MEC
glomerular, e sdo essenciais para a plasticidade estrutural (DE CHIARA et al., 2017).
No entanto, a exposi¢do a CsA pode induzir a ativacdo destas células através da
cascata de sinalizagao profibrogénica TGF-3/Smad, causando elevada producéo de
fibras colagenas (AKOOL et al., 2012).

Um outro fator associado a fibrose renal é o processo de transicao epitelial-
mesenquimal (TEM), caracterizado pela perda de caracteristicas celulares, como a
polaridade apical-basal, ligagdo célula-célula e marcadores epiteliais dos tubulos
renais (SCHELLING, 2016). As células que passam por esta mudanga fenotipica,
produzem uma quantidade excessiva de componentes da matriz extracelular,
influenciando diretamente o processo de fibrose renal (SLATTERY et al., 2005; LIU et
al., 2017). Estudos apontam que a CsA pode aumentar a secrecdao de TGF-31
(WAISER et al., 2002; CHEN et al., 2019), e mediar o processo de TEM, por estimular
a sintese de componentes da matriz extracelular e reduzir a produgao de colagenase
(WOLF, 2006).

2.3.3 Hepatotoxicidade induzida pela Ciclosporina A

A CsA é um dos medicamentos mais importantes relacionados a agentes
imunossupressores para transplantes de 6rgaos e doengas autoimunes. No entanto,
diversos efeitos téxicos para o organismo sao identificados, os quais acometem
principalmente o figado e os rins (HAGAR, 2004; LEE et al., 2011; DE ARRIBA et al.,
2013; KOROLCZUK et al., 2013; MOON; KIM, 2019).

Os danos hepaticos séo, caracterizados por alteragdes estruturais e funcionais
(HAGAR, 2004; KOROLCZUK et al., 2013; AKOOL, 2015). Com relagao as alteragbes
estruturais, podem ser destacados: a presenga de degeneragédo hidrépica, focos
necroticos, perda de organelas e diminuigao dos espacos sinusoidais. Também foram

encontrados focos de congestao tecidual, edema dos tratos portais, alargamento do
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seio hepatico, ativagao das células de Kupffer, infiltrado inflamatdrio, hiperplasia do
ducto biliar e reducdo do glicogénio intracelular (YUCE; ATESSAHIN; CERIBASI,
2008; AHMED FETOUH; AL SHAHAT, 2013). No entanto, muitas destas alteragdes
foram encontradas principalmente quando os animais sao expostos a altas doses de
CsA, visto que a sua toxicidade € dose-dependente (BINGUL et al., 2019).

As alteragdes funcionais estao relacionadas com o aumento dos niveis séricos
de transaminases hepaticas, fosfatase alcalina, colestase, aumento da producao de
sais biliares e comprometimento da secrecdo de lipidios (DE FREITAS et al., 2015;
KOROLCZUK et al.,, 2016). Além disso, também sao identificados aumento na
atividade da gama-glutamil transferase (GGT), bilirrubina total (TBIL) e colesterol total
(LEE et al., 2019).

O aumento da GGT indica que a exposicao a CsA causa lesdes do trato biliar,
e um alto nivel de TBIL pode indicar doenca hepatica e bloqueio dos dutos biliares.
Estes danos estdo envolvidos no desenvolvimento de um estado hipermetabdlico e
estao relacionados com a inibicdo do transporte de bilirrubina e sais biliares através
das membranas dos hepatocitos (LEE et al., 2019).

O mecanismo exato que leva ao processo de hepatotoxicidade pela CsA nao é
totalmente conhecido. No entanto, diversos estudos apontam que o estresse oxidativo
seja um dos principais fatores envolvidos (WOLF et al., 1997; HAGAR, 2004; AKOOL,
2015).

Alteragcbes mitocondriais estdo entre as principais mudangas causadas pelo
estresse oxidativo, e ocorrem devido exposicdo prolongada a CsA. Este processo,
induz o aumento de Ca?* no interior das mitocondrias, levando a produgao de espécies
reativas de oxigénio (ERO), causando inibicdo do metabolismo de glicose e a
producdo de ATP (KOROLCZUK et al., 2016). Outro fator que esta associado com a
hepatotoxicidade € o aumento na atividade da caspase 3. Varios estudos apontam
que estas alteragdes ocorrem, em razdo da despolarizagdo das membranas
mitocondriais, promovendo a liberacdo do citocromo ¢ pro-apoptético e a proteina
Smac / Diablo. Este mecanismo ocorre, devido abertura de poros de transicdo de
permeabilidade mitocondrial causados pela exposicdao a CsA, dando inicio ao
processo de apoptose nos hepatécitos (RONCHI; VERCESI; CASTILHO, 2011;
KOROLCZUK et al., 2016).

2.3.4 Estresse oxidativo nos rins e figado
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Diversos artigos apontam que os danos causados pela CsA, tanto nos rins
como no figado, estdo diretamente relacionados com a produgao de espécies reativas
de oxigénio (ERO) (HAGAR, 2004; AKOOL, 2015; BALAH; EZZAT; AKOOL, 2018;
YOUSEF et al., 2020).

Para evitar que estas alteragbes acontegcam, as células possuem mecanismos
associados ao uso de enzimas antioxidantes, sendo que os principais sao, a catalase,
a superoxido dismutase (SOD) e a glutationa (GSH). A catalase é uma enzima
antioxidante que promove a decomposi¢cao do H202, que pode formar um radical
hidroxila altamente reativo na presenca do ferro. Em relagdo a GSH e a GSH-PX,
ambas convertem o H20:2 e perdéxidos lipidicos em produtos que nao sao lesivos para
a célula. A superoxido dismutase (SOD), € a primeira enzima de desintoxicagao e o
antioxidante mais poderoso da célula. Seu papel é atuar no sistema de defesa de
primeira linha contra espécies reativas do metabolismo do oxigénio (ERO).
Responsavel por catalisar a dismutacao de duas moléculas de anion superoxido, (*O2)
em peroxido de hidrogénio (H202) e oxigénio molecular (O2), consequentemente
tornando o anion superdoxido menos prejudicial para o organismo (IGHODARO;
AKINLOYE, 2018).

A atividade reduzida destes sistemas, devido aos efeitos causados pela
exposicado a CsA, induz o processo de estresse oxidativo o qual pelo aumento da
peroxidacao lipidica pode induzir o processo de hepatotoxicidade e nefrotoxicidade
(KOWALTOWSKI; CASTILHO; VERCESI, 2001; HAGAR, 2004).

As ERO estao associadas a varios danos nos tubulos renais, como em casos
de isquemia, glomerulonefrite e obstrugcao uretral. Um dos precursores para estas
alteragdes € o H202, considerado um importante mediador de lesao oxidativa. Estudos
utilizando culturas de células apontaram que a CsA aumenta a morte celular
apoptotica e necrotica, através da presencga de H202 nas células epiteliais dos tubulos
proximais (MOON; KIM, 2019). Foi identificado que a CsA induz a sintese de ERO,
causando reducao do potencial de membrana mitocondrial e formacédo de poros de
transicdo de permeabilidade. Este processo induz a liberagdo do citocromo c,
acompanhado da ativagao das caspase-9 e 3, levando ao processo de morte celular
(KOWALTOWSKI; CASTILHO; VERCESI, 2001; RONCHI; VERCESI; CASTILHO,
2011; DE ARRIBA et al., 2013; YU et al., 2016). Junto a este fator, quando em baixas
concentracbes de NAD+ intracelular e na presenca dos poros de transicao de

permeabilidade a enzima nuclear PARP-1 pode provocar a morte celular (ALANO;
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YING; SWANSON, 2004). A exposicao a CsA também pode induzir o estresse
oxidativo no reticulo endoplasmatico, causando alteracbes no dobramento de
proteinas (PALLET et al., 2008; CHONG; SHASTRI; ERI, 2017).

Os danos encontrados no figado, referente ao estresse oxidativo estdo
diretamente relacionados a peroxidacgao lipidica e ao aumento de seus produtos,
malondialdeido (MDA) e 4-hidroxialquenais (4HAE). Este processo, promove
alteracbes mitocondriais, as quais resultam em reducdo na producdo de ATP
(KOROLCZUK et al., 2016).

O tratamento utilizando a CsA além de aumentar os niveis de oxidantes,
também age diminuindo os niveis de antioxidantes. Desta forma, os rins e o figado se
tornam mais suscetiveis ao estresse oxidativo, podendo resultar em um processo de
toxicidade (GHAZNAV!I et al., 2007).

De acordo com estes dados, o estudo conduzido por Wolf et al (1997), verificou
que em altas doses, a CsA diminui as concentragdes dos fatores antioxidantes,
favorecendo o status pro-oxidativo das células. No entanto, quando administrada em
baixa dose, o estresse oxidativo ndo é identificado, indicando que a toxicidade
induzida pela CsA é dose-dependente e esta diretamente relacionada com o aumento
das ERO (WOLF et al., 1997).
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3 OBJETIVOS

3.1 Gerais

Visto a grande utilizagdo de ambos compostos e a falta de informagdes sobre
a toxicidade do malation no periodo peripuberal e a toxicidade da ciclosporina em
baixa dose, os objetivos deste estudo foram: (1) Identificar os efeitos do inseticida
malation sobre a morfofisiologia renal e hepatica de ratos machos Wistar durante o
periodo peripuberal; (2) Avaliar as possiveis alteragdes histologicas, bioquimicas e no
status antioxidante dos rins e figado de camundongos expostos a uma baixa dose de

CsA considerada sem efeito imunossupressor.

3.2 Especificos

- Avaliar a morfologia e funcao renal e hepatica de ratos expostos ao malation
nas doses de 10 mg/kg e 50 mg/kg no periodo peripuberal e de camundongos

expostos a Ciclosporina A em baixa dose

-Quantificar os biomarcadores de estresse oxidativo e nos rins e figado de ratos
expostos ao malation nas doses de 10 mg/kg e 50 mg/kg no periodo peripuberal e de

camundongos expostos a Ciclosporina A em baixa dose

-Determinar as concentragdes de glicogénio e colageno nos rins e figado de
ratos expostos ao malation nas doses de 10 mg/kg e 50 mg/kg no periodo peripuberal

e de camundongos expostos a Ciclosporina A em baixa dose

-Contribuir com mais dados sobre a toxicidade provocada pelo Malation no

periodo peripuberal e pela Ciclosporina A em baixa dose nos rins e figado
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4.1 MALATHION CAUSES RENAL AND HEPATIC DAMAGE IN MALE WISTAR
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HIGHLIGHTS

e Malathion alters renal morphology during the peripubertal period.
e Renal function is impaired due to exposure to malathion.

e Malathion promoted an increase in the activity of antioxidant enzymes.
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ABSTRACT

Malathion is an organophosphate insecticide, which is effective against several insects, widely
used in agriculture. However, its use is not completely safe since its residues can remain in the
environment and reach water sources. The peripubertal period is a large vulnerability window
to the action of toxic agents, and the renal and hepatic tissues may be compromised. Thus, the
objective of this study was to identify the effects of malathion on the renal and hepatic
morphophysiology of male Wistar rats during the peripubertal period. The study included male
Wistar rats at postnatal day 21 (PND 21) divided into three experimental groups (n = 6
animals/group). Two of these groups received daily malathion doses of 10 mg/kg (10M) and
50 mg/kg (50M). The control group received only the vehicle. After 41 PND, the animals were
anesthetized and euthanized for blood, kidney, and liver collection. The plasma obtained was
used to analyze aspartate transaminase (AST), alanine aminotransferase (ALT), urea, and
creatinine levels. The kidneys and liver of the rats were used to evaluate oxidative stress
biomarkers and were processed for histopathological evaluation using hematoxylin and eosin,
periodic acid-Schiff, Heidenhain’s AZAN trichrome, and picrosirius red staining methods. The
results showed that malathion decreased the Bowman’s space (10M) and increased the
glomerular diameter (50M). In addition, glycogen was decreased in the renal cortex with both
doses. In the liver, both doses increased glycogen reserves in the portal and centrilobular
venules, and 50 mg/kg of malathion dose increased AST, ALT, and creatinine levels and
decreased urea levels. As for the oxidative stress, increased hepatic glutathione and renal
catalase activity were detected, and decreased superoxide dismutase activity was detected in
the kidneys. Exposure to low doses of malathion during the peripubertal period causes

hepatotoxicity and nephrotoxicity in male rats.

Keywords: Insecticide; liver; kidney; peripuberty
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INTRODUCTION

The use of insecticides has increased over the years, becoming one of the main causes of severe
chronic poisoning in humans (Soltaninejad and Abdollahi, 2009). Insecticide poisoning with
organophosphates is associated with a high mortality rate, besides being the cause of most hospital
admissions for poisoning (Espinoza-Navarro et al., 2017; Vijaya kumar et al., 2010). Malathion is an
example of this class of insecticides, which is used worldwide to control pests and is considered of low
toxicity. It is widely used in agriculture (Baconi et al., 2013; Espinoza-Navarro et al., 2017).

This insecticide can be absorbed through the skin, digestive tract, and airways (Lasram et al.,
2009). It is deposited mainly in the liver, kidney, and adipose tissue and excreted mainly by the urinary
route (Naraharisetti et al., 2009). The lipophilic character of this insecticide is considered a facilitating
factor for its interaction with cell membranes, increasing the possibility of lesions in the cell structure
of most visceral organs (Selmi et al., 2015). The liver is the main target organ for the toxic effect of
organophosphates. Malathion affects hepatic metabolic pathways, and interferes with protein, lipid, and
carbohydrate metabolism (Karami-Mohajeri et al., 2017; Karami-Mohajeri and Abdollahi, 2011). The
main pathophysiological mechanism of this insecticide is associated with the inhibition of
acetylcholinesterase enzyme, which is responsible for the hydrolysis of acetylcholine into choline in the
synaptic cleft (Joshi and Sharma, 2011). Thus, acetylcholine accumulates at the site, consequently
blocking neuromuscular action (Soltaninejad and Abdollahi, 2009; Vijaya kumar et al., 2010).

In addition, there is a direct effect of oxidative stress caused by malathion exposure. Lipophilic
characteristics allow its interaction with the lipid bilayer present in the cell membranes, causing lipid
peroxidation, structural disturbances, and increased production of reactive oxygen species (Ozsoy et al.,
2016). The process of lipid peroxidation is facilitated because malathion decreases the activity of
antioxidant enzymes present in the cells, such as glutathione S-transferase (GST) and superoxide
dismutase (SOD); hence, changing the antioxidant balance of the body (Franco et al., 2009).

Thus, since the peripubertal period is a large vulnerability window to the action of toxic
agents and there is a scarce amount of information on the effects of malathion on the liver and
kidney tissues in the peripubertal period, the objective of this study was to evaluate the effects

of low doses of malathion on the kidney and liver morphophysiology of male Wistar rats during

the peripubertal period.

MATERIAL AND METHODS

Animals and experimental conditions
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Male Wistar rats (n=18), at postnatal day 21 (PND21) were supplied by the Animal House of
Biological Sciences Centre, State University of Londrina (CCB - UEL), and were acclimated to the new
environment at the Laboratory of Toxicology and Metabolic Dysfunction of Reproduction with
controlled temperature conditions (23 °C) and lighting (photoperiod of 12h light/12h dark). Before the
start of the experimental period, the rats were acclimated to the new environment for 4 days. The animals
were allocated into polypropylene cages with laboratory-grade pine shavings as bedding during the
entire experiment and received rat chow and filtered tap water ad libitum. Animal care and handling
procedures were in accordance with the National Institutes of Health guide for the care and use of
Laboratory animals (Nih et al., 2011), and with the approval of the Ethics Committee on Animal Use of
State University of Londrina (OF. CIRC. CEUA/UEL n° 137/2016).

Experimental design

The animals were randomly assigned to three experimental groups (n= 6/group): In groups 10M
and 50M, animals received malathion via gavage in doses of 10 and 50 mg / kg of body weight,
respectively, diluted in 0.9% saline solution. In the control group (C), the animals received only
the vehicle. The animals were treated daily for 40 consecutive days (PND25 a PDN65), which
corresponds to the juvenile and peripuberal periods established for rats (Ojeda et al., 1980).

Malathion doses were administered according to Mansour et al. (2008), which
demonstrated renal and hepatic disorders in adult male Wistar rats exposed to 36 mg / kg p.c.
of malathion. The average of doses used in the present study represents the dosimetric
adjustment of the AOEL dose of 0.03 mg/bw/day in humans (European Commission) with an
added security factor of 10 considering intraspecies variability (Erthal et al., 2020; Nielsen et
al., 2008).

Malathion

Malathion (dietil-dimetoxitiofosforiltio; CAS no. 121-75-5; Cheminova) was obtained
from Dominus Quimica (Jandaia do Sul, Brazil). The compound was diluted in 0.9% saline
daily as vehicle.

Kidney and Liver collection

At the end of the experimental period, the rats were anesthetized intraperitoneally with

a combination of ketamine (75 mg/kg b.w. - Sedomin® 10%, Avellaneda, Argentina) and
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xylazine (10 mg/kg b.w. - Anasedan®, Paulinia, Brazil) and euthanized via cardiac puncture.
Blood was collected in the presence of anticoagulant heparin (Hemofol®, Sao Paulo, Brazil)
for the determination of plasma concentrations of aspartate aminotransferase (AST), alanine
aminotransferase (ALT), urea and creatinine. The kidneys were collected and used for
histopathological analysis (left kidney) and assessment of oxidative stress biomarkers (right
kidney). The liver was collected, weighed, sectioned, and destined for histopathological

analysis (right lobe) and dosages of oxidative stress biomarkers (left lobe).

Histopathological analysis

Kidneys and liver were fixed in aqueous Bouin's solution for 48 hours and subsequently
sent to the histopathological analysis laboratory (LAHip) of Londrina State University. After
fixation, the organs were dehydrated in an increasing series of ethanol, clarified in xylol and
embedding in histological paraffin. The 7 pm thick cuts were made in a semi-automatic
microtome (CUT 5062 SLEE medical GmbH, Germany) and the slides were stained with
hematoxylin and eosin; Schiff's periodic acid (PAS); Azan trichrome and Picrosirius Red
(Bancroft and Gamble, 2002). Observations and photo documentation were performed at 400x
magnification, in a Moticam image capture system (Motic, Xiamen, China), attached to the

light microscope.

Hematoxylin and Eosin (H&E) for morphometric analysis

In the kidneys, 10 images of the cortical region and 10 images of the medullary region
per animal were analyzed. In the cortical region, the diameter of the renal corpuscles,
Bowman's space and diameters of the proximal and distal convoluted tubules were determined.
In the medullary region, the diameter of the collecting tubules was measured (Imafidon et al.,
2016; Olatunji et al., 2015).

In the liver, 10 images of the periportal region and 10 images of the centrilobular region
were analyzed, per animal. In the periportal region, the diameters of 10 portal venules, 10 bile
ducts and 10 sinusoids were determined. In the centrilobular region, the diameters of 10
centrilobular venules and 10 sinusoids were measured. In both regions, the leukocytes adhered

to the endothelium of the venules were quantified (Nirmal et al., 2020).

Periodic acid Schiff reaction (PAS) for detection of neutral glycoconjugates
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In the kidneys, 5 images of the cortical region and 5 images of the medullary region
were analyzed, while in the liver, 5 images of the periportal region and 5 images of the
centrilobular region were analyzed, per animal. In each image, using the image-Pro Plus®
software (Media Cybernetics, Maryland, USA) the proportion of the purple pixels was
determined, indicating positive marking for neutral glycoconjugates (Bancroft and Gamble,

2002).

Azan trichrome to determine the percentage of total collagen

In the kidneys, 5 images of the cortical region and 5 images of the medullary region
were analyzed, while in the liver, 5 images of the periportal region and 5 images of the
centrilobular region were analyzed, per animal. In each image, using the image-Pro Plus®
software (Media Cybernetics, Maryland, USA) the proportion of the blue pixels presented by

the collagen fibers in the histological sections was determined (Adisa et al., 2016).

Picrosirius Red for quantification of type I and type III collagen

In observation under polarized light, 5 images of the cortical region and 5 images of the
medullary region were captured in the kidneys, while 5 images of the periportal region and 5
images of the centrilobular region were analyzed per animal in the liver. In each image, using
the image-Pro Plus® software (Media Cybernetics, Maryland, USA), the proportion of the red
(type I collagen) and green (type IlI collagen) pixels was determined (Pupim et al., 2017).

Assessment of renal function and liver toxicity

To assess renal function, plasma urea and creatinine concentrations were determined
using commercial kits, according to the manufacturer's instructions. (Labtest® Diagnostico
S.A., Lagoa Santa, MG, Brazil). The results were presented in milligrams per deciliter (mg /
dL) of plasma urea or creatinine.

To assess hepatotoxicity, plasma samples were processed following manufacturer’s
instructions to determine the concentrations of aspartate aminotransferase (ALT) and alanine
aminotransferase (AST) using commercial kits (Labtest® Diagnoéstico S.A., Lagoa Santa, MG,

Brazil). The results were presented as U / L of ALT or plasma AST.
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Analysis of oxidative stress biomarkers in the kidney and liver

Sample processing

The fragments of the kidneys and livers were homogenized in PBS (pH 7.2), and the
homogenate was centrifuged at 3,000 rpm for 20 minutes. The supernatant was separated and
diluted at a ratio of 1:100. The quantification of proteins in the sample was determined using
the Bradford biochemical method. A standard curve, consisting of white, 0.06; 0.12; 0.25; 0.5
and 1 mg BSA per mL, was pipetted in triplicate into a 96-well plate. Then, 10uL of the diluted
samples were also pipetted in triplicate, following the standard curve. 250uL of the Bradford
reagent was added and absorbance was measured at 595 nm. From the data obtained,
calculations were performed for the dilution of the samples to have a final protein concentration

of I mg/mL.

Determination of thiobarbituric acid reactive substances (TBARS)

For this analysis, 50 pL of the sample in triplicate was pipetted into a 96-well microplate,
5 ul of iron chloride (FeCl3) (1M), 5 ul of ascorbic acid (0.5M), 50 ul of trichloroacetic acid
(TCA) (2.8%) and 50 pl of thiobarbituric acid (TBA) (1%). The microplates were kept in a
water bath for 15 minutes and the absorbances were read at 535 and 572 nm. (Buege and Aust,

1978)

Glutathione s-transferase activity (GST)

In this analysis, 20 pL of the samples and potassium phosphate buffer (0.1 M) were
pipetted, in triplicate, in a 96-well microplate. Subsequently, 180 uL. of a mixture composed of
reduced glutathione (GSH), 1-chloro-2,4-dinitrobenzene (CDNB) and potassium phosphate
buffer were pipetted in all wells. Sample absorbances were measured at 340 nm at 40-second

intervals for 5 minutes (Keen et al., 1976). (Ferreira and Matsubara, 1997; Hayes et al., 2005).

Catalase activity (CAT)

To determine the catalase activity, 3 pL of the samples were used, then 297 pL of the

reaction was pipetted, containing Tris-HCI buffer, ethylene diamine tetra-acetic acid (EDTA)
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and hydrogen peroxide (H202), in the wells that contained samples. Sample absorbances were

measured at 240 nm at 15-second intervals for 1 minute (Aebi, 1984).

Superoxide dismutase activity (SOD)

The activity of superoxide dismutase (SOD) was evaluated according to the method
originally proposed by (Crouch et al., 1981). The principle of this analysis was to quantify the
complex formed between superoxide and nitrotetrazolium blue (NBT), measured at 560 nm
over a period of 1 hour. An aliquot of 0.75 mg.mL-1 of protein in 25% ethanol was prepared in
a total volume of 800 pL. The samples were centrifuged at 13,680 g at 4°C for 20 minutes, and
supernatant was pipetted in triplicate, in a 96-well microplate; the final 200uL volume
contained: 0.1 mg protein.mL-1, 0.09 mM NBT, 0.015 mM EDTA, 34.78 mM hydroxylamine
sulfate and 79 mM sodium carbonate buffer (pH 10,2). The activity values of the antioxidant

enzymes were expressed in U. mg protein-1.

Statistical analysis

For statistical analysis, the IBM SPSS® software was used (SPSS Inc, Chicago, Illinois,
USA) and the results were expressed as mean + SD. One-way analysis of variance (ANOVA)
was used, followed by Dunnett's post-test for parametric data. Nonparametric results were
compared by Kruskal-Wallis and Dunn's post-test. Differences were considered statistically

significant when P <0.05.

RESULTS

Kidney and liver morphometry

Compared to the control group, there was an increased glomerular diameter (Figure 1A)
in the 50M group and decreased Bowman’s space (Figure 1B) in the 10M group. The diameters
of the proximal (Figure 1C), distal (Figure 1D), and collecting tubules (Figure 1E) presented
no change after exposure to malathion. As for the liver, the 10M and 50M groups showed no
differences compared to the control group (Figure 2). However, despite not being statistically
significant, malathion caused a 13.07% (Figure 2A) dilation in the portal venule in the 10M
group and 17.8% in the 50M group compared to the control group. The biliary ducts (Figure
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2B) showed no significant diameter changes in the 10M and 50M groups. The centrilobular
venule (Figure 2C) presented dilation of 14.18% in the 10M group and of 17.13% in the 50M
group compared to the control group. The number of cells adhered to the portal (Figure 2D)
and centrilobular venules (Figure 2E) and the diameter of hepatic sinusoids around the portal
(Figure 2F) and centrilobular venules (Figure 2G) showed no significant changes in the 10M

and 50M groups compared to the control group.

Neutral glycoconjugate analysis

Malathion exposure resulted in lower neutral glycoconjugate labeling in the cortical
region of the kidneys (Figure 3A) compared to the control group. Liver tissue presented
increased labeling both in the periportal (Figure 4A) and centrilobular regions (Figure 4B) in
the 10M and 50M groups compared to the control group.

Type 1, 111, and total collagen quantification

Exposure to both doses of malathion did not change mean total collagen percentages in
the kidney (Figure 3C and D) and liver (Figure 4C and D) of the male Wistar rats in 10M and
50M groups compared to the control group. Additionally, the three experimental groups showed
a prevalence of type I collagen in relation to type III collagen in the renal (Figure 3E and F) and

hepatic (Figure 4E and F) tissues.

Hepatotoxicity and nephrotoxicity

Plasma urea concentrations in the 10M and 50M groups (Figure 5A) showed no
significant change compared to the control group. However, the SOM group showed increased
plasma creatinine (Figure 5B), aspartate transaminase (AST) (Figure 5C), and alanine

aminotransferase (ALT) levels (Figure 5D) compared to the control group.

Oxidative stress biomarkers

Lipid peroxidation results evidenced by thiobarbituric acid reactive substances

(TBARS) levels in the kidneys (Figure 6A) and liver (Figure 6B) showed statistical similarity

between the three experimental groups. GST activity increased only in the liver (Figure 6D) of
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the rats exposed to the highest dose of malathion (50M group) compared to the control group.
However, both treatment groups presented increases catalase (CAT) activity in the kidneys
(Figure 6E) compared to the control group. SOD activity decreased in the kidneys (Figure 6G)
of rats in the 50M group compared to the control group. However, the liver tissues showed no

significant SOD activity changes (Figure 6H) between the three experimental groups.

DISCUSSION

This study showed that exposure to malathion during the peripubertal period damaged
the kidneys and liver as there were significant changes in the morphology and function of these
organs.

The decreased Bowman’s space in animals receiving the lowest insecticide dose
corroborates with the findings reported by Jalili et al. (2018). These authors reported that a
malathion dose of 27 mg/kg via gavage decreased the Bowman’s space and increased urea and
serum creatinine levels in male Wistar rats. This event may indicate impaired ultrafiltrate
production in animals exposed to malathion. According to the study conducted by Vijaya kumar
et al. (2010), ultrafiltrate production failure is one of the characteristics of organophosphate
nephrotoxicity, which may lead to renal failure, the main kidney damage caused by pesticides
of this class. Although no changes were identified in the proximal and distal convoluted tubules
and collecting tubules, Al-Attar, (2010) reported that a dose of 100 mg/kg of malathion
administered by gavage in male Wistar rats for one month caused several ultrastructural
changes in the renal tubule cells and identified vacuoles with damaged outer membrane and
swollen and pleomorphic mitochondria. This result indicates that exposure to a dose higher than
the ones used in this study causes more severe renal damage than that observed in this study.

The increased glomerular diameter after exposure to malathion in the 50M group
indicates the process of hypertensive nephropathy, which precedes glomerular arteriosclerosis.
A previous study by Baiomy et al. (2015), using a dose of 50 mg/kg of malathion via gavage in
male Wistar rats for 30 days, identified glomerular capillary dilation and glomerular
degeneration. Selmi et al. (2018) used 200 mg/kg of malathion via gavage in male mice in the
peripubertal period for 30 days and reported glomerular shrinkage and degeneration, and
Bowman’s capsule and renal tubule degeneration. This indicates that exposure to higher

malathion doses increases renal structure damage.
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The absence of changes in the liver tissues indicates that the dose used was not enough
to cause morphological changes in this tissue. However, the study by Baconi et al. (2013)
identified that exposure to malathion at 42.5 and 85 mg/kg doses via gavage in male and female
Wistar rats for 35 days caused vasodilation, microvacuoles, and granular dystrophy. Similar
data were found by El-Gharieb et al. (2010), who reported portal venule dilatation in addition
to other tissue changes, such as pyknosis and inflammatory infiltrate. Naraharisetti et al. (2009)
reported centrilobular venule dilatation as one of the effects of malathion in 1-month-old
chickens treated with the insecticide (500 ppm) for 28 days. These authors reported that this
change may cause imbalance in the hepatic vascular pattern, changing the blood supply to the
organ. Furthermore, malathion exposure changes hepatic blood perfusion, causing hypoxia not
only in the liver, but also in the heart (Vijaya kumar et al., 2010).

The decrease glycogen reserves observed in the renal tissue indicate that the function of
the organ is increased, promoting greater glycogen consumption by the cells. However, these
data contradict the results presented by Kaya et al. (2018). These authors treated Wistar rats
with 0.8 mg/kg of Fenthion, an organophosphate, observing increased glycogen stores in the
kidneys of these animals 24 hours after treatment. Therefore, despite the lack of consensus
regarding this result, it is evident that malathion affects renal glycogen levels. Contrary to this
effect on the renal tissue, the liver tissue responded in the opposite manner to malathion
exposure. Thus, the increased quantification of neutral glycoconjugates present in the liver is
explained by the process of hepatic glycogenolysis and gluconeogenesis, responsible for
promoting glycogen depletion. This change is corrected by the body through glycogen synthesis
under the effect of hyperinsulinemia, which increases hepatic glycogen deposition (Flehi-Slim
et al., 2015). Rezg et al. (2007) reported that subchronic exposure via gavage to 100 mg/kg
malathion in male Wistar rats decreases liver proteins and lipids. Furthermore, the results
reported by Abdollahi et al. (2004) indicate that the process of gluconeogenesis is stimulated
by the increased activity of the hepatic gluconeogenic enzyme phosphoenolpyruvate
carboxykinase in response to 100, 200, and 400 ppm of malathion exposure in male Wistar rats
for 4 weeks. According to Flehi-Slim et al. (2015), male Wistar rats exposed to 137, 13.7, or
1.3 mg/kg of malathion for 30 days presented increased glycogen stores in the liver in a dose-
dependent manner. These data are consistent with the research by Joshi and Rajini, (2009), who
demonstrated increased glycogen deposition in the liver of male Wistar rats treated with 140
mg/kg of acephate, an insecticide of organophosphate class. Malathion can inactivate the
enzyme glycogen phosphorylase, decreasing glycogen conversion into glucose and increasing

glycogen stores in the liver (Lasram et al., 2014).
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However, despite these hypotheses regarding the effects of malathion on the liver and
kidney function, the maintenance in the amount of type L, III, and total collagen in the kidneys
and liver of animals exposed to malathion indicates no tissue damage in these organs. In an
inflammatory process, type I collagen is removed and type III collagen fibers are produced,
being later replaced by type I collagen fibers (Medeiros and Dantas-Filho, 2017). However,
doses higher than those used in this study lead to irreversible tissue damage processes, such as
fibrosis. Exposure to 200 mg/kg of malathion via gavage for a period of 30 days in Wistar rats
induced liver inflammation and fibrosis (El-Bini Dhouib et al., 2015).

The evaluation of AST and ALT enzyme levels indicates the quality of liver tissue.
Thus, increased plasma levels of these enzymes may indicate cellular injury with changes in
the membrane permeability of hepatocytes, allowing the extravasation of intracellular contents
(Gowda et al., 2009). In this study, the increased AST and ALT plasma levels corroborate with
those reported in the previous studies. Kalender et al. (2010) identified increased liver enzymes
(AST and ALT) after exposure to 27 mg/kg of malathion via gavage in male Wistar rats for 4
weeks. Gupta et al. (2020) also reported increased AST and ALT enzyme levels in male Wistar
rats exposed to 29 mg/kg of malathion for 2 weeks. These studies indicate that exposure to
malathion even at lower doses causes liver toxicity.

Plasma urea and creatinine levels are the main indicators of renal function by assessing
the glomerular filtration rate (Abensur, 2011). In this study, the increased plasma creatinine
level in the group of animals exposed to the highest dose of malathion indicates nephrotoxicity.
A significantly increased serum creatinine level may occur owning to impaired glomerular
function and tubular damage in the kidneys (Mansour and Mossa, 2010). Thus, this change in
creatinine level is directly associated with glomerular dilatation since creatinine is directly
related to the glomerular filtration process.

As for lipid peroxidation, the results show that this process did not occur in the kidneys
and liver of the animals exposed to malathion, since no significant change in TBARS levels
was noted. This result relates to increased antioxidant defenses represented by GST activity in
the liver and CAT activity in the kidneys of animals exposed to the highest malathion dose.
This indicates that these tissues could protect themselves from the damage caused by malathion;
thus, preventing lipid peroxidation. However, renal SOD was decreased in the group exposed
to the highest dose of malathion, indicating the beginning of a possible imbalance in renal tissue
antioxidant defense. These data indicate that exposure to malathion for a longer period could
increase reactive oxygen species formation and cause lipid peroxidation in the kidneys.

Previous studies, such as the one by Abdel-Salam et al. (2018) that used higher doses of
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malathion (150 mg/kg) than those used in this study, identified increased oxidative stress levels
owning to decreased antioxidant levels and evident lipid peroxidation process in the liver of
male Sprague Dawley rats. Corroborating these data, Selmi et al. (2015) reported decreased
activity of antioxidant enzymes, such as SOD and CAT, and increased lipid peroxidation in the
kidneys and liver of infant Wistar rats nursed by mother Wistar rats exposed to 200 mg/kg of
malathion.

This study shows that the kidney and liver are affected by exposure to malathion in a
specific and independent way, with the kidney being more sensitive to the effects of this
insecticide. In both the organs, the changes found cannot be associated with oxidative stress

biomarkers since certain changes did not affect this process.

CONCLUSION

Malathion exposure during the peripubertal period causes significant renal tissue
damage, changing its morphology and function, besides causing liver damage. It is evident that
the kidneys are more sensitive to the action of malathion, without any relation with oxidative

stress biomarkers.
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FIGURES AND FIGURE LEGENDS

Fig. 1. Renal morphometric evaluation of the animals in the groups: control (C), Malathion 10 mg/kg
b.w. (10M) and Malathion 50 mg/kg b.w. (50M). (A) Average glomerular diameter. (B) Bowman's
space. (C) Mean diameter of the proximal contorted tubules. (D) Mean diameter of distal contorted
tubules. (E) Average diameter of the collecting tubule. Values expressed as mean + SD; One-way
ANOVA, Dunnett's test (*P<0,05).

Fig. 2. Hepatic morphometric evaluation of the animals in the groups: control (C), Malathion 10 mg/kg
b.w. (10M) and Malathion 50 mg/kg b.w. (50M). (A) Mean diameter of the portal venule. (B) Average
diameter of the bile ducts. (C) Mean diameter of the centrilobular venule. (D) Average of cells adhered
(leukocytes) to the portal venules. (E) Average of adhered cells (leukocytes) to centrilobular venules.
(F) Diameter of the sinusoids around the portal venule. (G) Diameter of the sinusoids around the
centrilobular venule. Values expressed as mean + SD; One-way ANOVA, Dunnett's test (*P<0,05).

Fig. 3. Renal histochemical evaluation of animals in the groups: control (C), Malathion 10 mg/kg b.w.
(10M) and Malathion 50 mg/kg b.w. (50M). (A) Average percentage of neutral glycoconjugates present
in the cortical region. (B) Average percentage of neutral glycoconjugates present in the medullary
region. (C) Percentage of total collagen in the cortical region. (D) Percentage of total collagen in the
medullary region. (E) Percentage of type I and III collagen in the cortical region. (F) Percentage of type
I and III collagens in the medullary region. Values expressed as mean + SD; One-way ANOVA,
Dunnett's test (*P<0,05).

Fig. 4. Histochemical evaluation of the liver of the animals in the groups: control (C), Malathion 10
mg/kg b.w. (10M) and Malathion 50 mg/kg b.w. (50M). (A) Average percentage of neutral
glycoconjugates present in the portal venule region. (B) Average percentage of neutral glycoconjugates
present in the region of the centrilobular venule. (C) Percentage of total collagen in the region of the
portal venule. (D) Percentage of total collagen in the region of the centrilobular venule. (E) Percentage
of type I and III collagen in the region of the portal venule. (F) Percentage of type I and III collagens in
the region of the centrilobular venule. Values expressed as mean £ SD; One-way ANOVA, Dunnett's
test (*P<0,05).

Fig. 5. Assessment of renal function and liver toxicity of the animals in the groups: control (C),
Malathion 10 mg/kg b.w. (10M) and Malathion 50 mg/kg b.w. (50M). (A) Plasma concentration of
urea. (B) Plasma concentration of creatinine. (C) Plasma concentrations of AST. (D) Plasma
concentration of ALT. Values expressed as mean + SD; One-way ANOVA, Dunnett's test (¥*P<0,05).

Fig. 6. Effects of malathion on markers of oxidative stress in kidney and liver of animals in the groups:
control (C), Malathion 10 mg/kg b.w. (10M) and Malathion 50 mg/kg b.w. (50M). (A) Dosage of
TBARS in the kidneys. (B) Liver TBARS dosage. (C) Evaluation of renal GST activity. (D) Evaluation
of hepatic GST activity. (E) Renal catalase activity. (F) Hepatic catalase activity. (G) Renal SOD
activity. (H) Hepatic SOD activity. Values expressed as mean + SD; One-way ANOVA, Dunnett's test
(*P<0,05).
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ABSTRACT

Cyclosporine A (CsA), an immunosuppressive drug, is used to treat autoimmune diseases and
to prevent the rejection of transplanted organs. However, it demonstrates renal and hepatic
toxicity. The objective of the present study was to evaluate biochemical, histological, and
antioxidant changes in the kidneys and livers of mice exposed to low-dose (non-
immunosuppressive) CsA. A total of 30 adult Swiss mice were treated for 10 and 50 days and
divided into five experimental groups (n = 6). The control group (C) and the CsA10i group
were administered with water and 10 mg/kg of CsA, respectively. Mice in both groups were
euthanized after 11 days of commencing the experiments. The mice in the CsA10r group were
administered 10 mg/kg of CsA, underwent a 10-day recovery period, and were euthanized after
21 days of commencing the experiments. The mice in the CsA50i group were administered 10
mg/kg of CsA and were euthanized after 51 days of commencing the experiments. The mice in
the CsA50r group were administered 10 mg/kg of CsA, underwent a 50-day recovery period,
and were euthanized after 101 days of commencing the experimental. Analysis of the renal
histological features showed a decrease in the Bowman’s space diameter in the CsA10r and
CsAS5O0r groups. The liver histological analysis demonstrated an increase in the mean diameter
of the central venules in the CsA10i and CsA10r groups, decrease in the mean diameter of
biliary ducts in the CsA50i group, and dilation of sinusoids around the portal and central venules
in the CsA10i and CsA10r group. Biochemical analysis showed increased urea levels in the
CsAS50r group and decreased alanine aminotransferase levels in the CsA10i group. The
oxidative stress analysis showed that thiobarbituric acid reactive substance levels were
increased in the kidneys and liver of animals in the CsA50r group. Antioxidant enzyme, such
as glutathione-S-transferase, levels were decreased in the kidneys of all treatment groups;
moreover, their levels were reduced in the livers of only the CsA50i and CsAS50r groups.
Analysis of renal superoxide dismutase expression showed a remarkable decrease in its activity
in the CsA 101, CsA10r, and CsA50i groups. We conclude that exposure to a low dose of CsA
causes considerable liver damage immediately and after the recovery period, whereas damage
in the kidneys was noticed only after the recovery period. Therefore, under these experimental
conditions, the liver was more sensitive to CsA than the kidney, and this sensitivity was not
related to oxidative stress.

Keywords: cyclosporine A; hepatotoxicity; nephrotoxicity
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INTRODUCTION

Cyclosporine is a family of long-chain, cyclic, lipophilic peptides with 11 amino acids.
Among them, cyclosporine A (CsA) is the most commonly used commercial drug.! This
compound exhibits strong immunosuppressive activity via the inhibition of calcineurin, a
molecule that activates nuclear factors present in the cytosol by dephosphorylating them,
which, in turn, leads to the production of cytokines involved in the activation of T
lymphocytes.>* Calcineurin inhibitors are powerful immunosuppressants that have
revolutionized organ transplantation because of their efficacy. However, they exert several
toxic effects, which are dose-dependent. Renal and hepatic alterations are among the most
common manifestations.>”’

Nephrotoxicity attributed to CsA is associated with decreased blood supply and tubular
changes. Changes in blood flow are directly associated with increased vascular resistance due
to activation of the sympathetic nervous system, which promotes a decrease in glomerular
filtration rate.®''"Moreover, the vascular effects attributed to the use of CsA are also related
to an increase in factors regulating vasoconstriction, including endothelin-1 (ET-1), and a
decrease in factors mediating vasodilation, including prostacyclin, prostaglandin E2, and
nitric oxide.'>"*The mechanisms underlying CsA-induced hepatotoxicity —remain
uncharacterized. Evidence suggests that oxidative stress is the main factor involved in this
process.'>!® Thus, an increase in oxidant molecule levels attributed to CsA exposure induces
mitochondrial changes in hepatocytes, such as blockade of the mitochondrial permeability
transition pore, increasing the Ca®" and reactive oxygen species (ROS) levels, altering the
electron transport chain,!” and inhibiting p-oxidation of fatty acids.!”!8
Thus, the objective of the present study was to evaluate the short- and long-term effects

of a safe, non-immunosuppressive dose of CsA on the kidney and liver morphology, using

Swiss mice as an experimental model.

MATERIAL AND METHODS

Cyclosporine A
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Cyclosporine A (Sandimmun Neoral ® 100mg/ml, Novartis, Delpharm Huningue
S.A.S, Huningue, France) was diluted daily in the corresponding volume of water and stored
protected from light until administration. The dose of 10 mg / kg was standardized from the

previous study of Guada et al.>* in which there was no immunosuppressive effect.

Animals and experimental conditions

Adult Swiss male mice (n=30) (Mus musculus), at postnatal day (PND 50) were
supplied by the Animal House of Biological Sciences Centre, State University of Londrina
(CCB - UEL), and were acclimated to the new environment at the Laboratory of Toxicology
and Metabolic Dysfunction of Reproduction with controlled temperature conditions (23 °C)
and lighting (photoperiod of 12h light/12h dark). Before the start of the experimental period,
the rats were acclimated to the new environment for 10 days. The animals were allocated into
polypropylene cages with laboratory-grade pine shavings as bedding during the entire
experiment and received rat chow (standard commercial laboratory chow, Nuvilab®) and tap
water ad libitum. All experimental protocols used were approved by the Ethics Committee on

the Use of Animals at the State University of Londrina (OF. CIRC. CEUA/UEL n° 68/2017).

Experimental design

On the 60th postnatal day, 36 mice were randomly assigned to 6 groups (6 animals /
group): A Control group that received only the vehicle (water) via gavage, and 4 groups that
received Cyclosporine A via gavage at a dose of 10 mg / kg diluted in water for 10 or 50 days
as described below:

e 10 Days experiment: Control animals and Cyclosporine A immediate groups were treated for
10 consecutive days and euthanized immediately after treatment (11th day) (CsA10i). Animals
in the cyclosporine A 10-day recovery group underwent a period of 10-day, without any
treatment, being euthanized on the 21st experimental day (CsA10r).

e 50 Days experiment: The Cyclosporine A 50-days immediate mice were treated for 50
consecutive days and euthanized immediately after treatment (51st day) (CsAS50i). The
animals in the Cyclosporine A 50-day recovery group underwent a 50-day period without any
treatment, being euthanized on the 101st experimental day (CsA50r).

At the end of the treatment, the mice were anesthetized with isoflurane, euthanized by
decapitation and the blood from the ruptured vessels was collected in a tube with heparin to

obtain the plasma which was used to assess liver (AST and ALT) and renal toxicity (urea and
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creatinine). The kidneys and livers were collected and used for histopathological or oxidative

stress analysis.

Histopathological analysis

Kidneys and liver were fixed in aqueous Bouin's solution for 48 hours and
subsequently sent to the laboratory of histopathological analysis (LAHip) of the Londrina
State University. After fixation, the organs were dehydrated in an increasing series of ethanol,
clarified in xylol and embedding in histological paraffin. The 7 um thick cuts were made in a
semi-automatic microtome (CUT 5062 SLEE medical GmbH, Germany) and the slides were
stained with hematoxylin and eosin; Schiff's periodic acid (PAS); Azan trichrome and
Picrosirius Red.?® Observations and photo documentation were performed at 400x
magnification, in a Moticam image capture system (Motic, Xiamen, China), attached to the

light microscope.

Hematoxylin and Eosin (H&E) for morphometric analysis

For kidney analysis, 10 images of the cortical region and 10 images of the medullary
region per animal were analyzed. In the cortical region, the diameter of the renal corpuscles,
Bowman's space and diameters of the proximal and distal convoluted tubules were
determined. In the medullary region, the diameter of the collecting tubules was measured.?'?

For liver analysis, 10 images of the periportal region and 10 images of the centrilobular
region were analyzed, per animal. In the periportal region, the diameters of 10 portal venules,
10 bile ducts and 10 sinusoids were determined. In the centrilobular region, the diameters of

10 centrilobular venules and 10 sinusoids were measured. In both regions, the leukocytes

adhered to the endothelium of the venules were quantified.?’

Periodic acid Schiff reaction (PAS) for the detection of neutral glycoconjugates

In the kidneys, 5 images of the cortical region and 5 images of the medullary region
were analyzed, while in the liver, 5 images of the periportal region and 5 images of the
centrilobular region were analyzed, per animal. In each image, using the image-Pro Plus®
software (Media Cybernetics, Maryland, USA) the proportion of the purple pixels was

determined, indicating positive marking for neutral glycoconjugates.?
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Azan trichrome to determine the percentage of total collagen

In the kidneys, 5 images of the cortical region and 5 images of the medullary region
were analyzed, while in the liver, 5 images of the periportal region and 5 images of the
centrilobular region were analyzed, per animal. In each image, using the image-Pro Plus®
software (Media Cybernetics, Maryland, USA) the proportion of the blue pixels presented by

the collagen fibers in the histological sections was determined.?*

Picrosirius Red for quantification of type I and type III collagen

In observation under polarized light, 5 images of the cortical region and 5 images of
the medullary region were captured in the kidneys, while 5 images of the periportal region
and 5 images of the centrilobular region were analyzed per animal in the liver In each image,
using the image-Pro Plus® software (Media Cybernetics, Maryland, USA), the proportion of
the red (type I collagen) and green (type III collagen) pixels was determined.?

Assessment of renal function and liver toxicity

To assess renal function, plasma urea and creatinine concentrations were determined
using commercial kits, according to the manufacturer's instructions. (Labtest® Diagnostico
S.A., Lagoa Santa, MG, Brazil). The results were presented in milligrams per deciliter (mg /
dL) of plasma urea or creatinine.

To assess hepatotoxicity, plasma samples were processed following manufacturer’s
instructions to determine the concentrations of aspartate aminotransferase (ALT) and alanine
aminotransferase (AST) using commercial kits (Labtest® Diagndstico S.A., Lagoa Santa,

MG, Brazil). The results were presented as U / L of ALT or plasma AST.

Analysis of oxidative stress biomarkers in the kidney and liver

Sample processing

The fragments of the kidneys and livers were homogenized in PBS (pH 7.2), and the
homogenate was centrifuged at 3,000 rpm for 20 minutes. The supernatant was separated and

diluted at a ratio of 1:100. The quantification of proteins in the sample was determined using
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the Bradford biochemical method. A standard curve, consisting of white, 0.06; 0.12; 0.25; 0.5
and 1 mg BSA per mL, was pipetted in triplicate into a 96-well plate. Then, 10uL of the diluted
samples were also pipetted in triplicate, following the standard curve. 250uL of the Bradford
reagent was added and absorbance was measured at 595 nm. From the data obtained,
calculations were performed for the dilution of the samples to have a final protein

concentration of 1mg/mL.

Determination of thiobarbituric acid reactive substances (TBARS)

In this analysis, 50 pL of the sample in triplicate was pipetted into a 96-well
microplate, 5 pl of iron chloride (FeCl3) (1M), 5 ul of ascorbic acid (0.5M), 50 ul of
trichloroacetic acid (TCA) (2.8%) and 50 pl of thiobarbituric acid (TBA) (1%). The
microplates were kept in a water bath for 15 minutes and the absorbances were read at 535

and 572 nm.*°

Glutathione s-transferase activity (GST)

For this analysis, 20 puL of the samples and potassium phosphate buffer (0.1 M) were
pipetted, in triplicate, in a 96-well microplate. Subsequently, 180 pL of a mixture composed
of reduced glutathione (GSH), 1-chloro-2,4-dinitrobenzene (CDNB) and potassium phosphate
buffer were pipetted in all wells. Sample absorbances were measured at 340 nm at 40-second

intervals for 5 minutes.?’

Superoxide dismutase activity (SOD)

The activity of superoxide dismutase (SOD) was evaluated according to the method
originally proposed by (Crouch et al., 1981). The principle of this analysis was to quantify the
complex formed between superoxide and nitrotetrazolium blue (NBT), measured at 560 nm
over a period of 1 hour. An aliquot of 0.75 mg.mL-1 of protein in 25% ethanol was prepared
in a total volume of 800 pL. The samples were centrifuged at 13,680 g at 4°C for 20 minutes,
and supernatant was pipetted in triplicate, in a 96-well microplate; the final 200uL volume
contained: 0.1 mg protein.mL-1, 0.09 mM NBT, 0.015 mM EDTA, 34.78 mM hydroxylamine
sulfate and 79 mM sodium carbonate buffer (pH 10,2). The activity values of the antioxidant

enzymes were expressed in U. mg protein-1.
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Statistical analysis

For statistical analysis, the IBM SPSS® software was used (SPSS Inc, Chicago,
Illinois, USA) and the results were expressed as mean = SD. One-way analysis of variance
(ANOVA) was used, followed by Dunnett's post-test for parametric data. Nonparametric
results were compared by Kruskal-Wallis and Dunn's post-test. Differences were considered

statistically significant when P <0.05.

RESULTS

Morphometric and histopathological analysis of the kidneys and livers

With respect to the histological analysis, no changes were observed in the glomerular
diameter in both the “immediate” and “recovery” groups (Figure 1a). However, the Bowman's
space was retracted in the CsA10r and CsAS50r groups (Figure 1b) as compared to that
observed in the control group. In addition, no changes in the mean diameter of the proximal
(Figure 1c) and distal (Figure 1d) convoluted tubules or the collecting ducts (Figure 1e) were
observed in the CsA 101, CsA501, CsA10r, and CsA50r groups. These results were statistically
similar to those observed in the control group.

Liver analysis showed an increase in the mean diameter of the portal venules in the
CsA10r group (Figure 2a) and reduction in the mean diameter of the biliary ducts in the
CsA50i group as compared to that observed in the control group (Figure 2b). With respect to
the mean diameter of the central venules (Figure 2c), dilation was observed in the CsA 101 and
CsA10r groups compared to that observed in the control group. No changes were observed in
the number of cells adhering to the portal venule (Figure 2d) and central venule (Figure 2¢) in
any of the groups; however, an increase in the diameter of the liver sinusoids located around
the portal venules (Figure 2f) and central venules (Figure 2g) was observed in the CsA 101 and

CsA10r groups relative to that of the control group.

Determination of neutral glycoconjugates (PAS)

Staining for neutral glycoconjugates demonstrated no changes in the CsA101i, CsA10r,

CsAS501, and CsAS50r groups as compared to that in the control group. These findings were
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evaluated in the cortical (Figure 3a) and medullary (Figure 3b) regions of the kidneys and the

portal (Figure 4a) and central venules (Figure 4b) in the liver.

Quantification of total collagen and collagen type I and III

The analysis of the mean percentages of total collagen in the cortical (Figure 3¢) and
medullary (Figure 3d) regions of the kidneys did not show significant changes in the CsA10i,
CsA10r, CsA501i, and CsAS0r groups as compared to those observed in the control group. In
the five experimental groups, the presence of collagen type I was dominant over collagen type
III in both these regions (Figures 3e and 3f). Similarly, in the liver, no alterations were
observed in the percentage of total collagen in the regions of the portal (Figure 4c) and central
venules (Figure 4d) as compared to those in the control group. Moreover, the presence of
collagen type I was dominant over collagen type III in both regions of the liver (Figures 4e

and 4f) in all groups.

Hepatotoxicity and nephrotoxicity

Serum concentrations of urea were higher in the CsA50r group (Figure 5a) than in the
control group. The concentration of creatinine in the experimental groups (Figure 5b) was not
significantly different from that observed in the control. In the liver, serum levels of aspartate
aminotransferase (AST) (Figure 5c) observed in the CsA10i, CsA10r, CsA50i, and CsAS50r
groups did not differ significantly from those observed in the control; however, a decrease in
the serum levels of alanine aminotransferase (ALT) was observed in the CsA10i group (Figure

5d) relative to those of the control group.

Biomarkers of oxidative stress

An increase was observed in the lipid peroxidation in the kidneys (Figure 6a) and the
liver (Figure 6b) of the animals in the CsA50r group (Figure 6a) as compared to that in the
control group. Although not statistically significant, an increase of 34.50% was observed in
lipid peroxidation in the liver of the animals in the CsA50i group as compared to that in the
control group. Glutathione-S-transferase (GST) activity was decreased in the kidneys (Figure
6¢) of animals in the CsA 101, CsA10r, CsA501, and CsA50r groups, as well as in the liver of
the animals in the CsA501 and CsA50r groups (Figure 6d) compared to that observed in the
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control group. Superoxide dismutase (SOD) activity was reduced in the kidneys of the groups
CsA10i, CsA10r, and CsA50i (Figure 6e) as compared to that observed in the kidneys of the
control group. The analysis of SOD activity in the liver showed no statistically significant
changes among the experimental groups, although there was a 29.08% reduction in the CsA50i

group (Figure 6f) compared to that in the control group.

DISCUSSION

As demonstrated above, exposure to CsA resulted in significant liver damage in the
immediate and recovery periods, whereas damage to the kidneys was only detected after the
recovery period.

Although the present study did not show changes in the mean diameter of the proximal
and distal tubules and collecting ducts of the animals exposed to CsA, Lu et al.”” demonstrated
that a dose of 25 mg/kg/day of CsA administered to male Sprague Dawley rats for 4 weeks
caused tubular atrophy, interstitial fibrosis, and tubular apoptosis. Their findings indicated that
doses higher than those used in the present study might affect renal integrity. Furthermore,
continued use of CsA at a dose of 17.5 mg/kg/day in humans may induce tubular injury and
focal sclerosis of the glomeruli.>* However, retraction of the Bowman’s space observed in the
CsA10r and CsAS50r groups suggests that the effect of CsA 1is initiated after the cessation of
exposure to CsA. Harb et al.*! reported that administration of a dose of 25 mg/kg/day of CsA
for 6 weeks resulted in a low glomerular retraction and mild increase of the Bowman’s space
in Wistar rats. These finding demonstrate that histological changes are detected in the kidneys
on their immediate assessment after exposure to a high dose of CsA. However, since no
immediate damage was observed in the Bowman’s space in the present study, the activation
of the constituents of this renal component through some unknown mechanism resulted in a
latent response to CsA.

Serum concentrations of urea and creatinine are the main indicators of renal function
because they measure the glomerular filtration rate.>? Under the experimental conditions of
the present study, there were no changes in serum creatinine levels but the increase in urea
levels in the CsAS50r group indicated that renal filtration capacity was impaired following the
cessation of CsA exposure. Transplant patients treated with a dose of 3.8 mg/kg CsA for four
days showed decreased serum urea and creatinine levels.’> A study performed by
administering CsA at a dose of 4.3 mg/kg for 88 days showed an increase in the serum

concentrations of both renal function parameters.>* No consensus has been established with
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respect to the behavior of renal functional parameters (increase or decrease) following
administration of CsA at a low dose; however, the observed changes may be related to the
duration of treatment. Sereno et al.>® showed that a high dose of CsA (30 mg/kg) administered
to male Wistar rats for three weeks increased serum urea and creatinine levels. By contrast, a
dose close to that used in the said study (25 mg/kg) led to an increase in serum creatinine
levels and a reduction in its clearance in male C57BL/6 mice.® Thus, based on the data
obtained in the present study and previous studies, CsA may compromise renal function when
administered at low doses for long intervals and at high doses during different periods.
Similar to the kidneys, the results of the liver analysis showed alterations in certain
histological features after CsA administration. Dilation of the portal venules in the animals of
the CsA10r group and in the central venules of the animals in the CsA50i and CsA50r groups,
detected when determining the mean diameter of blood vessels, demonstrated a deleterious
effect of CsA on these vessels observed in the immediate period and after the recovery period.
Despite these alterations, no changes were observed in the number of cells (lymphocytes)
adhering to these venules. Similar results were described for the diameter of liver blood
vessels by Battino et al.’” However, they treated male Wistar rats with 30 mg/kg of CsA for
four weeks and observed dilation of the portal and central venules, with thickening of
connective tissues in these regions. Kurus et al.*® and Nacar et al.>* administered CsA at doses
of 10 and 20 mg/kg for 28 and 12 days, respectively, and reported dilation and congestion of

sinusoids and apoptosis and vacuolization of hepatocytes in male rats. Hoorn et al.*’

reported
that CsA promotes changes in the vascular endothelium and that the mechanism involved in
these processes is still unknown. The findings of the present study corroborate these results
by demonstrating alteration of vascular patterns by CsA, as shown by changes in the diameter
of the portal and central venules. Furthermore, the hepatic venous system changed in response
to CsA regardless of the dose and time of administration.

The increase in the diameter of liver sinusoids of the portal and central venules of the
animals in the CsA 101 and CsA10r group is probably an adaptation of the organ to the damage
induced by CsA. Sinusoidal dilation is one of the effects associated with CsA toxicity.*!*
Studies conducted by Bohmer et al.*® showed dilation of liver sinusoids after the
administration of CsA at doses of 25 mg/kg (for 21 days) and 15 mg/kg (for 8 weeks) in male
Wistar rats.

In addition, the reduced diameter of the biliary ducts in the CsA50i group may be

related to the excretion of CsA metabolites via the biliary system.** In this context, analysis

of the liver function in the present study showed hepatotoxic effects associated with the dose
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of 10 mg/kg at the enzymatic level. The enzymes, AST and ALT, are present in large amounts
in the cytoplasm of hepatocytes,*> and serum ALT is a more sensitive diagnostic marker of

1.6 However, Kim et al.*’ reported that

liver damage, according to Srivastava et a
hepatocellular damage results in an immediate increase in the serum level of AST. Thus, the
results obtained for this enzyme show that CsA did not promote significant changes in the
levels of this enzyme during any of the treatment periods or after its cessation. However,
owing to a decrease in ALT levels as well as histopathological alterations in the liver it is
suggested that exposure to CsA leads to changes in the liver in the immediate period.

The absence of changes in the amount of neutral glycoconjugates in the kidneys and
livers in the groups exposed to CsA is in line with the results observed in the study performed
by Kedzierska et al.*® These authors treated male Wistar rats with 20 mg/kg of CsA for six
months and observed no change in the amounts of neutral glycoconjugates in the kidneys of
these animals. Akbulut et al.*’ reported a reduction in glycogen stores of the rats treated with
25 mg/kg CsA for 30 days, which may be related to the amount of neutral glycoconjugates.
Thus, the data obtained in the present study suggest that treatments with CsA did not alter the
distribution and quantity of neutral glycoconjugates in the kidneys and livers of mice.

The quantification of total collagen and collagen type I and III in the kidneys and livers
of the animals treated with CsA showed that this drug did not alter their amounts and,
therefore, did not result in the development of fibrosis-like lesions. Collagen type I and III are
the main constituents of the extracellular matrix of the renal interstitium and are also part of
the liver's constitution. Their proportion is not fixed and changes may be observed in the
regions of the portal and central veins.® In a study performed with male Fischer 344 rats
treated with 15 mg/kg of CsA for four weeks, there was an increase in collagen deposition in

1.2 observed an increase in the amount of collagen that

the kidneys.*!' Similarly, Rezzani et a
resulted in the development of interstitial fibrosis in the renal tubules of mice exposed to 15
mg/kg CsA for 21 days. However, Rowshani et al.>’ demonstrated a decrease in renal fibrosis
after the recovery period in the kidneys of transplant patients treated with 4 mg/kg CsA for 52
weeks. With respect to the liver, although Devarbhavi** reported liver fibrosis in response to
methotrexate, an immunosuppressive agent, De Freitas et al.”> did not observe this
phenomenon in male Wistar rats administered with 15 mg/kg of CsA for 21 days. The
comparison with methotrexate is justified by the fact that the study used a non-
immunosuppressive dose of CsA. Because collagen plays a key role in tissue integrity,>® the

absence of changes in the present study indicates that the structures of the kidney and liver

were not impaired in response to CsA.
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Lim et al.”’ and Ince et al.”® reported that the increased production of ROS and,
consequently, oxidative stress are directly associated with kidney and liver damage induced
by CsA exposure. This process promotes mitochondrial changes that result in disruption of
Na® K" -ATPase activity and a concomitant reduction in ATP production.'

In the present study, a significant increase was observed in lipid peroxidation in the
kidneys and livers of the animals in the CsAS50r group, shown by the increase in levels of
thiobarbituric acid reactive substances (TBARS). This data indicates that tissue damage
occurs after the cessation of exposure to CsA and that it is directly related to the low
antioxidant capacity of GST and SOD. This finding indicates impairment of the cellular
signaling machinery associated with the antioxidant system. Although renal GST activity was
reduced in all groups exposed to CsA and the liver GST levels were reduced in the CsA501
and CsA50r groups, the tissue was able to protect itself from oxidative damage induced by
CsA, and no increase was observed in the lipid peroxidation in the tissues. The same
interpretation can be applied to the results of renal SOD activity, which was reduced in the
CsA101 and CsA10r groups. It is important to note that the normalization of SOD activity in
the kidneys and liver of animals in the CsA50r group demonstrates that the organism seeks to
protect itself from the harmful effects of lipid peroxidation. The reduction in the activity of
antioxidant enzymes is directly associated with the increase in TBARS because the decrease
in the levels of antioxidants present in the organ facilitates the process of lipid peroxidation,*
which can lead to several alterations in the kidneys and livers.> In the study performed by

Ghaznavi et al.®

in which a dose of 25 mg/kg of CsA was administered to male Sprague
Dawley rats, a reduction was observed in the renal antioxidant defense, which is in line with
the data obtained in the present study. Similarly, Wolf et al.'® using 25 and 50 uM of CsA in
primary cultures of rat hepatocytes, detected impairment of the antioxidant system that
favored the pro-oxidative processes in these cells. The present data provide evidence that
oxidative stress is part of the mechanism underlying CsA-mediated toxicity in the liver and
kidney cells.

In the present study, it was evident that CsA altered the kidney and liver in a specific
and independent manner with respect to tissue architecture and function and that the kidneys
underwent less damage in response to CsA. In both organs, these changes cannot be associated
with oxidative stress because our results showed no changes in the oxidative stress
biomarkers. Thus, although CsA is necessary for the treatment of a variety of disorders, it

should be used with careful monitoring of the renal system and especially of the hepatic

system.
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CONCLUSION

We conclude that exposure to a safe (non-immunosuppressive) dose of CsA causes
significant damage to the liver in the immediate and late stages following exposure, whereas
damage to the kidneys was observed only after the recovery period. Therefore, under these
experimental conditions, the liver is more sensitive to the action of CsA than the kidneys, and

this sensitivity is not related to oxidative stress.
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FIGURES AND FIGURE LEGENDS

Figure 1. Morphometric evaluation of the kidneys of animals exposed to CsA. Diameter of
(A) glomeruli, (B) Bowman space, (C) proximal and (D) distal convoluted tubules and (E)
collecting tubules. Groups: Control (¢); CsA 10 days immediate (101); CsA 10 days Recovery
(10r); CsA 50 days Immediate (501); CsA 50 days Recovery (50r). Values expressed as mean
+ SD. One-way ANOVA, Tukey's post-test (*p<0.05).

Figure 2. Morphometric evaluation of the liver of animals exposed to CsA. Mean diameter of
(A) portal venules, (B) bile ducts and (C) centrilobular venules, mean number of adherent
cells (leukocytes) in (D) portal venule and (E) centrilobular venule, mean diameter of (F)
sinusoids (portal venule) and (G) sinusoids (centrilobular venule). Groups: Control (c); CsA
10 days immediate (101); CsA 10 days Recovery (10r); CsA 50 days Immediate (501); CsA 50
days Recovery (50r). Values expressed as mean = SD. One-way ANOVA, Tukey's post-test
(*p<0.05).

Figure 3. Histochemical analysis of the kidneys of animals exposed to CsA. Percentage of
neutral glycoconjugates (PAS) from (A) cortical and B) medullary regions. Percentage of total
collagen (Azan), from (C) cortical and (D) medullary regions. Percentage of collagens I and
IIT (Picrosirius) in the (E) cortical and (F) medullary regions. Groups: Control (¢); CsA 10
days immediate (101); CsA 10 days Recovery (10r); CsA 50 days Immediate (501); CsA 50
days Recovery (50r). Values expressed as mean = SD. One-way ANOVA, Tukey's post-test
(*p<0.05).

Figure 4. Histochemical analysis of the liver of animals exposed to CsA. Percentage of neutral
glycoconjugates (PAS) from (A) portal venule and (B) centrilobular venule regions. Total
collagen (Azan), from the (C) centrilobular venule and (D) portal venule regions. Percentage
of collagens I and III (Picrosirius) in the region of (E) portal venule and (F) centrilobular
venule. Groups: Control (¢); CsA 10 days immediate (101); CsA 10 days Recovery (10r); CsA
50 days Immediate (501); CsA 50 days Recovery (50r). Values expressed as mean = SD. One-
way ANOVA, Tukey's post-test (*p<0.05).

Figure 5. Renal toxicity and liver function of animals exposed to CsA. Evaluation of plasma
biomarker concentrations for renal toxicity; (A) Urea, (B) Creatinine and for liver function
(C) AST, (D) ALT. Groups: Control (c); CsA 10 days immediate (101); CsA 10 days Recovery
(10r); CsA 50 days Immediate (501); CsA 50 days Recovery (50r). Values expressed as mean
+ SD. One-way ANOVA, Tukey's post-test (*p<0.05).

Figure 6. Determination of oxidative stress biomarkers in kidney and liver of animals exposed
to CsA. TBARS dosage in (A) kidney and (B) liver. GST activity in (C) kidney and (D) liver. SOD
activity in (E) kidney and (F) liver. Groups: Control (c); CsA 10 days immediate (101); CsA 10
days Recovery (10r); CsA 50 days Immediate (501); CsA 50 days Recovery (50r). Values
expressed as mean + SD. One-way ANOVA, Tukey's post-test (*p<0.05).
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5 CONCLUSAO GERAL

Conclui-se que a exposicao as doses de 10 mg/kg e 50 mg/kg de malation no periodo
peripuberal causam danos significativos aos rins, alterando a sua morfologia, além de causar
alteracdes na funcdo hepdtica e renal. Em relacdo a exposi¢do a baixa dose de CsA sdo
identificados danos hepaticos de modo imediato e apos o periodo de recuperacao, enquanto

os rins estas alteracdes sao identificadas apenas apds este periodo.
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APENDICES

Apéndice A — Documentacgao fotografica referente ao estudo com Malation
(Artigo 1)

Figura 1. Histologia renal - Hematoxilina e Eosina — Fotomicrografia no aumento de 400x,
evidenciando o corpusculo renal (a, b, c) e tabulos coletores (d, e, f). Grupos: controle (a, d)
Malation 10 mg/kg (b, e) e Malation 50 mg/kg (c, f). Glomérulo (G), tubulo contorcido proximal (P)
e distal (D); barra = 10 um.

Figura 2. Histologia hepatica - Hematoxilina e Eosina Fotomicrografia da coloragdo de HE no
aumento de 400x, evidenciando as vénulas centrolobulares (a, b, c¢) e portas (d, e, f). Grupos:
controle (a, d) Malation 10 mg/kg (b, €) e Malation 50 mg/kg (c, f). Luz dos vasos (*); barra =10 ym.
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Figura 3. Histologia renal - Acido periédico de Schiff (PAS) Fotomicrografia da coloragdo de
PAS no aumento de 400x, evidenciando a area cortical (a, b, ¢) e medular (d, e, f) do rim. Glomérulo
(G), tubulo contorcido proximal (P) e distal (D). Area marcada positivamente para glicoconjugados
neutros (seta amarela). barra = 10 ym. Luz dos vasos (*).

Figura 4. Histologia Hepatica - Acido periédico de Schiff (PAS) Fotomicrografia da coloragdo
de PAS no aumento de 400x evidenciando as vénulas portas (a, b, c) e centrolobulares (d, e, ).
Area marcada positivamente para glicoconjugados neutros (seta amarela). barra = 10 ym. Luz dos
vasos (*).
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Figura 5. Histologia renal - tricromico de Azan Heidenhain Fotomicrografia da coloragéo de
Tricrémico de Azan Heidenhain no aumento de 400x evidenciando o colageno total, presente na
area cortical (a, b, c) e medular (d, e, f) do rim. Grupos: controle (a, d) Malation 10 mg/kg (b, €) e
Malation 50 mg/kg (c, f). Colageno total (seta amarela).

Figura 6. Histologia renal - tricromico de Azan Heidenhain - Fotomicrografia da coloragéo de
Tricrdmico de Azan Heidenhain no aumento de 400x evidenciando o colageno total, presente as
vénulas portas (a, b, c) e centrolobulares (d, e, f). Grupos: controle (a, d) Malation 10 mg/kg (b, e)
e Malation 50 mg/kg (c, f). Colageno total (seta amarela). Colageno total (seta amarela) e luz da
vénula (*).



Figura 7. Histologia renal — Picrosirius Red - Fotomicrografia da regido cortical polarizada (a,b,c)
e regido medular polarizada (b, d, f) em aumento de 400x na coloragao de Picrosirius Red. Grupos:
controle (a, d) Malation 10 mg/kg (b, e) e Malation 50 mg/kg (c, f). Colageno do tipo | (seta amarela),

colageno do tipo lll (ponta da seta) e luz da vénula (*).

Figura 8. Histologia renal — Picrosirius Red Fotomicrografia das vénulas portas polarizadas (a

b, c) e vénulas portas polarizadas (d, e, f) em aumento de 400x na coloragéo de Picrosirius Red
Grupos: controle (a, d) Malation 10 mg/kg (b, e) e Malation 50 mg/kg (c, f). Colageno do tipo | (seta
amarela), colageno do tipo Il (ponta da seta) e luz da vénula (*).
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Apéndice B - Documentacgao fotografica referente estudo com Ciclosporina A
(Artigo 2)

Figura 1. Histologia renal - Hematoxilina e Eosina - Fotomicrografia da regido cortical (a, b, c)
e da regido medular (d, e, f). Coloragao: hematoxilina e eosina. Grupos: controle (a, d), CsA10I (b,
e) CsA10R (c, f). Glomérulo (G), tabulo contorcido proximal (P) e distal (D), barra: 10 um. Fonte: o
préprio autor.

Figura 2. Histologia renal - Hematoxilina e Eosina - Fotomicrografia da regiao cortical (a, b, c)
e da regido medular (d, e, f). Grupos: controle (a, d), CsA50I (b, e) CsA50R (c, f). Glomérulo (G),
tubulo contorcido proximal (P) e distal (D), barra: 10 um. Fonte: o préprio autor.
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Figura 3. Histologia hepatica - Hematoxilina e Eosina - Fotomicrografia da regido do espago
porta (a, b, c) e da vénula centrolobular (d, €, f). Grupos: controle (a, d), CsA10I (b, e) CsA10R (c,
f). Luz do vaso sanguineo (asterisco), barra = 10 um.

Figura 4. Histologia hepatica - Hematoxilina e Eosina - Fotomicrografia da regido do espago
porta (a, b, ¢) e da vénula centrolobular (d, e, f). Grupos: controle (a, d), CsA50I (b, €) CsA50R (c,
f). Luz do vaso sanguineo (asterisco), barra = 10 ym.
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Figura 5. Histologia renal - Acido periédico de Schiff (PAS) - Fotomicrografia da regido cortical
(a, b, ¢) e da regiao medular (d, e, f) do rim. Grupos: controle (a, d), CsA50I (b, e) CsA50R (c, f).
Glomérulo (G), tubulo contorcido proximal (P) e distal (D), marcacao positiva para glicogénio (Seta)
barra: 10 ym.

Figura 6. Histologia renal - Acido periédico de Schiff (PAS) — Fotomicrografia da regido cortical
(a, b, c) e da regido medular (d, e, f) do rim de camundongos Swiss machos. Grupos: controle (a,
d), CsA50I (b, e) CsA50R (c, f). Glomérulo (G), tabulo contorcido proximal (P) e distal (D),
marcagao positiva para glicogénio (Seta) barra: 10 um.
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Figura 7. Histologia renal - tricromico de Azan Heidenhain . Fotomicrografia da regiao cortical
(a, b, c) e da regido medular (d, e, f) do rim de camundongos Swiss machos. Grupos: controle (a,
d), CsA10l (b, ) CsA10R (c, f). Glomérulo (G), tabulo contorcido proximal (P) e distal (D),
marcagao positiva para colageno (seta) barra: 10 ym

Figura 8. Histologia renal - Tricromico de Azan Heidenhain -Fotomicrografia da regido cortical
(a, b, c) e da regido medular (d, e, f) do rim de camundongos Swiss machos. Grupos: controle (a,
d), CsA50l (b, e) CsA50R (c, f). Glomérulo (G), tabulo contorcido proximal (P) e distal (D),
marcagao positiva para colageno (seta) barra: 10 um.
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Figura 9. Histologia renal - Picrosirius Red - Fotomicrografia em luz polarizada, da regido
cortical (a, b, c) e da regido medular (d, e, f) do rim de camundongos Swiss machos. Grupos:
controle (a, d), CsA10l (b, f) CsA10R (c, f). Marcagéo positiva para colageno tipo | (cabega de
seta); marcagao positiva para colageno tipo Il (seta), barra: 10 pm.

Figura 10. Histologia renal - Picrosirius Red — Fotomicrografia em luz polarizada, da regiao
cortical (a, b, c) e da regido medular (d, e, f) do rim de camundongos Swiss machos. Grupos:
controle (a, d), CsA50I (b, e) CsA50R (c, f). Marcagéo positiva para colageno tipo | (cabega de
seta); marcagéao positiva para colageno tipo Ill (seta), barra: 10 um.
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Figura 11. Histologia hepatica - Acido periédico de Schiff (PAS) - Fotomicrografia da regido
do espaco porta (a, b, ¢) e da vénula centrolobular (d, e, f) do figado de camundongos Swiss
machos. Grupos: controle (a, d), CsA10I (b, e) CsA10R (c, f). Luz do vaso sanguineo (asterisco);
marcagao positiva para glicogénio (cabeca de seta), barra = 10 ym.

Figura 11. Histologia hepatica - Acido periédico de Schiff (PAS) - Fotomicrografia da regido
do espago porta (a, b, ¢) e da vénula centrolobular (d, e, f) do figado de camundongos Swiss
machos. Grupos: controle (a, d), CsA50I (b, e) CsA50R (c, f). Luz do vaso sanguineo (asterisco);
marcagao positiva para glicogénio (cabeca de seta), barra = 10 ym.
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Figura 13. Histologia hepatica - Tricromico Azan Heidenhain - Fotomicrografia da regido do
espaco porta (a, b, c) e da vénula centrolobular (d, e, f) do figado de camundongos Swiss machos.
Grupos: controle (a, d), CsA10I (b, e) CsA10R (c, f). Luz do vaso sanguineo (asterisco); marcagao
positiva para colageno (cabega de seta), barra = 10 uym.

Figura 14. Histologia hepatica - Tricromico Azan Heidenhain - Fotomicrografia da regido do
espago porta (a, b, ¢) e da vénula centrolobular (d, e, f) do figado de camundongos Swiss machos.
Grupos: controle (a, d), CsA50I (b, e) CsA50R (c, f). Luz do vaso sanguineo (asterisco); marcagao
positiva para colageno (cabeca de seta), barra = 10 ym.
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Figura 15. Histologia hepatica - Picrosirius red - Fotomicrografia com luz polarizada, da regiao
do espago porta (a, b, ¢) e da vénula centrolobular (d, e, f) do figado de camundongos Swiss
machos. Grupos: controle (a, d), CsA10I (b, €) CsA10R (c, f). Luz do vaso sanguineo (asterisco);
marcagao positiva para colageno tipo | (cabeca de seta); marcagao positiva para colageno tipo Il
(seta), barra =10 pm.

Figura 16. Histologia hepatica - Picrosirius red - Fotomicrografia com luz polarizada, da regiao
do espaco porta (a, b, ¢) e da vénula centrolobular (d, e, f) do figado de camundongos Swiss
machos. Grupos: controle (a, d), CsA50I (b, €) CsA50R (c, f). Luz do vaso sanguineo (asterisco);
marcagao positiva para colageno tipo | (cabeca de seta); marcagéo positiva para colageno tipo Il
(seta), barra =10 pym.
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ANEXOS

Anexo A

Universidade
Estadual de Londrina

COMISSAO DE ETICA NO USO DE ANIMAIS

OF. CIRC. CEUA N° 137/2016 3 Londrina, 13 de Julho de 2016.

Prezada Pesquisadora,

Certificamos que o projeto intitulado "Avaliagdo dos efeitos do inseticida Malation sobre
o desenvolvimento do sistema genital masculino, gastrointestinal e renal de ratos desde o
periodo juvenil até a puberdade”, protocolo CEUA n® 12305.2016.65, sob a responsabilidade de
Glaura Scantamburlo Alves Fernandes, que envolve a produgdo, manutencdo efou utilizagao de
animais pertencentes ao filo Chordata, subfilo Vertebrata (exceto o homem), para fins de pesquisa
cientifica (ou ensino), encontra-se de acordo com os preceitos da Lei n® 11.794, de 8 de cutubro de
2008, do Decreto n° 6,899, de 15 de julho de 2009, e com as normas editadas pelo Conselho
Nacional de Controle da Experimentagdo Animal (CONCEA), foi aprovado pela Comisséo de Etica no
Uso de Animais da Universidade Estadual de Londrina (CEUA/UEL), em reunifo realizada em
05/07/2016.

O objetivo do projeto & avaliar se a exposi¢ao ao Malation durante o periedo peripuberal
podera trazer prejuizos para o desenvolvimento dos sistemas genital masculino, gastrointestinal, renal
e hepatico de ratos. Os animais serdo distribuidos casualmente em trés grupos experimentais (n=25
animais/grupo). Dois grupos de animais serdo tratados com Malation nas doses de 10 mg/Kg ou 50
mg/Kg de peso corpdreo via gavage. Essas doses correspondem a 0,5% e 2,5%, respectivamente, da
DL50 oral para ratos (DL50 oral =2000 mg/kg) (U S EPA, 2000). O outro grupe (grupo controle)
recebera apenas o veiculo (6leo de soja) em igual volume. No 80° dia experimental os ratos serfo
anestesiados com a associacdo de xilazina e quetamina e mortos por pungdo cardiaca para a coleta
do sangue em tubo heparinizado (hepararina sodica) para dosagens hormonais. Gl 1

| Vigéncia do Projeto 30/08/2016 a 30/08/2019
Espécieflinhagem Rato heterogénico / Wistar
N° de animais 75
| Pesofldade Indeterminado / 22 dias P
Sexo Machos
Origem 3 3 Biotério Central / UEL
Amostras a serem coletadas Testiculos, epididimos, vesicula seminal, prostata, sangue,
figado, estdmago, rim, intestino, fémur

Cumpre orientar que caso pretendam-se quaisquer alteragdes no protocolo experimental
aprovado, deve-se submeter o novo protocolo a apreciacdo da CEUA/UEL anteriormente a execugao
das moedificagdes.

Coloco-me a disposicdo para quaisguer esclarecimentos gue se fizerem necessana. Sem
mais para 0 momento, subscrevo, cordialmg ’

Ll

Z Jodo Waine Pinh&iro

Vice-Coordenador da CEUA/UEL
lima. Sra. *
Profa. Dra. Glaura Scantamburlo Alves Fernandes
Coordenadora do Projeto

Departamento de Biologia Geral / Centro de Ciéncias Biolégicas
Com copia Waldiceu A. Vem Junior (Coord. do Biotério Central/lUEL); Chefe do Departamento de Biclogia Geral
e Diretor(a) do Centro de Ciéncias Bioldgicas

Campar Usmversiiria: Radevia Coba Garcia O (PR 445, kon 390 - Foe (543) 35714000 PARX - Fas 11254480 - Caina Postal W01 - CEP 3605770 - Latwrmet Mipiwww, selbe
LONDRINA - FARANA - BRASIL
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Anexo B

Universidade
Estadual de Londrina

COMISSAO DE ETICA NO USO DE ANIMAIS

OF. CIRC. CEUA N° 68/2017 Londrina, 31 de maio de 2017.

Prezado {a) professor (a)

Certificamos que o projeto intitulado: “ Avaliacdo dos efeitos da Ciclosporina A como
contraceptivo masculino em camundongos,” protocclo CEUA n®10952.2017.79, sob a
responsabilidade de Glaura Sacatambulo Alves Fernandes, que envolve a produgiio, manutencéo
elou utilizagao de animais pertencentes ao filo Chordata, subfile Vertebrata (exceto o homem) para
fins de pesquisa cientifica (ou ensino), encontra-se de acerdo com os preceitos da Lei n® 11,794, de 8
de outubro de 2008, do Decreto n® 6.899, de 15 de julho de 2009, e com as normas editadas pelo
Conselho Nacional de Controle da Experimentacao Animal (CONCEA), foi aprovado pela Comissao
de Etica no Uso de Animais da Universidade Estadual de Londrina (CEUAJUEL), em reunido realizada
em 30/05/2017.

O Objetivo & investigar Diante da relevancia clinica e social do assunto e também pela
falta de informagdes precisas na literatura especializada, os objetivos deste estudo sao: (1) avaliar se
a Ciclosporina A possul efeitos contraceptivos em camundongos machos adultos; (2) analisar se
estes efeitos s3o reversiveis, mesmo apés tratamentos mais longos; (3) avaliar as consequéncias do
uso desta droga a longo prazo para o sistema genital masculino; (4) avaliar se a dose utilizada
apresenta efeitos hepatotdxicos e nefrotoxicos. Grau invasividade=2

Vigéncia do Projeto 01/07/2017 a 31/06/2020

Espécieflinhagem Camundongo Heterogénico / Swiss

N° de animais 104

Pesalldade 50 dias o

Sexo Machos N

Origem Biotério Central da Universidade Estadual de Londrina/UEL

Amostras a serem coletadas | Sangue, Puncio cardiaca, Testiculos € epididimos, Ductos deferentes,
L Figado e Rim. — =y

Cumpre orientar que casc pretendam-se quaisquer alteragdes no protocolo experimental
aprovado, deve-se submeter o novo protocolo & apreciagao da CEUA/UEL anteriormente 4 execugéo
das modificacdes.

Coloco-me a disposicao para quaisq
mais para o momento, subscrevo, cordiaime

esclarecimentos que se fizerem necessaria. Sem

Prof. Dr, aine Pinh
Vice-Coordenador da CEUA/UEL

limo.(a) Sr.(a)

Prof. (a) Dr (a). Glaura Scantambulo Alves Fernandes
Responsavel pelo projeto

Departamento de Blologia Geral/lCCB

C/C para a Chefia do Depte de Biologia Geral/CCE
CIC para o Biotério do CCB da UEL
C/C para a Direco de Centro do CCB

Cangus Usiversiririo: Radevis Cela Garcia O (PR 4451 kon 359 - Fome (943) 3714000 PABX. - Fax 13334530 « Coonn Postal 10011 - CTF 56057970 - Rserwet b\ wwm sl e
LONDRINA . PARANA . BRASIL
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Anexo C
Guia para autores:

Acta Histochemica: https://www.elsevier.com/journals/acta-histochemica/0065-
1281/guide-for-authors

Human & Experimental Toxicology: https://journals.sagepub.com/author-
instructions/HET
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