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RESUMO

AVALIACAO DOS EFEITOS DE CURCUMINA E SILIMARINA SOBRE
A TOXICIDADE INDUZIDA POR MICOTOXINAS IN VITRO E IN
VIVO

AUTOR: Pauline Christ Ledur
ORIENTADOR: Janio Morais Santurio

As micotoxinas sdo metabolitos secundarios produzidos por fungos e representam uma
preocupacdo mundial devido a sua distribuicdo global e aos efeitos prejudiciais causados pela sua
ingestdo. Esse problema se apresenta em sua forma mais dramatica nos animais de producao,
especialmente os suinos, que sdo considerados os animais de produgdo mais sensiveis aos efeitos das
micotoxinas. Dessa forma, as micotoxinas tém se mostrado um grave problema econdmico, sendo
fundamental elucidar seus mecanismos toxicoldgicos e buscar alternativas que minimizem os danos
por elas causados. Nesse sentido, tém-se demonstrado que compostos fendlicos e outros antioxidantes
tém a capacidade de proteger e até mesmo neutralizar os danos causados por varias substancias
toxicas, incluindo as micotoxinas. A curcumina e a silimarina sdo dois polifendis conhecidos por sua
forte atividade antioxidante extraidos das plantas Curcuma longa e Silybum marianum,
respectivamente. Neste contexto, este estudo teve por objetivos: a) avaliar a toxicidade da ocratoxina
A (OTA) em células mononucleares do sangue periférico de suinos e células de rim suino da linhagem
PK-15 através da avaliacdo da viabilidade celular, estresse oxidativo e atividade mitocondrial; b)
avaliar o efeito protetor do pré-tratamento de curcumina e silimarina sobre células renais da linhagem
PK-15 de suinos in vitro sobre a toxicidade induzida por OTA, fumonisina B; (FB;) e deoxinivalenol
(DON), por meio da avaliagdo de viabilidade celular, estresse oxidativo e apoptose; e c) investigar o
efeito do pré-tratamento com curcumina e silimarina na prevencdo da toxicidade aguda causada por
FB; e OTA sobre o estresse oxidativo hepatico e renal, bem como sobre biomarcadores soroldgicos de
funcéo hepatica e renal em camundongos in vivo. Foi observado que os efeitos toxicos da OTA em
células PK-15 e PBMCs suinas sdo bastante semelhantes, onde a exposicdo a OTA causa perda de
viabilidade celular, aumenta o estresse oxidativo e causa inibigdo das enzimas superdxido dismutase e
catalase, além de causar disfuncdo mitocondrial, inibindo o complexo | da cadeia transportadora de
elétrons. O pré-tratamento com curcumina e silimarina se mostrou eficiente em proteger as células
PK-15 de danos causados pelas micotoxinas; curcumina diminuiu a perda de viabilidade celular
induzida por OTA, FB; e DON; inibiu a formacao de espécies reativas de oxigénio desencadeadas por
FB; e DON e diminuiu a apoptose em células expostas a DON. J& o pré-tratamento das células com
silimarina diminuiu a perda de viabilidade celular induzida por OTA, FB; e DON; inibiu a formacéo
de espécies reativas de oxigénio desencadeadas por FB; e DON e diminuiu a apoptose em células
expostas a FB1 e DON. Na avaliacao do efeito protetor de curcumina e silimarina sobre a toxicidade
hepatica e renal causada por OTA e FB; em camundongos, foi observado que ambos 0s compostos,
tanto quando administrados isolados, como em combinagdo, foram capazes de mitigar os efeitos
deletérios causados pelas micotoxinas, promovendo melhora na fungéo hepética e renal e prevenindo o
estresse oxidativo, além de evitarem dano tubular renal e necrose de hepatdcitos causada pela
exposicao as micotoxinas OTA e FB;. De maneira geral, os resultados deste estudo demonstraram que
tanto a curcumina como a silimarina proporcionaram protecdo contra os efeitos deletérios causados
pela exposicdo a micotoxinas.

Palavras-chave: Toxicidade; Ocratoxina A; Fumonisina B;; Deoxinivalenol; Curcumina;

Silimarina.






ABSTRACT

EVALUATION OF THE EFFECTS OF CURCUMIN AND SILYMARIN
ON THE TOXICITY INDUCED BY MYCOTOXINS IN VITRO AND IN
VIVO

AUTHOR: Pauline Christ Ledur
ADVISOR: Janio Morais Santurio

Myecotoxins are secondary metabolites produced by fungi and represent a worldwide concern
due to their global distribution and the harmful effects caused by their ingestion. This problem
presents itself in its most dramatic form in farm animals, especially pigs, which are considered the
farm animals most sensitive to the effects of mycotoxins. Thus, mycotoxins have been shown to be a
serious economic problem, it is essential to elucidate their toxicological mechanisms and seek
alternatives that minimize the damage caused by them. In this sense, phenolic compounds and other
antioxidants have been shown to have the ability to protect and even neutralize the damage caused by
various toxic substances, including mycotoxins. Curcumin and silymarin are two polyphenols known
for their strong antioxidant activity extracted from the plants Curcuma longa and Silybum marianum,
respectively. In this context, this study aimed to: a) evaluate the toxicity of ochratoxin A (OTA) in pig
peripheral blood mononuclear cells and porcine kidney cells of the PK-15 cell line through the
evaluation of cell viability, oxidative stress and mitochondrial activity ; b) to evaluate the protective
effect of curcumin and silymarin pretreatment on PK-15 cells in vitro on the toxicity induced by OTA,
fumonisin B; (FB,) and deoxynivalenol (DON), via cellular viability assessment, oxidative stress and
apoptosis; and c) to investigate the effect of pretreatment with curcumin and silymarin in the
prevention of acute toxicity caused by FB, and OTA on hepatic and kidney oxidative stress, as well as
on serological biomarkers of hepatic and kidney function in mice in vivo. We observed that the toxic
effects of OTA in PK-15 cells and porcine PBMCs are quite similar, exposure to OTA causes loss of
cell viability, increases oxidative stress and causes inhibition of the enzymes superoxide dismutase and
catalase, in addition to causing mitochondrial dysfunction , inhibiting complex | of the electron
transport chain. Pretreatment with curcumin and silymarin proved to be efficient in protecting PK-15
cells from damage caused by mycotoxins; curcumin decreased the loss of cell viability induced by
OTA, FB; and DON; inhibited the formation of reactive oxygen species triggered by FB; and DON
and decreased apoptosis in cells exposed to DON. The pretreatment of cells with silymarin decreased
the loss of cell viability induced by OTA, FB; and DON; inhibited the formation of reactive oxygen
species produced by FB; and DON and decreased apoptosis in cells exposed to FB; and DON. In the
evaluation of the protective effects of curcumin and silymarin on liver and kidney toxicity caused by
OTA and FB; in mice, it was observed that both compounds, administered alone or in combination,
were able to mitigate the harmful effects caused by mycotoxins, promoting improvement in liver and
kidney function and preventing oxidative stress, in addition to preventing kidney tubular damage and
hepatocyte necrosis caused by exposure to the mycotoxins OTA and FB;. In general, the results of this
study demonstrated that both curcumin and silymarin provided protection against the harmful effects
caused by exposure to mycotoxins.

Key-words: Toxicity; Ochratoxin A; Fumonisin B1; Deoxynivalenol; Curcumin; Silymarin.
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APRESENTACAO

Esta tese esta estruturada em capitulos, sendo eles INTRODUCAO E REVISAO
BIBLIOGRAFICA, OBJETIVOS, PROTOCOLO EXPERIMENTAL I, Il e 11, DISCUSSAO
e CONCLUSAO.

A INTRODUCAO E REVISAO BIBLIOGRAFICA trata de todo o contexto desta tese
e traz o referencial tedrico que embasa este estudo. Nos OBJETIVOS estdo citados o objetivo
geral desta tese e 0s objetivos especificos referentes a cada um dos manuscritos produzidos.

A metodologia, resultados e discussdo desta tese estdo apresentados sob a forma de
manuscritos, 0s quais encontram-se nos itens PROTOCOLO EXPERIMENTAL I, Il e 1II, e
estdo estruturados de acordo com as normas das revistas cientificas nos quais foram
submetidos/ publicados.

Os capitulos DISCUSSAO e CONCLUSOES, encontrados no final desta tese,
apresentam interpretacfes e comentarios gerais a respeito dos resultados demonstrados nos
manuscritos contidos neste trabalho.

As REFERENCIAS BIBLIOGRAFICAS referem-se somente as citacdes que
aparecem nos capitulos INTRODUCAO E REVISAO BIBLIOGRAFICA e DISCUSSAO,
desta tese. As referéncias utilizadas para a composi¢do dos manuscritos estdo apresentadas ao

final dos préprios manuscritos.






1 INTRODUCAO E REVISAO BIBLIOGRAFICA

1.1 MICOTOXINAS

Os fungos filamentosos produzem diversos metabdlitos secundarios, dentre os quais
estdo as micotoxinas, que muitas vezes contaminam produtos alimenticios como milho, trigo,
amendoim, cevada, centeio, entre outros. As micotoxinas sdo consideradas compostos
bioldgicos naturais de baixo peso molecular, alta lipossolubilidade, estaveis sob calor intenso
e normalmente téxicas (IHESHIULOR, 2011), que ndo tem importancia bioquimica ou no
desenvolvimento dos fungos que as produzem. Fungos toxicogénicos podem produzir um ou
mais desses metabdlitos secundarios, mas sabe-se que nem todos os fungos filamentosos sdo
toxicogénicos e nem todos os metabdlitos secundarios de fungos sdo toxicos (HUSSEIN;
BRASEL, 2001). E importante salientar que a maioria das micotoxinas apresenta grande
estabilidade quimica, o que favorece a sua constancia nos grdos e alimentos em geral
(HUSSEIN; BRASEL, 2001).

Os fungos sdo 0s mais importantes patdgenos de plantas e insetos, tendo importancia
menor nas infeccbes em vertebrados. As infeccdes por fungos em hospedeiros animais séo
genericamente denominadas micoses, enquanto que as doencas causadas pela exposicdo aos
seus metabdlitos toxicos, seja por meio da dieta, inalacdo, contato com a pele, entre outras
formas de exposicdo, sdo chamadas de micotoxicoses (BENNETT; KLICH, 2003). As
micotoxicoses podem acometer tanto os animais quanto os humanos. A exposi¢do humana as
micotoxinas pode ocorrer através do consumo de alimentos contaminados, principalmente
grdos, por inalacdo e contato direto com a pele, e esta associada a ocorréncia de casos de
cancer e efeitos deletérios em recém-nascidos (SHUAIB et al., 2010; MARIN et al., 2013).

As micotoxicoses sdo caracterizadas por sindromes difusas, seus sintomas dependem
do tipo de micotoxina, da quantidade de toxina e duracdo da exposicéo, da idade, estado de
salde e sexo do individuo, além de outros fatores ainda ndo muito compreendidos, como
envolvimento genético, estado nutricional e interagdes com outras substancias toxicas. Dessa
forma, a severidade da intoxicagdo por micotoxinas pode ser agravada por fatores como
deficiéncia de vitaminas, desnutri¢do, abuso de drogas como o alcool, e doencas infecciosas,
como por exemplo a hepatite. Por sua vez, as micotoxicoses podem aumentar a
vulnerabilidade & doengas infecciosas, piorar os efeitos da desnutricdo e interagir
sinergicamente com outras toxinas. As micotoxinas podem causar lesdes em varios 6rgaos,

como figado, rins, pulmao, tecido epitelial e sistema nervoso, dependendo do tipo de toxina.



O desenvolvimento de uma micotoxicose ndo depende do contato direto com o fungo
produtor da toxina, sendo, portanto, um risco abiotico, mas com origem biodtica (BENNETT;
KLICH, 2003; MARIN et al., 2013).

Vérios fatores biologicos, quimicos e fisicos contribuem para a ocorréncia dos
metabdlitos secundarios de fungos nos alimentos, dentre eles a temperatura, umidade,
incidéncia pluviométrica, suscetibilidade da planta e composi¢do dos gréos, danos por insetos
ou danos mecanicos durante a colheita e armazenamento. Esses fatores podem afetar as
culturas tanto no periodo pré-colheita, como durante e apds a colheita, no transporte e
armazenamento (HUSSEIN; BRASEL, 2001; MARROQUIN-CARDONA et al., 2014).

Nesse sentido, as condi¢Bes climaticas e ambientais como temperatura e umidade
podem favorecer o crescimento dos fungos ou a producdo das micotoxinas, como exemplo,
sabe-se que espécies de Fusarium costumam crescer em locais com temperaturas que variam
de 26 — 28 °C e com atividade de dgua maior que 0.88, enquanto Aspergillus cresce melhor
em temperaturas mais elevadas, de até 30 °C, sendo que a producdo de aflatoxinas é
aumentada com atividade de agua mais elevada, entre 0.9 — 0.92 (KLICH, 2007; MOUSA et
al., 2013; MARROQUIN-CARDONA et al., 2014). Por outro lado, ambientes mais secos,
com atividade de agua menor ou igual a 0.85 permitem o crescimento de Aspergillus flavus e
Aspergillus parasiticus, além do fato que a seca, por si s6, é um fator estressante para as
plantas, podendo favorecer a contaminagdo por estes fungos, ocasionando em uma maior
presenca de micotoxinas (KEBEDE et al., 2012). As precipitacbes pluviométricas sdo outro
fator importante na presenca de micotoxinas nos alimentos. Chuvas severas no periodo de
floracdo das plantas estdo associadas com uma maior dispersao de Fusarium nas plantagdes
de milho, por facilitar a entrada dos conidios nas espigas. Além disso, chuvas fora de época
podem favorecer a producdo de micotoxinas em grdos e cereais por forcarem a colheita e
armazenamento precoce dessas culturas, favorecendo o desenvolvimento dos fungos e a
consequente producao de micotoxinas (MARROQUIN-CARDONA et al., 2014).

Outro fator importante que pode influenciar o crescimento fungico e producéo de
micotoxinas nos alimentos sdo as condi¢0es de armazenamento. Em condic¢Oes ideais, 0
armazenamento deve ocorrer no momento apropriado apds a maturacdo das plantas, poréem
sob certas circunstancias, pode ocorrer prematuramente, como mencionado anteriormente,
aumentando a probabilidade de contaminacdo por fungos. Por outro lado, para algumas
améndoas, a colheita e armazenamento antes da completa maturacdo na planta podem reduzir
0 risco de contaminagdo, por reduzir o tempo de exposicdo das améndoas aos ataques de

insetos e quebras, que abrem portas para a contaminacdo fangica. Além disso, deve-se evitar



ao méximo danos mecanicos as sementes e graos, bem como contato com o solo, visto que
esporos fungicos podem persistir no ambiente por meses. Também deve-se ter um controle
rigoroso da umidade e implementar técnicas que possibilitem a retirada de grdos e améndoas
danificadas, para evitar a contaminacéo de toda a producéo, visto que sdo 0s mais propensos a
contaminacéo por fungos (MARROQUIN-CARDONA et al., 2014).

Os géneros dos fungos Aspergillus, Penicillium e Fusarium sd as mais
frequentemente encontradas como invasoras de culturas de grdos. As principais micotoxinas
identificadas em alimentos, de relevancia agroeconémica e para a saude publica sdo as
aflatoxinas, ocratoxinas, tricotecenos, zearalenona e fumonisinas (MARIN et al., 2013).

As aflatoxinas sdo as micotoxinas mais frequentemente encontradas como
contaminantes em alimentos, e sdo produzidas principalmente por A. flavus e A. parasiticus
(BENNETT; KLICH, 2003). Dentre as aflatoxinas, a mais predominante é a aflatoxina B;
(AFB,), classificada no Grupo 1 de substancias carcinogénicas em humanos. O principal alvo
toxicologico da AFB; é o figado. Os sintomas inicias de toxicidade aguda causada por AFB;
incluem febre, mal-estar e anorexia, seguidos de dor abdominal, nausea e necrose
hemorragica do figado e letargia, no entanto, casos de intoxicacdo aguda sdo raros. Ja a
toxicidade cronica resulta em imunossupressdo, retardo no crescimento e carcinogénese
(KUMAR et al., 2016). Os efeitos toxicos das aflatoxinas dependem de fatores como idade,
sexo, especie e estado nutricional do organismo intoxicado (WILLIAMS et al., 2004).

Os tricotecenos sdo micotoxinas produzidas principalmente por fungos do género
Fusarium. Essas toxinas sdo constituidas por anéis tricotecanos que apresentam uma ligacéo
dupla entre os carbonos 9 e 10 e um grupamento epdxido nas posicdes 12 e 13 da estrutura.
Os tricotecenos mais estudados sdo deoxinivalenol (DON), diacetoxiscirpenol (DAS) e toxina
T-2, enquanto que 0s mais toxicos sdo DAS e toxina T-2 (BENNETT; KLICH, 2003). Os
tricotecenos causam inibicdo da sintese proteica, afetando a subunidade 60S do ribossomo,
além de causarem interrupcdo no transporte de membrana e estresse oxidativo (HUSSEIN;
BRASEL, 2001). Além disso, s&o conhecidos por causarem neurotoxicidade,
imunossupressao e toxicidade renal (RICHARD, 2007).

A zearalenona é uma micotoxina estrogénica produzida por diferentes espécies do
género Fusarium, sendo que F. graminearum € a espécie mais responsavel pelos efeitos
estrogénicos normalmente observados em animais de producdo (HUSSEIN; BRASEL, 2001).
Apesar de ndo ser classificada como carcinogénica em humanos, a zearalenona requer atengao
pelos seus efeitos estrogénicos, uma vez que foram relatados casos de puberdade precoce em

meninas associados a esta micotoxina devido a interagdo com receptores para o 17p-estradiol



10

(MASSART et al., 2008), pela produgdo de espécies reativas de oxigénio (EROs) (EL GOLLI
BENNOUR et al., 2009) e efeitos anabdlicos (MARROQUIN-CARDONA et al., 2014).

A ocratoxina A, a fumonisina B; e o deoxinivalenol, que também tém grande destaque
pelos seus efeitos toxicos na satde humana e animal e pelas perdas econémicas na agricultura

e pecudria, sdo o foco deste trabalho e serdo descritas com maior detalhe a seguir.

1.1.1 Ocratoxina A

A ocratoxina A (OTA) foi descrita pela primeira vez em 1965, tendo sido encontrada
primeiramente em Aspergillus ochraceus (VAN DER MERWE et al., 1965). As ocratoxinas
sdo produzidas por algumas espécies de Aspergillus, tais como A. ochraceus e A. niger e
algumas espécies de Penicillium, principalmente P. verrucosum. A OTA ¢é a mais prevalente
e abundante entre as ocratoxinas, tendo sido descrita também como a de maior importancia
toxicologica (HUSSEIN; BRASEL, 2001).

A OTA é um importante contaminante na alimentacdo animal e em alimentos em
geral, sendo frequentemente detectada em todos os tipos de cereais e derivados, além de café,
cacau, uvas, vinho, soja, temperos, améndoas e cerveja. Embora uma boa selecdo dos
produtos alimenticios e cuidados no transporte e armazenamento desses produtos possam
diminuir muito a contaminacdo por OTA, ainda ndo parece possivel evitar totalmente as
contaminagdes por essa micotoxina (HEUSSNER; BINGLE, 2015). Por ter uma estrutura
quimica estavel (Fig. 1), a OTA ndo é muito afetada pelas temperaturas normalmente
utilizadas no processamento de alimentos, mantendo-se constante mesmo quando submetida a
altas temperaturas (BULLERMAN; BIANCHINI, 2007).

A OTA possui uma alta afinidade por proteinas, especialmente albumina, promovendo
assim a bio-acumulacdo dessa micotoxina nos 6rgdos dos animais que consomem alimentos
contaminados. Consequentemente, produtos desses animais, como carne, miudezas, leite e
ovos, podem ser contaminados pela OTA (DUARTE et al., 2012). Estruturalmente, essa
micotoxina é similar ao aminoacido fenilalanina (Phe), o que causa a inibicdo de vérias
enzimas gque usam este aminoacido como substrato, especialmente a Phe-tRNA sintetase, 0
que pode resultar na diminuicdo da sintese proteica. Além disso, a OTA apresenta importante
toxicidade mitocondrial, causando danos mitocondriais, estresse oxidativo, lipoperoxidacéo,
além de interferir na fosforilagdo oxidativa (KUIPER-GOODMAN; SCOTT, 1989; KUIPER-
GOODMAN et al., 2010).



11

Figura 1 — Estrutura quimica da ocratoxina A:

Fonte: EL KHOURY;ATOUI (2010).

A exposicdo a altas concentracdes de OTA tem sido associada a disfuncédo e
carcinogénese renal em humanos. Os rins sdo os principais 6rgdos afetados pela OTA, que é
reconhecida como uma potente nefrotoxina. Estudos tém demonstrado que a exposicdo a OTA
resulta na destruicdo das células do epitélio renal tubular, causando progressiva faléncia renal.
Essa doenca é particularmente proeminente na regido dos Bdlcds e é conhecida como
nefropatia endémica dos Balcds (RAGHUBEER et al., 2015). A OTA também tem sido
relacionada ao carcinoma urotelial do trato urinario superior e foi classificada como
carcindgeno do Grupo 2B pela IARC (International Agency for Research on Cancer) (ZHU et
al., 2017).

Além dos sintomas renais, a OTA pode afetar outros sistemas do organismo. Essa
micotoxina pode atravessar a placenta e foi descrita toxicidade em embrides em ratos e
camundongos. Estudos em animais tém mostrado que OTA também é imunotoxica, sendo a
atividade imunossupressora caracterizada por reducdo no tamanho do timo, baco e linfonodos,
depressdo das respostas de anticorpos, alteracbes no nimero e funcdo das células imunes e
modulacdo da producgdo de citocinas. Além disso, mostrou-se que a OTA estd associada a
efeitos neurologicos adversos no cerebelo e hipocampo. Além disso, OTA pode ser
encontrada no leite, 0 que pode representar uma fonte de exposicdo para filhotes (HOPE;
HOPE, 2012)

O perfil toxicolégico da OTA tem sido extensivamente investigado, mostrando efeito

nefrotdxico, hepatotdxico, teratogénico, imunossupressor e genotoxico em varias espécies
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animais e em estudos in vitro, sendo a toxicidade e carcinogénese renal os principais efeitos
encontrados, sem ligacdo direta com genotoxicidade, mas envolvendo diferentes fatores
epigenéticos ligados ao estresse oxidativo, proliferacédo celular e interferéncia na sinalizagéo e
divisdo celular (ZHU et al., 2017). Os mecanismos de toxicidade e carcinogénese de OTA
foram associados com indugdo de estresse oxidativo, inflamacdo e apoptose celular
(RAGHUBEER et al., 2017), autofagia e inibicdo da sintese proteica (DA SILVA et al.,
2018).

A formacdo de EROs vem sendo indicada como mecanismo causal da toxicidade da
OTA, tendo sido propostos por estudos in vitro e in vivo. De maneira geral, foi demonstrado
que a OTA pode causar danos oxidativos via geracao de radicais hidroxila por meio da reagéo
de Fenton, por meio da ativacdo da NADPH-citocromo P450, inibicdo da ativacdo do gene
Nrf2 e transcricdo génica, além de causar diminuicdo na expressdo das enzimas antioxidantes
GPx, CAT, SOD e GR e aumento dos niveis de MDA (BOESCH-SAADATMANDI et al.,
2008; BHAT et al., 2016; DA SILVA et al., 2018).

1.1.2 Fumonisina B1

Intoxicagdes por fumonisinas normalmente ocorrem através da ingestdo de alimentos
contaminados por Fusarium verticillioides. A fumonisina B; (FB;) é a mais abundante e tem
maior importancia toxicologica. Em humanos a FB; tem sido relacionada ao céancer de
esdfago, tumores hepaticos, estimulo e supressdo do sistema imune, defeitos nos tubos
neurais, nefrotoxicidade e outras anormalidades (CHU; LI, 1994; VOSS et al., 2002;
MARASAS et al.,, 2004; GRENIER et al., 2011). Outros estudos também apontam a
associacdo entre FB; e nanismo infantil (KIMANYA et al., 2010). A FB; apresenta efeitos
hepato e nefrocarcinogénicos em ratos e é classificada como Grupo 2B em carcinogénese
(possivelmente carcinogénica a humanos) pela Organizacdo Mundial da Saide (OMS)
(PERSSON et al., 2012).

A fumonisina apresenta uma estrutura molecular similar a da esfinganina e da
esfingosina, ambas componentes celulares do esqueleto de carbono dos esfingolipidios,
afetando, por isso, os niveis celulares destes componentes. A estrutura quimica da FB; pode

ser observada na figura 2.



13

Figura 2 — Estrutura quimica da fumonisina By:

Fonte: AHMED ADAM et al. (2017).

Um dos primeiros eventos que ocorrem nos 6rgdos atingidos pela FB; em organismos
expostos a essa micotoxina é a apoptose, que pode ser consequéncia da inibicdo da sintese de
ceramida e alteragcGes no metabolismo de esfingolipidios ou a inibi¢do da proteina quinase C,
chave na sinalizacdo da apoptose (SMITH et al., 1997; SEEFELDER et al., 2003). A
regulacdo da biossintese de esfingolipidios é essencial para a célula, visto que seus produtos
afetam o metabolismo celular. A ceramida e a esfingosina sdo citotoxicas, inibem o
crescimento e podem induzir apoptose precoce. No entanto, a esfingosina pode ser fosforilada
pela esfingosina quinase formando um mitdgeno potente que antagoniza o efeito apoptético
mediado pela ceramida. Dessa forma sugere-se que o balango entre niveis intracelulares de
ceramida e esfingosina-1-fosfato podem determinar a sobrevivéncia da célula (CUVILLIER,
2002).

Estudos in vitro e in vivo também tém demonstrado o potencial da FB; de promover
estresse oxidativo e consequente aumento nos niveis celulares de EROs e seus efeitos
citotoxicos, e indugdo de apoptose (DOMIJAN et al., 2015; ABBES et al., 2016). Porém, no
caso dessa micotoxina, alguns estudos sugerem que 0 estresse oxidativo parece surgir como
consequéncia e ndo como mecanismo causal da toxicidade (WANG et al., 2016), enquanto
outros afirmam que a FB; é capaz de promover um aumento de radicais livres e acelerar as
reacOes que levam a peroxidacdo lipidica das membranas (HASSAN et al., 2015). Porém,
estudos realizados em diferentes modelos animais demonstraram que a FB; é capaz de

modular a expressdo de enzimas do sistema antioxidante como a SOD e GPx, bem como
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diminuir os niveis de GSH e aumentar os niveis de MDA (DOMIJAN, PERAICA, et al.,
2007; ABBES et al., 2016; DA SILVA et al., 2018).

O aumento na producdo de EROs induzido por FB; também tem sido associado com
inibicdo de sintese e fragmentacdo do DNA (WANG et al., 2016), inibicdo de sintese proteica
(DOMIJAN, PERAICA, et al.,, 2007), dano mitocondrial com consequente ruptura da
homeostase de célcio e ativacdo da caspase-3, indugdo da atividade do citocromo P450 com
aumento no metabolismo do &cido araquiddnico e modulacdo da resposta inflamatoria, além
de ativar vias de sinalizacdo da apoptose (ABBES et al., 2016; MARY et al., 2017; DA
SILVA et al., 2018).

1.1.3 Deoxinivalenol

O deoxinivalenol (DON) é uma micotoxina do grupo dos tricotecenos. Os tricotecenos
constituem uma familia de metabdlitos composta por mais de sessenta substancias produzidas
por fungos de varios géneros, incluindo Fusarium, Myrothecium, Phomopsis, Stachybotrys,
Trichoderma, Trichothecium, entre outros (BENNETT; KLICH, 2003). Os tricotecenos mais
amplamente estudados séo diacetoxyscirpenol, toxina T-2 e DON, produzidas por espécies do
género Fusarium. DON é um tricoteceno do tipo B e é menos toxica que a toxina T-2 e varios
outros tricotecenos, porém € a mais amplamente distribuida, comumente encontrada em
cevada, milho, trigo, aveia e em ra¢fes mistas, sendo produzida majoritariamente na fase de
pré-colheita, porém também pode ocorrer contaminacdo secundaria no armazenamento dos
cereais (BENNETT; KLICH, 2003; MA; GUO, 2008; WU et al., 2017).

Estruturalmente, DON é um composto polar e contém trés grupos hidroxila (-OH)
livres (Figura 3), que estdo diretamente relacionados a sua toxicidade (MISHRA et al., 2014).
Os efeitos fisioldgicos da intoxicacdo por DON incluem vémito e anorexia, alteracdo na
funcéo intestinal e sistema imune, marcado pela diminui¢do na absor¢do de nutrientes e um
aumento na suscetibilidade a infec¢bes e doencas cronicas (PESTKA, 2010; MISHRA et al.,
2014). Dois grandes surtos de gastroenterite humana no Japéo e na Coreia foram associados a
alimentos contaminados com Fusarium, onde os principais sintomas foram nausea, diarreia e
vomito, apontando DON como o possivel agente causador. Em um relato semelhante na
China, surtos de gastroenterite entre 1984 e 1991 foram associados com DON e outros cereais
infectados com tricotecenos, afetando cerca de 130000 pessoas. Também na india, dezenas de

milhares de individuos consumindo produtos de trigo mofados devido a exposi¢do a chuva
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onde foi relatada a presenga de DON em niveis na faixa de 0,34 - 8,4 mg/kg, sofreram de
gastroenterite grave (MISHRA et al., 2014).

Figura 3 — Estrutura quimica do deoxinivalenol:

Fonte: BENNETT;KLICH (2003)

Os principais efeitos toxicos desencadeados por DON em nivel celular devem-se ao
fato de que esta micotoxina se liga ao ribossomo e causa estresse ribossémico, levando a
ativacdo de proteino-quinases ativadas por mitdégenos (MAPK) entre outras quinases
celulares, levando a inibicdo da sintese proteica e de acidos nucleicos, interrupgdo no ciclo
celular e apoptose (SHIFRIN; ANDERSON, 1999; WANG et al., 2014). DON também
demonstrou interromper a sinalizacdo celular, diferenciacdo, crescimento e sintese
macromolecular, que estad associada com efeitos de amplo espectro, como homeostase
gastrointestinal, crescimento, fungdo neuroenddcrina e imunidade (PESTKA, 2010).

Além disso, vérios estudos vém indicando o estresse oxidativo como mecanismo de
citotoxicidade e apoptose induzido por DON (MA; GUO, 2008; PESTKA, 2010; MISHRA et
al., 2014). Foram relatados danos as membrana celulares, cromossomos e ao DNA, aumento
na peroxidacdo lipidica, formacdo de espécies reativas de oxigénio e indugdo de apoptose e
genotoxicidade (FRANKIC et al., 2006; YANG et al., 2014; DA SILVA et al., 2018). Estudos
mais recentes também tém demonstrado que a exposicdo a DON altera a composi¢do da

microbiota intestinal, causando impactos na sintese e no metabolismo de substancias,
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desencadeando consequentes alteracdes metabdlicas na sintese de fosfolipidios, degradacéo
de acucares e polissacaridios, degradacdo do benzoato, entre outras, bem como inflamacéo
intestinal causada pelo desequilibrio da microbiota (PENG et al., 2019; WANG et al., 2019).

1.1.4 Efeitos das micotoxinas em suinos

Os suinos sdo considerados os animais de producdo mais sensiveis aos efeitos toxicos
das micotoxinas (HUSSEIN; BRASEL, 2001). Os efeitos crénicos da exposicdo diaria desses
animais a micotoxinas presentes na racdo podem se manifestar de varias maneiras, de acordo
com as micotoxinas as quais estes animais sdo expostos.

Diferentes animais, como aves, porcos e roedores expostos a dietas prolongadas
contaminadas por OTA apresentam lesdes bastante similares. Os animais apresentaram
nefropatia associada a degeneracdo dos tubulos dos néfrons e fibrose intersticial renal, seguida
por uma diminuigdo na espessura da membrana basal e hialinizagdo glomerular (MARIN et
al., 2013). Em suinos, essa nefropatia foi induzida em animais tratados com 4000, 1000 ou
200 pg de OTA por Kg (4, 1 ou 0.2 ppm). Nas doses de 1 — 4 ppm, 0s rins perderam sua
coloragdo caracteristica e foi observada necrose dentro de 3 e 4 meses do inicio do tratamento.
Investigacdes ultraestruturais dos rins de animais expostos a 0,8 ppm de OTA identificaram
um processo de condensacdo de material celular com desaparecimento de membranas e
descamacdo continua na parte inferior dos tdbulos contorcidos proximais. Nas células, houve
perda de integridade da membrana dos peroxissomos e extravasamento de seu conteldo no
citosol. A ingestdo de agua e excrecdo urinaria dos animais € aumentada. Também foi
observada perda de peso em animais tratados com doses maiores que 2 ppm de OTA
(PFOHL-LESZKOWICZ; MANDERVILLE, 2007).

Além dos efeitos toxicos da OTA em suinos, essa micotoxina tem forte afinidade as
proteinas plasmaéticas, ligando-se a elas e podendo assim se acumular na carne desses animais
acarretando na rejeicdo de carcacas pelos abatedouros, aumentando ainda mais as perdas
econbmicas associadas a esta micotoxina. Além disso, a OTA pode afetar a fertilidade de
matrizes e ainda ultrapassar a barreira placentaria, afetando o desenvolvimento dos fetos.
Foram observados casos de necrose da cauda em leitdes recém-nascidos, muitas vezes
associados a contaminagéo por OTA (IHESHIULOR, 2011).

Jaem relacdo a FB; de maneira geral, 0s principais sintomas de intoxicagdo em suinos
sdo a formacédo de edema pulmonar, afetando os pulmdes e coragdo. Também sdo observados

danos no figado e pancreas, bem como supressao do sistema imune, além de diminui¢do no
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ganho de peso desses animais quando alimentados com racdo contaminada com niveis de FB;
superiores a 2 ppm (IHESHIULOR, 2011). Em suinos, a intoxicacdo por FB; é caracterizada
por danos na fungdo pulmonar, cardiovascular e hepatica (HASCHEK et al., 2001; BUREL et
al., 2013). Foi observada a formacao de edema pulmonar letal e hidrotérax, ou hidropesia da
cavidade pleural, em suinos que receberam ra¢do contaminada com mais de 12 ppm de FB;.
Outros estudos sugerem que o intestino também é afetado por fumonisinas, pois foi observado
que a ingestdo de baixas concentracdes de FB; (6,5 — 13 ppm) aumenta a colonizagédo
intestinal por patdégenos devido a reducdo na resposta inflamatoria local e ao aumento na
permeabilidade do epitélio intestinal (OSWALD et al., 2003; DEVRIENDT et al., 2009).

Em relacdo a DON, os suinos sdo a bastante suscetiveis a intoxicacdo, representando
um grande risco de exposi¢do devido ao grande percentual de trigo e milho em sua dieta
(ROTTER et al., 1996). Nesses animais DON é absorvida rapidamente e eficientemente na
porcdo superior do intestino delgado, especialmente no ileo (WACHE et al., 2009). Se a
ingestdio de DON ocorrer em concentragdes suficientemente elevadas, pode provocar
inflamacéo excessiva, danificando o epitélio intestinal (PESTKA; SMOLINSKI, 2005). Os
principais sintomas de intoxicacdo de suinos por essa micotoxina sdo vémito e anorexia. A
racdo se torna ndo palatavel para os animais, que rejeitam o alimento, ocasionando em
diminuicdo no ganho de peso ou mesmo em perda de peso, aumento na incidéncia de doencas
infecciosas e problemas digestivos. J& na maternidade, DON causa alteracdes na fertilidade
das matrizes, além de causar uma série de problemas nos leitdes, como inflamacgdo no trato
digestivo e diarreia aguda, o que acarreta em grande mortalidade (IHESHIULOR, 2011).

No Brasil, os limites para a presenca de micotoxinas em alimentos séo regulamentados
pela Agéncia Nacional de Vigilancia Sanitaria (ANVISA). A normativa que estabelece os
limites das micotoxinas FB; e OTA atualmente em vigor é a resolugcdo RDC 7/2011, que
estabelece os limites de OTA em 10 pg/Kg em produtos para alimentacdo e 2 ug/Kg para
alimentos a base de cereais para alimentacgdo infantil. J& os limites para cereais para posterior
processamento sdo estabelecidos em 20 pg/Kg. Para as fumonisinas (FB; + FB;) os limites
estabelecidos sdo 200 pug/Kg para alimentos a base de milho para alimentagdo infantil, 1000
Mg/Kg para amido e outros derivados de milho, 1500 pg/Kg para farinha de milho, creme de
milho, fuba e canjica, e 5000 pg/Kg para milho em gréos para posterior processamento. Para
o0 deoxinivalenol, os limites alimentos a base de cereais para alimentacdo infantil sdo de 200
ug/Kg, para trigo integral, farelo de trigo e de arroz, grdos de cevada o limite é de 1000

Mo/Kg, e para arroz e produtos processados a base de trigo os limites sdo de 750 pg/Kg.
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Porém ndo ha uma regulamentacdo especifica para os limites dessas micotoxinas em racdes

para animais.

1.2 ESTRESSE OXIDATIVO

Os radicais livres podem ser definidos como moléculas ou fragmentos moleculares
contendo um ou mais elétrons desemparelhados. As espécies reativas de oxigénio (EROs) e as
espécies reativas de nitrogénio (ERNs) sdo produzidas normalmente em concentracfes
fisiologicas pelo metabolismo celular e, dependendo de sua concentra¢do, podem promover
tanto resultados favordveis quanto desfavordveis para a célula (VALKO et al., 2006). Os
radicais derivados de oxigénio representam a classe mais importante de espécies radicais
geradas nos sistemas vivos. O anion superoxido € a ERO primaria e pode reagir com outras
moléculas para gerar EROs secundérias (VALKO et al., 2007).

O estresse oxidativo é uma situagdo fisiologica caracterizada pelo desequilibrio entre a
producdo de espécies reativas de oxigénio e as defesas antioxidantes do organismo. Este
desequilibrio é responsavel por varias situacdes patologicas. Nessas situacdes, as EROs sao
produzidas de forma inespecifica como um subproduto da respiracdo aerdbica, sendo a
mitocondria a principal fonte enddgena de EROs (FINKEL; HOLBROOK, 2000).

A mitocondria € a organela celular de dupla membrana responsavel pela producéo de
adenosina trifosfato (ATP) nas ceélulas eucaridticas. Em sua membrana interna, estdo
incrustadas as enzimas que formam a cadeia transportadora de elétrons (CTE), onde
equivalentes reduzidos entregam seus elétrons provenientes de moléculas organicas (Figura
4). Os elétrons sdo transferidos entre os complexos da CTE, sendo o oxigénio molecular (O2)
usado como aceptor final de elétrons. A passagem de elétrons pela CTE gera o bombeamento
de prétons da matriz mitocondrial para o espaco intermembranas, gerando o potencial
eletroquimico necessario para a sintese de ATP no processo de fosforilacdo oxidativa
(HATEFI, 1965).

Estimativas a partir de estudos in vitro afirmam que em condi¢des normais, cerca de
0,5% dos elétrons que passam pela CTE escapam, principalmente nos complexos | e lll.
Nesses casos, os elétrons reagem com o O, formando o &nion superoxido, que pode reagir
com proteinas e lipidios de membrana, levando a disfuncdes celulares e danos na membrana
da célula (MURPHY, 2009). A enzima superoxido dismutase (SOD) é responsavel por fazer a
dismutacéo do anion superéxido em peroxido de hidrogénio (H,0,), uma forma mais estavel e

menos reativa que o anion superéxido. O H,O, por sua vez, pode reagir com o ion ferroso
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(Fe?"), formando o radical hidroxila e o fon férrico (Fe®"), processo conhecido como reacgéo de
Fenton. O radical hidroxila € a ERO mais danosa as células, pois apresenta uma alta
instabilidade, sendo portanto altamente reativa, causando danos oxidativos em proteinas,
peroxidacao lipidica, além de quebras de cadeia e modificagdes no DNA, ndo existindo

nenhuma enzima que possa catalisar sua degradacéo (IMLAY et al., 1988).

Figura 4 — Esquema mostrando a formacdo de EROS que ocorre quando elétrons vazam da

cadeia transportadora de elétrons
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Fonte: BUENO (2015).

Os radicais livres desempenham varias funcgdes fisioldgicas quando em concentracGes
baixas ou moderadas, incluindo a regulacdo do tébnus muscular, a sensibilidade a tenséo de
oxigénio e a regulacdo das fungdes controladas pela concentracdo de oxigénio, 0 aumento da
transducdo de sinal e respostas ao estresse oxidativo que asseguram a manutencdo da
homeostase redox. A concentracdo destes radicais € mantida pelo balanco entre a sua
formacéo e sua depuracdo por antioxidantes (DROGE, 2002). No momento em que h& uma
reducdo no nivel deste sistema de defesa antioxidante e aumento nos niveis de substancias

oxidativas, desenvolve-se o processo denominado estresse oxidativo (DROGE, 2002).
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Os antioxidantes sdo definidos como qualquer substancia que retarde, previna ou
remova o dano oxidativo de uma molécula. Os organismos vivos dispde de varias estratégias
para amenizar os efeitos danosos das EROs (DAVIES, 2000). A SOD, como ja mencionado, é
a enzima responsavel por fazer a conversdo do anion hidroxila em H,0O,, que apesar de ser
uma ERO, ndo é um radical livre, sendo entdo menos reativo que o anion superdxido. Para
evitar que o H,0, reaja com o Fe?*, as enzimas catalase (CAT) e glutationa peroxidase (GPx)
fazem a quebra do H,O, em O, e agua. A CAT é uma enzima presente em grandes
quantidades nos peroxissomos, enquanto a GPx degrada H,O, com a concomitante oxidagéo
de glutationa (GSH), sendo que algumas isoformas também sdo capazes de reduzir
hidroperoxidos lipidicos (ARTHUR, 2000). O controle da atividade dessas enzimas pode
estar relacionado com a expressdo da proteina Fator Nuclear (Derivado de Eritroide 2) 2 (Nrf-
2), um fator de transcricao responsavel pela ativacdo da expressao génica de diversas enzimas
com acdo antioxidante quando ha uma grande quantidade de EROs nas células (ISHII et al.,
2000). Além das defesas enzimaéticas, sabe-se que moléculas organicas sdo capazes de
sequestrar EROs de forma nédo-enzimatica (BARTOSZ, 2010).

Devido aos varios processos patologicos causados pela producdo exacerbada de
EROS, vérias estratégias terapéuticas estdo sendo desenvolvidas como objetivo de amenizar
o efeito danoso do estresse oxidativo. Essas estratégias envolvem o uso de produtos naturais e
compostos sintéticos que atuam tanto no sequestro de EROs como na modulacdo da atividade
das enzimas antioxidantes (MAXWELL, 1995).

1.3 COMPOSTOS FENOLICOS

Os compostos fenodlicos, também conhecidos como polifendis, constituem um dos
mais bem distribuidos grupos de metabdlitos secundarios de plantas, com mais de 10000
estruturas diferentes conhecidas, incluindo &cidos fendlicos, flavonoides, estilbenos e lignanas
(MANACH et al., 2004). Os polifendis séo constituidos de anéis de benzeno com uma ou
mais hidroxilas e apresentam uma grande variedade em suas estruturas, variando de simples
fendis a polimeros complexos, como é o caso das ligninas e suberinas (VELDERRAIN-
RODRIGUEZ et al., 2014). Alem disso, seus anéis aromaticos podem ser modificados por
meio de hidroxilacGes, metilacOes, glicosilacbes, acilacdes e prenilacdo (DIXON; PAIVA,
1995; WINKEL-SHIRLEY, 2001; ANDRE et al., 2010).

Os compostos fendlicos tém sido relacionadas a diversos beneficios a salde,

principalmente pela sua atividade antioxidante (HEIM et al., 2002). Dietas ricas em frutas,
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legumes e produtos agro-industriais sdo as principais fontes de obtencdo de compostos
fendlicos e proporcionam uma maior protecao contra danos oxidativos e doencas relacionadas
(LIN et al., 2016).

1.3.1 Curcumina

A curcumina é um pigmento amarelo extraido do rizoma da planta Curcuma longa L.,
uma planta herbacea e perene encontrada principalmente em regides tropicais e subtropicais,
sendo originaria do sudeste da Asia e extensamente cultivada na india e na China. No Brasil,
a C. longa € conhecida tradicionalmente como curcuma, acafrao, acafrdo-da-terra, acafrdo-da-
india ou gengibre dourado. Além de ser utilizada como tempero para dar cor e sabor aos
alimentos, a curcuma é utilizada na medicina tradicional indiana no tratamento de desordens
biliares, anorexia, coriza, diabetes, doencas hepaticas, reumatismo e sinusite (SHARMA et
al., 2005).

De maneira geral, a curcumina tem atraido a atencdo dos pesquisadores devido as suas
potenciais acfes farmacoldgicas, incluindo propriedades antioxidantes (PI1ZZO et al., 2010),
anti-inflamatorias (AGGARWAL; HARIKUMAR, 2009), antitumorais, promovendo
apoptose em células tumorais, além de apresentar atividade anti-angiogénica (LEE et al.,
2009; VALLIANOU et al., 2015), anti-leshimaniose e antifungica (KAMINAGA et al.,
2003), antibacteriana (DE et al., 2009) e antiviral (MOGHADAMTOUSI et al., 2014).

A parte de maior interesse da curcuma € o rizoma, pois é a partir da moagem dos
rizomas secos que se obtém o po, que é muito utilizado na industria alimenticia como corante,
aromatizante e tempero, sendo um dos principais constituintes do curry (ANTUNES et al.,
2000). A curcuma pode conter de 3 a 15% de curcuminoides e de 1,5 a 5% de 0leos
essenciais (LI et al., 2011). O cultivo da curcuma vem ganhando espago no mercado mundial
como solucdo na substituicdo de corantes sintéticos, além de ser utilizado também pelas suas
propriedades medicinais e farmacologicas (SCARTEZZINI; SPERONI, 2000).

A atividade biologica da curcuma vem sendo atribuida a presenca de curcumina, um
polifenol lipossolivel que apresenta em sua estrutura dois anéis de metoxifenol unidos por
uma f-dicetona. Os grupos fendlicos ¢ a P-dicetona sdo caracteristicos de compostos
antioxidantes, o que torna essas estruturas responsaveis pela atividade antioxidante da
curcumina (ARAUJO; LEON, 2001; XIAO et al., 2010; SINGH et al., 2011).

A curcumina [(E,E)-1,7-bis(4-hydroxy-3-methoxy-phenyl)-1,6- heptadiene-3,5-ione] é

extraida da C. longa juntamente com a demetoxi-curcumina e a bisdemetoxi-curcumina
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(BHAWANA et al., 2011). As trés principais substancias podem representar 90% do total de
curcuminoides. A curcumina € um po de coloragdo amarelada, cristalino, de férmula
molecular C,1H200g € peso molecular de 368,38 g/mol. Além disso, é praticamente insoluvel
em agua (LI et al., 2011).

A atividade antioxidante comparativa da curcumina, desmetoxi-curcumina e
bisdesmetoxi-curcumina, tem sido estudada em modelos in vitro, demonstrando que a
desmetoxi-curcumina e a bisdesmetoxi-curcumina também sdo bons antioxidantes,
juntamente com a curcumina (JAYAPRAKASHA et al., 2006). A curcumina apresentou
atividade antioxidante eficaz em diferentes ensaios in vitro quando em compara¢do com 0s
compostos antioxidantes convencionais. Pode ser usada para minimizar ou prevenir oxidagéo
lipidica de produtos farmacéuticos, retardando a formacdo de produtos de oxidagdo toxicos,
mantendo a qualidade nutricional e prolongando a vida de prateleira (AK; GULCIN, 2008).

Ja em relacdo ao sistema imunol6gico, a curcumina mostrou-se um potente agente
imunomodulador celular que pode ativar linfocitos T e B, macrdfagos, neutrofilos, células
natural killers (NK) e células dendriticas (DCs). Além disso, a curcumina tem funcdes de
modular a resposta de citocinas e quimiocinas, reduzindo a producdo de fator de necrose
tumoral (TNF) e a producdo de interleucinas (IL), e inativa a transcricdo de fator NF-kf. A
ingestdo de baixas doses de curcumina também tem mostrado efeito benéfico em doencas
autoimunes como Alzheimer, diabetes, esclerose maltipla, alergias, asma e artrite reumatoide.
Sua aplicacgdo tépica em gel de curcumina 1% demonstrou reducéo na densidade de células T
CD8", mostrando efetividade no tratamento de psoriase (JAGETIA; AGGARWAL, 2007).

1.3.2 Silimarina

A silimarina € um composto fendlico extraido dos frutos e sementes da planta Silybum
marianum, (L.) Gaertn. Essa planta pertence a familia Asteraceae, cresce em solos rochosos
podendo atingir até um metro e meio de altura, apresentando flor de cor arroxeada e folhas
com nervuras de aspecto leitoso, o que confere o nome vulgar da planta “Milk thistle”. O
fruto tem de 5-7 mm de comprimento, 2-3 mm de largura e 1,5 mm de espessura, de cor
castanha brilhante (KROLL et al., 2007). S. marianum é nativo do sul da Europa, sul da
Russia, Asia Menor e norte da Africa e se adaptou ao norte e sul da América, bem como no
sul da Austrdlia.

Os principais componentes da silimarina isolados e caracterizados estruturalmente séo
a silibina, isosilibina, silicristina e silidianina (SONNENBICHLER et al., 1999). No entanto,
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Johnson e colaboradores (2002) descrevem o produto como uma mistura de sete isGmeros
denominados taxofolina, silicristina, silidianina, silibina A, silibina B, isosilibina A e
isosilibina B (JOHNSON et al., 2002). As sementes de S. marianum também contém betaina,
que apresenta comprovado efeito hepatoprotetor (LUPER, 1998). Além disso, a silimarina é
constituida de A&cidos graxos essenciais 0 que pode contribuir para sua atividade
antiinflamatéria (LUPER, 1998).

A silimarina apresenta diversas atividades descritas na literatura, como
hepatoprotetora e regeneradora (CROCENZI; ROMA, 2006), antioxidante (WELLINGTON,;
JARVIS, 2001; SANGEETHA et al., 2010), antifibrotica (FLORA et al., 1998; JIA et al.,
2001; LIN et al., 2008) e antiinflamatéria (SCHUMANN et al., 2003), tratando-se, portanto,
de um fitoterapico de uso promissor. A atividade hepatoprotetora da silimarina € devida,
principalmente, a captura de radicais livres produzidos por eventos diversos nas células,
evitando os danos promovidos pelo estresse oxidativo e efeitos antiinflamatorios (AL-
RASHEED et al., 2016). Dessa forma, a silimarina apresenta atividade quimiopreventiva e
anticancerigena através da captura de radicais livres (DORAI; AGGARWAL, 2004),
modulacdo de mitdgenos, sinalizadores de ciclo celular e sobre proteinas envolvidas na
apoptose, modulando o desequilibrio entre a sobrevivéncia celular e a apoptose
(RAMASAMY; AGARWAL, 2008) com consequente atividade antineoplasica (SINGH;
AGARWAL, 2002; TYAGI et al., 2009).

Além disso, o uso da silimarina ja foi proposto na terapia adjuvante do cancer,
protegendo os tecidos do estresse oxidativo gerado pelos quimioterapicos e reduzindo a
hepatotoxicidade (INVERNIZZI et al., 1993; SCAMBIA et al., 1996), bem como nova
possibilidade para tratamento do diabetes mellitus por aumentar os niveis de insulina em
hiperglicemias e recuperar a funcdo pancreéatica (SOTO et al., 2004). Além disso, a silimarina
pode ter um longo tempo de acdo no figado (HE et al., 2002) e ndo é hepatotoxica baseadas
em observacBes clinicas, ja que apresenta valores muito altos de dose letal 50 - LD50
(FLORA et al., 1998).

1.3.3 Efeitos de compostos fendlicos e antioxidantes sobre os danos causados pelas

micotoxinas

Diversos estudos tém demonstrado que compostos fendlicos e outros antioxidantes
tém a capacidade de proteger e até mesmo neutralizar os danos causados por varias

substancias tdxicas. Com as micotoxinas ndo € diferente. Estudos in vitro mostraram que o
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resveratrol, um polifenol encontrado na casca de uvas danificadas e outras frutas (ATHAR et
al., 2007), é capaz de prevenir o dano causado pela OTA em células renais devido a sua
atividade antioxidante, uma vez que essa micotoxina parece esgotar as defesas antioxidantes
das células e dessa forma produzir danos as membranas, proteinas e ao DNA das células-alvo
(RAGHUBEER et al., 2015). Outro estudo com o resveratrol mostrou que este polifenol
também é capaz de proteger células renais contra a toxicidade induzida pela zearalenona, uma
micotoxina estrogénica nao-esteroidal, também devido a sua atividade antioxidante (SANG et
al., 2016).

Além disso, foi demonstrado que a curcumina é capaz de neutralizar o estresse
oxidativo causado pela zearalenona em células da granulosa de suinos, em um estudo in vitro,
a partir da analise da expressdo génica de enzimas que desempenham um papel crucial nos
mecanismos oxidativos celulares e da deteccdo de radicais livres nas células expostas a
micotoxina e tratadas com a curcumina (QIN et al., 2015). Além disso, curcumina foi capaz
de diminuir a hepatotoxicidade e hepatocarcinogenicidade induzida pela micotoxina
aflatoxina B1 (AFB1) em ratos, por meio da modulacdo de enzimas antioxidantes de enzimas
importantes no metabolismo de drogas (EL-BAHR, 2015; POAPOLATHEP et al., 2015).
Outro estudo, comparando o efeito da curcumina e do resveratrol frente a toxicidade induzida
pela AFB1 em ratos, mostrou por meio de analises de biomarcadores oxidativos e de exames
histopatoldgicos, que a curcumina foi capaz de atenuar os danos hepaticos causados pela
AFB1 (EL-AGAMY, 2010).

Em relacdo a silimarina, estudos in vivo demonstram a capacidade desse polifenol em
evitar danos hepéticos causados por micotoxinas em aves e roedores. Em camundongos
BALB/c que receberam racdo contaminada com fumonisina B; foi demonstrado que a
silimarina foi capaz de reverter danos hepaticos causados pela micotoxina (HE et al., 2004;
SOZMEN et al., 2014). Em ratos, a silimarina foi capaz de proteger as células hepaticas
contra os danos causados pela AFB1, melhorando o transporte de membranas, a cadeia
transportadora de elétrons, transcricdo génica e estresse oxidativo (RASTOGI et al., 2000).
Da mesma forma, em aves, a silimarina mostrou-se eficiente na prote¢do contra danos
hepaticos induzidos por AFB1 (GRIZZLE et al., 2009) e, juntamente com vitamina E, contra
efeitos imunotdxicos causados pela OTA (KHATOON et al., 2013).
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Avaliar o potencial da curcumina e da silimarina na prevencdo da toxicidade aguda

causada por micotoxinas.

2.2 OBJETIVOS ESPECIFICOS

- Avaliar a toxicidade da ocratoxina A em células mononucleares do sangue periférico
de suinos e células de rim suino da linhagem PK-15 através da avaliacdo da viabilidade

celular, estresse oxidativo e atividade mitocondrial;

- Avaliar o efeito protetor do pré-tratamento de curcumina e silimarina sobre células
renais da linhagem PK-15 de suinos in vitro sobre a toxicidade induzida por ocratoxina A,
fumonisina B; e deoxinivalenol, por meio da avaliacdo de viabilidade celular, estresse

oxidativo e apoptose;

- Investigar o efeito do pré-tratamento com curcumina e silimarina na prevencgdo da
toxicidade aguda causada por fumonisina B; e ocratoxina A sobre o estresse oxidativo
hepatico e renal, bem como sobre biomarcadores sorolégicos de funcdo hepética e renal em

camundongos in vivo.
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3 PROTOCOLO EXPERIMENTAL |
OCHRATOXIN A EXPOSURE INDUCES OXIDATIVE STRESS AND
MITOCHONDRIAL DYSFUNCTION IN PORCINE KIDNEY PK-15 CELLS AND IN

PORCINE PBMCS IN VITRO

Manuscrito submetido ao periodico: Toxicology and Applied Pharmacology.
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Abstract

Ochratoxin A (OTA) is a worldwide distributed food and animal feed contaminant
known to induce a series of toxic effects in human and animals including nephropathy with
progressive renal failure. This study investigated the toxic effects of OTA in porcine kidney
PK-15 cell line and fresh porcine PBMCs in vitro, using a range of concentrations of OTA,
varying from 0.5 to 20 uM along with an untreated control. The following techniques were
used: cellular viability was quantified using MTT assay and LDH activity, reactive species
were measured using the DCFH-DA assay, lipid damage was accessed via TBARS assay, the
activity of the antioxidant enzymes SOD and CAT was quantified and oxygen consumption
rates of PK-15 cells exposed to OTA for 24 h were evaluated polarographically in a high-
resolution respirometry (HRR) apparatus. The results showed that OTA caused loss in cell
viability and an increase in plasma membrane permeability in the concentration of 5 uM and
above after 24 h (P < 0.05); an increase in oxidative stress indicated by reactive species
formation (P < 0.01) and lipid peroxidation (P < 0.001), besides an imbalance in SOD activity
(P < 0,05) and a decrease in CAT activity (P < 0.001). The results also showed similar effects
in both cell types as consequence of the exposure to OTA. Moreover, the oxygen
consumption rates in PK-15 cells exposed to OTA were significant altered in comparison to
the control, with an inhibition of the electron transport system. The findings of this study
demonstrate that OTA exerts its toxicity through oxidative stress and inhibition of enzymes of

the endogenous antioxidant system, besides changes in mitochondrial functioning.

Key-words: Ochratoxin A; PK-15 cell line; PBMCs; Oxidative stress; Toxicity.
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Introduction

Mycotoxins are toxic secondary metabolites produced by fungus which have caused
worldwide concern regarding food and feed safety because of their global distribution and
harmful effects (Burel et al., 2013). Ochratoxin A was initially described in South Africa in
1965 (van der Merwe et al., 1965). This mycotoxin is mainly produced by Aspergillus
ochraceus and Penicillium verrucosum being globally distributed. OTA is a highly abundant
food and animal feed contaminant and is frequently detected in grains, cereals and cereal
products, and also in fruit, coffee, spices, nuts, among other food (Heussner and Bingle,
2015). Besides, since OTA has an stable structure, it is not much affected by high
temperatures used in food processing (Bullerman and Bianchini, 2007).

An important problem regarding mycotoxins is livestock feed contamination. Pigs are
considered to be the farm animals which are the most affected and most sensitive to
mycotoxins in general (Hussein and Brasel, 2001; Burel et al., 2013). In pigs, it has been
already shown that OTA can affect the growth and reduce the body weight gain in 24%, up to
52% when combined with other mycotoxins such as aflatoxins (Hussein and Brasel, 2001).
Additional symptoms of OTA toxicity in swine include anorexia, faintness, uncoordinated
movement, and increased water intake and urination (Hussein and Brasel, 2001). OTA is also
considered a causative agent in the development of nephropathy in several types of farm
animals (O'Brien and Dietrich, 2005) and causes destruction of the renal tubular epithelium
resulting in progressive renal failure.

In humans this disease is particularly prominent in the Balkan regions, such as
Bulgaria and Romania, and it is known as Balkan endemic nephropathy (Raghubeer et al.,

2015). Under experimental conditions, OTA has shown a diverse range of toxicological
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effects, including nephrotoxicity, teratogenicity, immunotoxicity, neurotoxicity and
hepatotoxicity (Wangikar et al., 2005; Gagliano et al., 2006; Pfohl-Leszkowicz and
Manderville, 2007; Sava et al., 2007; Zhang et al., 2009; Babayan et al., 2020).

The toxic effects of OTA are related to a number of mechanisms, but the one that
stands out is the imbalance of the cellular oxidative stress which results in an increase in
reactive oxygen species (ROS) (Schaaf et al., 2002). In normal conditions, cells produce
reactive species in a balanced way, but once the cellular redox balance is disrupted it results in
oxidative damage to the cells, which can lead to apoptosis (Jones, 2008). However, the
mechanisms underlying the oxidative stress induced by OTA are not completely understood.
Therefore, in this study we investigated OTA toxicity and its effects on oxidative stress
biomarkers in porcine kidney PK-15 cell line and porcine peripheral blood mononuclear cells

(PBMCs).

Materials and methods

Obtaining cells and culture conditions

Porcine kidney PK-15 cell line (ATCC) were cultured in Minimum Essential Medium
(MEM - Sigma-Aldrich, St Louis, USA) containing 5% Fetal Bovine Serum (FBS -
Vitrocell, Campinas, Brazil) and 100 U/mL penicillin and 100 pg/mL streptomycin (Sigma-
Aldrich, St Louis, USA). Prior to experiments, Peripheral Blood Mononuclear Cells (PBMCs)
were isolated from porcine peripheral blood by density gradient centrifugation using
Histopaque-1077 (Sigma—Aldrich, St Louis, USA). Briefly, after centrifugation, the cell
pellets were washed with Phosphate Buffered Saline (PBS) pH 7.4 and resuspended in RPMI

1460 medium (Sigma-Aldrich, St Louis, USA) supplemented with 10% Fetal Bovine Serum



31

and 100 U/mL penicillin and 100 pg/mL streptomycin. The cells were cultured in an
incubator at 37 °C in a 5% humidified CO, atmosphere. The blood samples were collected
from a 3-year-old adult male pig, created and maintained in an animal facility for pigs at
Universidade Federal de Santa Maria. All blood samples were collected from the same
animal. All protocols were approved by the Animal Care and Use Committee from
Universidade Federal de Santa Maria (CEUA/UFSM) (protocol number 1185101117). This

study was carried out in accordance with international recommendations for animal care.

Cell viability assay by MTT reduction and LDH activity

The viability of PK-15 cells and PBMCs was evaluated based on the method described
by Mosmann (1983) with slight modification. The cells were plated in 96-well microplates at
a cell density of 5 x 10* cells/mL for PK-15 cells and 1 x 10° cells/mL for PBMCs. PK-15
cells were incubated overnight to allow cells to attach to the plate. Afterwards, cells were
treated with different concentrations of OTA (Sigma-Aldrich, St Louis, USA), varying from
0.5 to 20 pM along with an untreated control (CTL). After treatments, cells were incubated
for 24 and 72 h at 37 °C under a 5% humidified CO, atmosphere. After the incubation time 20
pL of the supernatant were collected and stored to perform LDH activity assay and 20 pL of a
5 mg/mL MTT (3-[4,5- dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (Sigma-
Aldrich, St Louis, USA) solution were added into each well. After 2 h incubation time the
plates were centrifuged at 1500 rpm for 5 min at room temperature. Furthermore, after
centrifugation the supernatant was carefully discarded and 200 pL of dimethyl sulfoxide
(DMSO) were added into each well. The absorbance was measured at 590 nm in a microplate
reader UV/Visible spectrophotometer (Bio-Rad Laboratories, Hercules, CA). The viability of

CTL group was calculated from the mean absorbance and represented as 100%.



32

The release of cytosolic enzyme LDH in the culture medium from cells was used as
parameter of plasma membrane damage. The nicotinamide adenine dinucleotide (NADH)
produced by enzyme after oxidation of lactate to pyruvate was colorimetrically quantified by
standard spectroscopy using a commercial LDH activity kit (Labtest, Minas Gerais, Brazil),
following the protocol recommended by the manufacturer. The results were expressed as

Units of LDH per liter of sample (U/L).

Determination of reactive species production

Reactive species production was evaluated according to the method described by
Esposti (2002) with slight modifications. PK-15 cells were seeded into a 96-well plate (5 x
10* cells/mL) and incubated overnight to allow cells adhesion to the plate and then treated
with different concentrations of OTA. Likewise, PBMCs were seeded into a 96-well plate (1
x 10° cells/mL) and treated with different concentrations of OTA. The plates were then
incubated for 24 hours at 37 °C in a 5% humidified CO, atmosphere. After the incubation
time, 100 pL of supernatant was collected, transferred to a black 96-wells microplate
containing 130 pL of Tris HCI Buffer (ImM) and 20 pL of 2,7-Dichlorofluorescin diacetate
(DCFH-DA) (Sigma-Aldrich, St Louis, USA) solution were added into each well (the final
concentration of DCFH-DA in each well was 10 pM). The plates were incubated in the dark
for 1 hour and subsequently read on a SpectraMax i3x multi-mode microplate reader. The
fluorescence of oxidative derivates (DCF) was read at 488 nm of excitation and 525 nm of
emission. The results were expressed as percentage of fluorescence emitted by the samples

compared to the CTL group, represented as 100%.
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Lipid peroxidation: TBARS assay

The thiobarbituric acid reaction was performed as described by Ohkawa et al. (1979)
with minor modifications. Both PK-15 cells and porcine PBMCs were plated, treated with
different concentrations of OTA and incubated for 24 hours as previously described. After the
incubation time the cells and the supernatant were collected to perform the assay. In order to
perform the reaction, 100 pL of acetic acid 20% (pH 3.0), 150 pL of TBA 0.8% (pH 3.0), 50
puL SDS 8.1% and 100 pL of the samples were added to the reaction tubes and incubated in a
hot bath at 95 °C for 1 hour and subsequently transferred to a 96-wells plate and read on a

SpectraMax i3x multi-mode microplate reader at 532 nm of absorbance.

Superoxide dismutase (SOD) and catalase (CAT) activity

Total SOD activity in PK-15 cells and porcine PBMCs was measured by an indirect
assay based on the competitive reaction between SOD and nitroblue tetrazolium chloride. The
rate of increase in the absorbance at 560 nm indicates the reduction of nitroblue tetrazolium
chloride to blue formazan by superoxide, which are generated by the xanthine/xanthine
oxidase system. The enzymatic reaction was initiated by adding 20 puL of xanthine oxidase to
the reaction tube. One unit of activity was defined as the amount of protein necessary to
achieve half-maximal inhibition of the nitroblue tetrazolium chloride reaction, and the activity
was expressed as units per mg of protein (Unfer et al., 2015).

CAT enzyme activity in cells exposed to OTA was measured with the method of Aebi
(1984) with slight modifications. For the determination of the CAT activity, a 10 pL aliquot
of cells was added to a cuvette, and spectrophotometric determination was started by the

addition of 35 L of freshly prepared 0.3 mol/L H,O; solution in potassium phosphate buffer
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(50 mM, pH 7.0) to give a final volume of 1 mL. The rate of the H,O, reaction was monitored
at 240 nm for 2 min at room temperature. The CAT activity was calculated using the molar
extinction coefficient (0.0436 cm?pmol), and the results were expressed as pmol/mg of

protein.

High resolution oxygen respirometry

Oxygen consumption rates of PK-15 cells exposed to 10 uM of OTA for 24 h were
evaluated polarographically in a high-resolution respirometry (HRR) apparatus equipped with
a fluorescence detection module (Oroboros Oxygraph-O2K, Oroboros Innsbruck, Austria) in
a medium containing KCI buffer (80 mM KCI, 10 mM Tris, 3 mM MgCl,, 1 mM EDTA, 5
mM potassium phosphate, pH 7.4) at 37 °C, following the method described by Sangle et al.
(2010), with some modifications. The number of PK-15 cells added in each chamber, control
or treated, was 6 x 10° cells/mL. The protocol consisted of a sequential titration of multiple
substrates, uncouplers and inhibitors (SUIT protocol) (Pesta and Gnaiger, 2012). Thus, after
signal stabilization, the experimental protocol was performed by permeabilization of cells
with 15 pg digitonin and sequential addition of 5 mM pyruvate /5 mM malate/ 10 mM
glutamate, 4 mM ADP, 10 mM succinate, 2.5 pM oligomycin, a titration with carbonyl
cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP), 100 nM by 100 nM, until the
maximal respiratory capacity to be reached, 0.5 puM rotenone, 5 mM malonate and 2.5 pM
antimycin A. DatLab software (Oroboros Instruments, Innsbruck, Austria) was used for data

acquisition and analysis.
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Statistical analysis

All experiments were performed in three different days, in triplicates each day. The
results were evaluated statistically by analysis of variance (ANOVA) with Dunnet’s test for
the in vitro analysis using the Graph Pad Prism version 6.0 software and were expressed as

the mean + SEM. The level of statistical significance was defined as P < 0.05.

Results

Inhibition of cell viability: MTT and LDH assay

The cytotoxic effect of OTA on PK-15 cells and porcine PBMCs measured by MTT
assay after 24 and 72 h incubation is shown in Fig 1. Cells were treated with OTA in
concentrations ranging from 0.5 — 20 uM and a significant decrease of cell viability was
observed in PK-15 cells treated with 5 uM and higher concentrations of OTA in 24 h (Fig 1A)
and 1 uM and higher concentrations in 72 h (Fig 1B). PBMCs showed significant decrease in
cell viability with 5 pM and higher concentrations in 24 h (Fig 1C) and 2.5 uM and higher

concentrations of OTA after 72 h of incubation (Fig 1D).



36

A PK-1524 h B PK-1572h
150- 150-
£ 100+ * £100-
[T Q
[+ [&] —
2 2 —
s E —
S 504 S 50 —
CTL 0.5uM 1 pM 2.5 uM 5 uM 10 pM 20 uM CTL 0.5pyM 1 uM 2.5 pM 5 M 10 uM 20 pM
OTA OTA
(3 PBMCs 24 h D PBMCs 72 h
150 150-
0 n
3 1004 = * = 1004 -
9 — o —
o — [} —
e} — ] —
] — 8 —
S 504 Il FA RY £ > 504 —
e=ed F—1 L B2 RS B 0- s L A RS B
CTL 0.5puM1 puM2.5 yM 5 uM 10 iM20 pM CTL 0.5uM 1M 2.5 uM 5 pM 10 pM 20 pM
OTA OTA

Figure 1: Viability of PK-15 cells exposed to different concentrations of ochratoxin A (OTA)
by MTT reduction after 24 (A) and 72 (B) hours of incubation, and porcine PBMCs after 24
(C) and 72 (D) hours of incubation. Results are expressed as % of the control group (CTL)
and represent the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001 indicate statistical
difference from control by One-way ANOVA followed by Dunnett test.

Moreover, LDH leaking was increased in PK-15 cells and also in PBMCs exposed to
different concentrations of OTA (Fig 2). In PK-15 cells, LDH leaking was significantly
increased at 10 uM and 20 uM after 24 h (Fig 1B), and in concentrations from 2.5 uM to 20
MM after 72 h of incubation (Fig 2B). In porcine PBMCs, LDH leaking was also increased at
10 uM and 20 pM after 24 h of incubation (Fig 2C), and at the same concentrations after 72 h

(Fig 2D).
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Figure 2: LDH activity detected in the supernatant of PK-15 cells exposed to different
concentrations of ochratoxin A (OTA) after 24 (A) and 72 (B) hours of incubation, and
porcine PBMCs after 24 (C) and 72 (D) hours of incubation. Results are expressed as U/L of
enzyme detected in the culture medium. Data represent the mean + SD. *P < 0.05, **P < 0.01,
***P < 0.001 indicate statistical difference from control (CTL) by One-way ANOVA
followed by Dunnett test.

Reactive species production

Reactive species were evaluated by DCFH-DA assay. Based on the results of the cell
viability assays of PK-15 cells exposed to OTA at two different incubation times at
concentrations varying from 0.5 to 20 uM, we decided to evaluate the oxidative markers only
in the time of 24 hours of incubation and eliminated the highest concentration of the
mycotoxin, since in 72h a very high toxicity was observed in that concentration. Reactive

species levels in porcine PK-15 cells exposed to OTA were significantly increased at the
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concentration of 10 uM after 24 h of incubation (Fig 3). At 10 uM, OTA increased the
fluorescence of PBMCs in about 30%, while in PK-15 cells the fluorescence was increased by

20% at the same concentration of OTA when compared to the CTL group.
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Figure 3: Reactive species generation of PK-15 (A) and porcine PBMCs (B) exposed to
different concentrations of ochratoxin A (OTA) after 24 hours of incubation. Results are
expressed as % of the control group (CTL) and represent the mean + SD. **P < 0.01, ***P <
0.001 indicate statistical difference from control by One-way ANOVA followed by Dunnett
test.

Lipid peroxidation

The production of malondialdehyde (MDA), a secondary metabolite formed in lipid
peroxidation, was evaluated by TBARS assay. In PK-15 cells, we observed an increase in
MDA formation indicating that OTA enhanced lipid peroxidation in at 5 and 10 uM. Also,
OTA increased MDA formation in about 35% in cells exposed to 5 uM and 60% in cells
exposed to 10 uM of OTA after 24 h of incubation (Fig 4A). In porcine PBMCs, OTA
significantly increased MDA formation at 2.5 uM and higher concentrations. Moreover, at 10
MM OTA, MDA formation was about 35% higher than the CTL group after 24 h of exposure

(Fig 4B).
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Figure 4. MDA levels of PK-15 (A) and porcine PBMCs (B) exposed to different
concentrations of ochratoxin A (OTA) after 24 hours of incubation. Results are expressed as
% of the control group (CTL) and represent the mean + SD. *P < 0.05, **P < 0.01, ***P <
0.001 indicate statistical difference from control by One-way ANOVA followed by Dunnett

test.

High resolution oxygen respirometry

OXPHOS ClI-Linked and OXPHOS CI&CII-Linked states were significantly enhanced
by ochratoxin A treatment in PK-15 cells (Fig. 5B). This effect was observed after addition of
pyruvate/malate/glutamate and ADP, but before the addition of succinate, following the SUIT
protocol (Fig. 5A). However, ETS CI&CII-Linked and ETS ClI-Linked were significantly
inhibited by OTA, in comparison to control (Fig. 5B). This data was evaluated after addition
of the uncoupler FCCP to the running (Fig. 5A). Routine respiration, PMG, OXPHQOS ClI-

Linked states were not changed by OTA (Fig. 5B).
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Figure 5: Effect of treatment of PK-15 cells with ochratoxin by high-resolution respirometry
(HRR). Legend: Dig: digitonin; PMG: pyruvate/malate/glutamate; D: ADP; S: succinate;
Omy: oligomycin; F: FCCP; R: rotenone; Mna: malonate; Ama: antimycin A; OXPHOS:
oxidative phosphorylation; CI: complex I; CIl: complex Il; ETS: electron transport system.
(A) Oxygen consumption (thin line) and oxygen flux (thick line) rate of SUIT protocol for
Oroboros system. Thin line represents oxygen concentration inside to Oroboros chambers and
thick line represents electron transfer related to oxygen flux response to substrate, uncoupler
or inhibitors addition. (B) SUIT protocol results: Routine is the respiration state without any
substrates. Pyruvate, malate and glutamate were used to evaluate oxygen flux without
phosphorylation (PMG). OXPHOS represents coupled states dependent on different
mitochondrial substrates: pyruvate, malate, glutamate (OXPHOS CI-Linked) and succinate
(OXPHOS CIlI-Linked and OXPHOS CI&CII-Linked) in presence of saturated ADP
concentrations. LEAK is the state related to ATP-synthase inhibition by oligomycin. ETS
represents maximum oxygen flux by addition of the uncoupler FCCP (ETS CI&CII-Linked).
In sequence, after addition of rotenone, it is demonstrated the oxygen flux related to complex
I (ETS Cl-Linked). The oxygen flux related to complex Il is measured after addition of
malonate (ETS CI-Linked), and the oxygen residual flux (ROX) is observed after complex 111
inhibition with antimycin A. * P < 0.05 compared with the control group, by unpaired test t.
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SOD and CAT activity

As showed in Fig. 6, total SOD activity responded differently as OTA concentrations
increased. In a first moment, SOD activity significantly increased when compared to the CTL
group in the lower concentrations — 0.5 uM for PK-15 cells and 1 uM for porcine PBMCs. In
the intermediary concentrations of OTA, SOD activity did not differ from the CTL group in
both cell types. However, at 5 and 10 uM of OTA in PK-15 cells and 10 uM in PBMCs, total
SOD activity significantly decreased when compared to the CTL group. CAT activity was
significantly reduced in both PK-15 cells and porcine PBMCs exposed to concentrations from

1 uM to 10 uM of OTA (Fig. 6C and 6D).
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Figure 6: SOD activity of PK-15 (A) and porcine PBMCs (B) and CAT activity of PK-15
cells (C) and PBMCs (D) exposed to different concentrations of ochratoxin A (OTA) after 24
hours of incubation. SOD results are expressed as U/mg of protein and CAT results are
expressed as UM of CAT/mg of protein and represent the mean = SD. *P < 0.05, **P < 0.01,
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***p < (0.001 indicate statistical difference from control (CTL) by One-way ANOVA
followed by Dunnett test.

Discussion

Based on the evidence currently available, oxidative stress and ROS are believed to be
the cause of toxicity induced by OTA. The mechanisms of the oxidative pathway is not yet
completely understood, although this mycotoxin is known to promote pro-oxidant conditions,
inducing oxidative stress, protein synthesis disruption and lipid and DNA damage in in vivo
models (Rahimtula et al., 1988; Gagliano et al., 2006). In this sense, oxidative stress is caused
by an imbalance between the systemic manifestation of reactive oxygen species (ROS) and
the biological system’s ability to readily detoxify the reactive intermediates or to repair the
resulting damage. Moreover, disturbances in the normal redox status of cells can cause toxic
effects through the production of peroxides and free radicals that damage all components of
the cell, including proteins, lipids and DNA (Schieber and Chandel, 2014).

Nephrotoxicity caused by OTA is mostly species-dependent, mainly due to differences
in elimination half-life of OTA which varies significantly between different species. The
half-life of OTA in pigs which received a single i.v. application of the mycotoxin was
estimated to 150 hours (Dietrich et al., 2005). In the present study we have chosen porcine
cells because of the high susceptibility of pigs to OTA toxic effects and their importance in
livestock production. We investigated the cytotoxic effects of OTA in two different porcine
cell types, the renal epithelial PK-15 cell line and fresh PBMCs. Our results are in accordance
with the oxidative hypothesis in what regards ROS formation. As seen in fig 3, reactive
species increased in cells treated with OTA by DCF fluorescence in both porcine PK-15 renal
cells and PBMCs. Besides, we observed an increase in MDA formation as a result of lipid

peroxidation of cells treated with different concentrations of OTA, as seen in fig 4. The
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enzymatic antioxidant defense systems are responsible for protecting the cell from ROS
formation, but once the antioxidant system is disrupted and the redox status of cells is altered,
ROS associated toxic effects and pathologies can be observed. However, ROS cause their
pathologies through activation of signaling pathways and apoptosis, rather than direct
oxidative damage (Schieber and Chandel, 2014). Yet increased levels of ROS within immune
cells can result in hyperactivation of inflammatory responses, resulting in tissue damage and
pathology (Mittal et al., 2014). In a study , Raghubeer and colleagues (2017), described
inflammation and apoptosis in human embryonic kidney cells (HEK293) exposed to OTA. In
low concentrations of OTA, an anti-apoptotic and pro-inflammatory environment was found,
but as OTA concentrations were increased, this environment changed to anti-inflammatory
and pro-apoptotic (Raghubeer et al., 2017).

In addition, it has been demonstrated that ROS generation increased by OTA promotes
the activation of the apoptosis signaling pathway through the mitochondrial lipid
peroxidation, promoting loss of mitochondria membrane potential, increasing membrane
permeability (Bhat et al., 2016). The lesional mechanisms promote changes in the Bcl-2
family, inducing the expression of Bax, facilitating the release of cytochrome C and the
activation of caspase 3 in the cytosol (da Silva et al., 2018). Based on these evidences, the
toxic effects caused by OTA are the consequence of the disruption of the normal redox status
and consequent reactive species production. Our results showed that the treatment with OTA
significantly enhanced oxidative phosphorylation (OXPHOS) ClI-Linked states, indicating a
cellular attempt to compensate for the depletion of ATP caused by inhibition of the electron
transporting chain, which was significantly inhibited by OTA treatment. Our results are in
accordance with earlier studies, which demonstrated OTA exerts its effect on the

mitochondrial respiration and oxidative phosphorylation through the impairment of the
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mitochondrial membrane and inhibition of the succinate-supported electron transfer activities
of the respiratory chain (Li et al., 2019).

Moreover, in our study we investigated the effects of OTA on SOD and CAT activity,
which are key enzymes of the mitochondrial endogenous antioxidant system. Our results
showed that OTA significantly increased total SOD activity in low concentrations, which
could indicate an effort to maintain the balance in cellular redox status, preventing oxidative
damage. Despite being an antioxidant enzyme, an increase of SOD activity may occasionally
induce oxidative stress due to the accumulation of peroxide. This occurs when the increase of
SOD activity is not accompanied by increased activity of hydrogen peroxide-removing
enzymes and is characterized by an increased SOD/CAT ratio (Pinho et al., 2006). Our results
showed an inhibition of CAT activity in low concentrations of OTA, above 1 uM, indicating
an imbalance between SOD/CAT ratio, which could cause accumulation of hydrogen
peroxide in the mitochondria and thus leading to oxidative stress. In the intermediary
concentrations of OTA, we did not observed a significant change in total SOD activity, and in
concentrations above 10 uM SOD activity was significantly reduced. SOD is the enzyme
responsible for reducing the superoxide radical into hydrogen peroxide (H20,), which is the
substrate to CAT. When the cell has increased levels of SOD without a proportional increase
in peroxidases, it faces a peroxide overload challenge. Peroxide can react with transitional
metals and generate the radical hydroxyl, which is the most harmful radical (Pinho et al.,
2006). Moreover, in these concentrations oxidative damage to lipids was already observed by
TBARS assay. These results are in accordance with Boesch-Saadatmandi (2008) study, which
showed that OTA exposure decreases SOD activity in concentrations above 10 uM in porcine
kidney tubular cells (LLC-PK1). Additionally, these authors also found an decrease in CAT,
glutathione-S-transferase and glutathione-peroxidase in LLC-PK1 cells exposed to

concentrations of OTA above 10 uM (Boesch-Saadatmandi et al., 2008).
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When compared the results PK-15 cells and porcine PBMCs, we observed that the
toxic effects of both cell types were very similar in these in vitro experiments. The kidney is
the main target organ for OTA toxicity, due to the toxicokinetics characteristics of this
mycotoxin. The reabsorption of filtered and secreted OTA in kidneys retards its excretion and
may lead to the accumulation of the toxin in the renal tissue, contributing to its renal toxicity
(Pfohl-Leszkowicz and Manderville, 2007). These toxicokinetic features may explain why the
kidney represents the main target of OTA even though other cell types, such as PBMCs, have
similar susceptibility to this mycotoxin. Although OTA effects are well documented in human
PBMCs (Periasamy et al., 2016), as far as we know, this is the first study describing OTA
cytotoxic effect in porcine PBMCs. In a review of the oxidative hypothesis regarding to OTA
toxic effects, Tao and colleagues (2018), have shown that studies using different animal
species must be performed to enlighten the mechanisms underlying the OTA related toxicity
and understanding the relationship between the metabolism of OTA and oxidative stress (Tao
etal., 2018).

A better understanding of the toxicity and metabolic pathway of OTA in vivo and in
vitro is necessary to establish strategies to prevent and combat the toxic effects caused by
OTA in humans and animals. Our results showed that OTA causes loss in viability, increase
in oxidative stress and lipid peroxidation in porcine PK-15 cells and fresh PBMCs, besides an
imbalance in SOD activity and a decrease in CAT activity. Moreover, mitochondrial
dysfunction was observed in PK-15 cells exposed to OTA and similar effects are caused in
porcine kidney cells and PBMCs in consequence of OTA exposure regarding to cell viability

and oxidative stress.
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Abstract

Mycotoxins are toxic secondary metabolites produced by fungus which cause
worldwide concern regarding food and feed safety. Ochratoxin A (OTA), fumonisin B, (FB;)
and deoxynivalenol (DON) are some of the main mycotoxins and oxidative stress is the main
mechanism of toxicity. Thereby, this study investigates the in vitro cytoprotective effects of
curcumin (CUR) and silymarin (SIL) - known for their strong antioxidant activity - in PK-15
cells exposed to OTA, FB; and DON. Pretreatment with CUR and SIL enhanced the viability
of cells exposed to the mycotoxins (P < 0.001) and attenuated reactive oxygen species (ROS)
formation by DON (P < 0.01), partially reduced ROS formation by FB; (P < 0.001), but not
OTA. CUR significantly decreased apoptosis in cells exposed to DON (P < 0.01) but was not
able to prevent apoptosis in cells exposed to OTA and FB;. Whereas SIL was able to prevent
apoptosis in PK-15 cells exposed to FB; and DON (P < 0.01) but was not able to decrease
apoptosis in cells exposed to OTA. In summary, these data indicate that curcumin and
silymarin are able to provide cytoprotection against toxicity induced by OTA, FB; and DON

in PK-15 cells.

Keywords: Mycotoxins; Ochratoxin A; Fumonisin Bj; Deoxynivalenol; Curcumin;

Silymarin.
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1 Introduction

Mycotoxins are second metabolites produced by filamentous fungi that are toxic even
in low concentrations to vertebrates and other groups of animals. Moreover, mycotoxins are
the most commonly occurring natural food contaminant in human and animal feed.
(BENNETT; KLICH, 2003; MARROQUIN-CARDONA et al., 2014). The animal production
industry is most commonly affected by mycotoxins. Overall, most mycotoxins cause
immunosuppression which leaves animals more vulnerable to diseases by weakening their
immune system or making them less responsive to vaccinations. In acute cases, losses are
related to mortality. Other subclinical effects may cause loss in productivity, reduce weight
gains and interfere in feed efficiency (MARROQUIN-CARDONA et al., 2014).

Ochratoxin A (OTA), fumonisin B, (FB1) and deoxynivalenol (DON) are some of the
most common mycotoxins, produced by different fungus of genera Aspergillus, Penicillium
and Fusarium (MARIN et al., 2013). OTA can be found in contaminated food grains and
cereals, fruit, fruit products and coffee. The main mechanism of OTA toxicity consists of high
production of reactive oxygen species (ROS), which leads to mitochondrial dysfunction,
cellular damage and genotoxicity. The kidney is the organ most affected by OTA toxic effects
due to its role to the mycotoxin excretion through the urine, allowing the toxin to exert its
toxic effects on kidney tubules, impairing kidney function (KOSZEGI; POOR, 2016;
RAGHUBEER et al., 2017). Fumonisins are mostly found in maize which are contaminated
with Fusarium verticillioides and Fusarium proliferatum. FB; is the most important
fumonisin from a toxicological perspective and its toxicity mechanism is based on the fact
that FB; has a structure similar to sphingoid bases such as sphingosine, and can function as an
inhibitor of ceramide synthase, therefore, this mycotoxin strongly inhibits the enzyme

ceramide synthase that catalyzes the acylation of sphinganine and recycling of sphingosine.
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The inhibition of CER synthase increases intracellular sphinganine and other sphingoid bases,
which are highly cytotoxic compounds (LIU et al., 2019). Other studies have demonstrated
the potential of FB; to promote oxidative stress with consequent increase in intracellular ROS
levels and their cytotoxic effects, and induction of apoptosis (DOMIJAN et al., 2015; ABBES
et al., 2016), FB; is also able to modulate the expression of enzymes of the antioxidant system
and to increase MDA levels (DOMIJAN, ZELJEZIC, et al., 2007; ABBES et al., 2016; DA
SILVA et al., 2018). DON is a type B trichothecene predominantly produced by Fusarium
graminearum and Fusarium culmorum (BENNETT; KLICH, 2003). Ingestion of DON
contaminated foods induces vomiting, anorexia, disturbance of cell signaling and
differentiation, immunotoxicity and disturbance of gastrointestinal homeostasis (PESTKA,
2010; ABDEL-WAHHAB et al., 2015). Oxidative stress is considered the most important
factor in the toxicity of DON. Previous studies demonstrate that DON induces damage to the
cell membrane, chromosomes and DNA, increases lipid peroxidation and ROS in human
peripheral blood mononuclear cells. The oxidative stress signaling pathway induced by DON
has been suggested to be one of the mechanisms behind DNA fragmentation, cell death and
apoptosis (FRANKIC et al., 2006; DA SILVA et al., 2018).

Several studies have demonstrated the ability of polyphenols to prevent and even
neutralize the damage caused by various toxic agents, including mycotoxins, through their
antioxidant activity (QIN et al., 2015; RAGHUBEER et al., 2015; ZHANG et al., 2016).
Therefore, studies that confirm the effectiveness of these compounds in the treatment of
mycotoxicosis which cause most damage to pig farming, are very relevant due to their
potential application as a dietary supplement to these animals.

Curcumin is a yellow pigment extracted from the rhizome of the plant Curcuma longa,
which has been used as a food additive and traditional medicine in Asia for a long time, and

recently started to be consumed worldwide. Several studies have shown that curcumin is a
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powerful inhibitor of oxidative stress, acting as a direct free radicals scavenger and removing
superoxide and peroxide (ARAUJO; LEON, 2001; SHARMA et al., 2005;
MOGHADAMTOUSI et al., 2014; VALLIANOU et al., 2015). Silymarin is a phenolic
compound extracted from the fruits and seeds of the plant Silybum marianum. According to
previous literature, silymarin has several activities such as hepatoprotective and regenerating,
antioxidant, antifibrotic and inti-inflammatory. The hepatoprotective activity of silymarin is
mainly due to the capture of free radicals produced by various events in cells, avoiding the
damage caused by oxidative stress. (WELLINGTON; JARVIS, 2001; SCHUMANN et al.,
2003; CROCENZI; ROMA, 2006; LIN et al., 2008; SANGEETHA et al., 2010).

In the past years, several studies have suggested that oxidative stress is the main
mechanism of toxicity induced by mycotoxins. Therefore, this study investigates the in vitro
cytoprotective effects of curcumin and silymarin, two phenolic compounds that are known for
their strong antioxidant activity, on epithelial cells of porcine kidney from the PK-15 cell line.
We believe that our results can provide some valuable insights into OTA, FB; and DON
toxicity in porcine kidney cells. Moreover, the results also elucidate whether these compounds

could be used as potential feed additives to prevent mycotoxins toxicity.

2 Materials and methods

2.1 Reagents and chemicals

The mycotoxins OTA, FB; and DON, the phenolic compounds curcumin and

silymarin, Eagle’s Minimum Essential Medium, antibiotics penicillin/streptomycin,

trypsin/EDTA, 3-[4,5- dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) and

2,7-Dichlorofluorescin diacetate (DCFH-DA) were purchased from Sigma-Aldrich (St. Louis,
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MO, USA). Fetal Bovine Serum (FBS) was purchased from Vitrocell (Campinas, SP, Brazil)
and Annexin V-FITC kit was purchased from BD Biosciences (USA). All other chemicals

and reagents used in these experiments were of the highest purity.

2.2 Cell line and culture conditions

Cells of PK-15 cell line (ATCC, Rockville, MD, USA) were grown in 75-cm? culture
flasks in a culture medium containing Eagle's Minimum Essential Medium with 5% heat-
inactivated fetal bovine serum, 100 Ul/mL penicillin and 100 pg/mL streptomycin in a
humidified atmosphere of 5% CO, at 37 °C. When cells reached confluence of ~80%-90%,
the cells were trypsinized and plated in flat-bottom cell culture plates for performing
cytotoxicity assays. All tests were performed in triplicates and the volume of mycotoxins and
CUR and SIL stock solutions added to the treatments never exceeded 0.1% of the culture
medium to avoid toxicity of DMSO. The PK-15 cell line selected for this study is based on
previous studies which consider the kidney as a primary or secondary target in order to
perform in vitro toxicological assessment of mycotoxins (LEI et al., 2013; CHEN et al.,

2020).

2.3 Experimental design

To evaluate the toxicity of the tested mycotoxins as well as curcumin and silymarin,
the MTT cell viability assay was performed using an initial range chosen based on previous
literature. Moreover, the concentrations of mycotoxins that caused ~50% of decrease on PK-
15 cell viability were chosen for further experiments. Following the same pattern, after

performing MTT assay on PK-15 cells treated with different concentrations of curcumin and
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silymarin, concentrations that did not show toxicity were chosen to evaluate the
cytoprotective activity of these compounds on PK-15 cells exposed to OTA, FB; and DON.
PK-15 cells were seeded into 96-well plates (1 x 10* cellssmL) and incubated under
conditions described above for 24 h to allow the cells to attach to the plates. After incubation,
the medium was replaced with fresh medium containing the mycotoxins OTA (0.5 — 10 uM)
(RAGHUBEER et al., 2015), FB; (10 — 100 uM) (SUN et al., 2015) or DON (0.01 — 2.5 uM)
(ALASSANE-KPEMBI et al., 2013), and also CUR or SIL (1 — 10 uM), along with an
untreated control group (CTR). The plates were incubated for 48 h and MTT assay was
performed.

After the preliminary cytotoxicity evaluation, one concentration of each mycotoxin
was chosen, along with three concentrations of CUR and SIL, to assess the cytoprotective
capacity of these compounds. Cells were seeded and incubated under conditions described
above and after 24 h of incubation, cells were pretreated with CUR (0.5, 1 or 2 uM) or SIL (1,
2.5 or 5 yuM) and incubated for 6 h. After the incubation time, pretreated cells were exposed to
the mycotoxins OTA (5 uM), FB; (50 uM) and DON (0.25 uM), along with a negative
control (untreated cells) and a positive control (cells treated only with the mycotoxins). Plates
were incubated for 48 h and the MTT assay was performed as described below. Based on the
results obtained in this assay, the concentration of CUR and SIL that showed the greater

cytoprotective effect against each mycotoxin tested was chosen for subsequent tests.

2.4 Analysis of cell viability using the MTT assay

The viability of PK-15 cells was evaluated based on the method described by

Mosmann (1983) with slight modifications (MOSMANN, 1983). The cells were plated,

treated and incubated for 48 h as previously described. Two hours before ceasing incubation,
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20 mL of a5 mg/mL MTT solution was added to each well and the incubation was continued.
After the incubation time had finished, the plates were centrifuged at 400 g for 5 min at room
temperature. The supernatant was carefully discarded and 200 mL of dimethyl sulfoxide
(DMSO) was added into each well. The absorbance was measured at 590 nm in a microplate
reader UV/Visible spectrophotometer (Bio-Rad Laboratories, Hercules, CA). The viability of

CTR group was calculated from the mean absorbance reading and represented as 100%.

2.5 Determination of ROS production by DCFH-DA staining

Reactive oxygen species (ROS) production was evaluated according to the method
described by Amer and colleagues with slight modifications (AMER et al., 2003). PK-15 cells
were seeded into 24-well plates, pretreated with CUR and SIL for 6 h and then exposed to the
mycotoxins and incubated for 48 h as previously described. After the incubation time had
finished, cells were trypsinized, harvested in microtubes and incubated with DCFH-DA (5
pUM) probe for 30 min in the dark. The cells were washed with PBS and immediately
subjected to flow cytometry (BD Accouri). Fifty thousand events were analyzed for each
sample and green fluorescence intensity was collected in the FL-1 channel. The results were

expressed as the relative mean of fluorescence emitted by cells stained with DCFH-DA.

2.6 Analysis of apoptosis by annexin V staining

PK-15 cells were seeded into 24-well plates, treated and incubated for 48 h as
previously described. After the incubation period, cells were detached by trypsinization and
collected in 0.5 mL of DMEM with 10% Fetal Bovine Serum. Afterwards, cells were

centrifuged at 400 g during 5 min at 4 °C, resuspended and washed with ice-cold PBS,
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centrifuged, and resuspended in ice-cold 1 x binding buffer (BB) to 5 x 10° cells/mL. Cells
were incubated with 20 puL/mL Annexin V-FICT and 50 pg/mL propidium iodide (PI)
solution according to the manufacturer instructions. As a result, four different groups of cells
were obtained based on their stainability: those unstainable with annexin V or PI [annexin(-
)IPI(-)]: viable cells (quadrant E3); those stainable with annexin V but unstainable with PI
[annexin(+)/PI(-)]: early apoptotic cells (quadrant E4); those stainable with both annexin V
and PI [annexin(+)/PI(+)]: late apoptotic cells (quadrant E2); and those unstainable with
annexin V but stainable with PI [annexin(-)/ P1(+)]: primary necrotic cells (quadrant E1). The
untreated population was used to define the basal level of apoptotic and dead cells. Following
the acquisition of sample data (channel FL1 and FL3) on a BD Accuri™ C6 flow cytometer
(BD Biosciences®), the sample results were generated in graphic and tabular format using
FCAP array v 3.0.1 software. Appropriate fluorescence compensation was manually set for
FL1 (annexin) and FL3 channel (PI) to avoid signal overlap. Fifty thousand events were

acquired for each sample.

2.7 Statistical analysis

The results were evaluated statistically by analysis of variance (ANOVA) with
Dunnet’s test for the preliminary cytotoxicity tests and Tukey’s test for all other in vitro
analysis using the Graph Pad Prism version 6.0 software and were expressed as the mean +
standard error. The level of statistical significance was defined as P < 0.05. All experiments

were performed in triplicates and in three different days.
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3 Results

3.1 Preliminary toxicity of mycotoxins, CUR and SIL

The MTT assay was used to determine the concentrations of OTA, FB; and DON that
caused ~50% of inhibition on PK-15 cell viability after 48 h exposure. As shown in Fig. 1,
these concentrations were 5 pM for OTA (41,5% of inhibition), 50 uM for FB; (47.3% of
inhibition) and 0.25 uM for DON (43.8% of inhibition). MTT assay was also used to
determine the limit of non-cytotoxic concentration of CUR and SIL, which demonstrated that
concentrations of CUR up to 5 uM as well as 10 uM of SIL did not present toxicity in PK-15

cell upon 48 h treatment (Fig. 1d and 1e).
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Fig. 1 MTT cell viability assay of PK-15 cells exposed to different concentrations of the
mycotoxins OTA (a), FB1 (b) and DON (c), as well as the phenolic compounds curcumin (d)
and silymarin (e) after 48 h exposure. Results are expressed as % of the control group and
represent the mean + SD. *P < 0.05, ***P < 0.001 indicate statistical difference from CTR by
One-way ANOVA followed by Dunnett test.
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3.2 Protective effect of CUR and SIL on cell viability by MTT assay

The protective effect of CUR and SIL on PK-15 cells exposed to the mycotoxins is
illustrated in Fig. 2. Pretreatment with both CUR and SIL in different concentrations was able
to prevent cell viability loss caused by OTA, FB; and DON. Treatment with CUR
significantly alleviates the inhibition of cell viability caused by exposure to 5 uM of OTA at
the three concentrations tested (0.5, 1 and 2 pM), showing greater protection at the
concentration of 1 uM (from 58.5% of cell viability in cells exposed only to OTA to 81.4% in
cells pretreated with CUR for 6 h and then exposed to OTA for additional 48 h). Similarly,
cells pretreated with SIL (1, 2.5 and 5 pM) and exposed to OTA also had an improvement in
cell viability at all concentrations tested, with greater protection at 2.5 uM (from 58.5% in
cells exposed only to OTA to 80.3% in pretreated cells). In PK-15 cells exposed to 50 uM of
FB1, pretreatment with CUR was able to improve cell viability at 1 and 2 puM, but not in the
lowest concentration, showing greater protection at 1 uM (from 53.7% in cells only exposed
to FB1 to 77% in pretreated cells), while pretreatment with SIL was able to fully neutralize
cell viability loss at the concentration of 2.5 uM (from 53.7% to 89.2% of cell viability), and
also ameliorated cell viability at 5 uM (from 53.7% to 75.8%) but not at 1 uM. Meanwhile,
PK-15 cells exposed to 0.25 pM of DON had an improvement with all concentrations of CUR
and SIL pretreatment. Cell viability loss was statistically fully neutralized with pretreatment
with 1 and 2 uM of CUR and 2.5 and 5 uM of SIL, with grater cell viability at 1 uM of CUR
(from 57.2% to 89.4%) and 5 puM of SIL (from 57.2% to 88%). Therefore, the concentration
of 1 uM of CUR was chosen to perform subsequent tests, while the concentration of SIL was
2.5 UM when used to protect cells against OTA and FB; and 5 pM to protect cells against

DON.
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Fig. 2 MTT cell viability assay of PK-15 cells pretreated with different concentrations of
CUR (0.5, 1 or 2 uM) or SIL (1, 2.5 or 5 uM) for 6 h and exposed to the mycotoxins OTA (5
uM), FB; (50 uM) and DON (0.25 uM) for 48 h. a PK-15 cells pretreated with CUR exposed
to OTA; b PK-15 cells pretreated with CUR exposed to FB;; ¢ PK-15 cells pretreated with
CUR exposed to DON; d PK-15 cells pretreated with SIL exposed to OTA; e PK-15 cells
pretreated with SIL exposed to FB;; f PK-15 cells pretreated with SIL exposed to DON.
Results are expressed as % of the control group and represent the mean = SD. *P < 0.01, **P
< 0.001 indicate statistical difference from the group exposed only to the mycotoxins (OTA,
FB1 or DON) by One-Way ANOVA followed by Tukey test.

3.3 CUR and SIL effect on ROS production

The levels of intracellular ROS were quantified by flow cytometry by DCFH-DA
assay. DCFH-DA probe can cross the cell membrane freely and in the presence of
intracellular ROS it is oxidized to a fluorescent DCF. Compared to the control group, the
fluorescence intensity was enhanced by the mycotoxins after 48 h of exposure, as shown on
Fig. 3. OTA increased ROS production by 52.3%, however, pretreatment with neither CUR
nor SIL were able to prevent the induction of ROS formation by OTA. PK-15 cells exposed to

FB: had an increase of 97.4% intracellular ROS but although CUR and SIL significantly



64

reduced ROS (to 75.5% and 34.2% respectively), they did not completely attenuated ROS
generation. On the other hand, PK-15 cells exposed to DON had an increase of 21.2%
intracellular ROS compared to the control group, which was completely attenuated by

pretreatment with CUR and SIL.
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Fig. 3 Reactive species generation of PK-15 cells after pretreatment with CUR or SIL and
exposure to (a) OTA (5 uM), (b) FB; (50 uM) and (c) DON (0.25 uM) for 48 h. Results
represent the mean £ SD of the fluorescence intensity of a representative experiment of 3
independent experiments carried out in triplicate. 50000 events were acquired and analyzed
by flow cytometry. *P < 0.01, **P < 0.001, ***P < 0.0001 indicate statistical difference from
the group exposed only to the mycotoxins (OTA, FB; or DON) by One-Way ANOVA
followed by Tukey test.
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3.4 Impact of CUR and SIL pretreatment on mycotoxins-induced apoptosis

Flow cytometry based on the double staining reagents of Pl and Annexin V-FITC
(intact cells (FITC-/PI-), early apoptotic (FITC+/PI-) and late apoptotic/necrotic cells
(FITC+/PI+)) demonstrated increased apoptotic rate (early apoptotic + apoptotic and necrotic
cells) in PK-15 cells exposed to OTA (5 uM) from 2.9% in the CTR group to 5.6%, FB; (50
M) increased apoptosis from 2.9% to 4.8%, while DON (0.25 uM) showed increase from
2.9% to 4.6%. Pretreatment with CUR (1 uM) significantly decreased apoptotic rates in cells
exposed to DON from 4.6% to 3.5% but was not able to prevent apoptosis in PK-15 cells
exposed to OTA and FB;. Whereas pretreatment with SIL was able to prevent apoptosis in
PK-15 cells exposed to FB; from 4.8% to 3% (2.5 uM of SIL) and from 4.6% to 3.6% in cells
exposed to DON (5 uM of SIL), it was not able to decrease apoptosis in cells exposed to

OTA, though.
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Fig. 4 Percentage of Annexin V/PI positive PK-15 cells after pretreatment with CUR or SIL
and exposure to (a) OTA (5 uM), (b) FB; (50 uM) and (c) DON (0.25 uM) for 48 h.
Apoptotic cells were analyzed using the binding of Annexin V to phosphatidylserine on the
surface of apoptotic cells and PI probe to differentiate the necrotic cells. Data are presented as
mean = SD from 3 independent experiments carried out in triplicate. 50000 events were
acquired and analyzed by flow cytometry. *P < 0.01, **P < 0.001 indicate statistical
difference from the group exposed only to the mycotoxins (OTA, FB; or DON) by One-Way
ANOVA followed by Tukey test.
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4 Discussion

The molecular mechanisms responsible to the toxic effects of the major mycotoxins
are well known. In addition, oxidative stress along with generation of reactive species have
been demonstrated to be implicated in mycotoxin toxicity (WANG et al., 2016; DA SILVA et
al., 2018). Under normal conditions, ROS regulates intracellular signaling, however, under
condition of excessive ROS production an imbalance between reactive species and the cell
endogenous antioxidant system can be induced. This imbalance between reactive species and
the antioxidant defense systems can cause damage to DNA, lipids and proteins, as observed
upon exposure to mycotoxins (AHMED ADAM et al., 2017; DA SILVA et al., 2018). In this
context, several studies have shown that phenolic compounds and other antioxidants have the
ability to protect and even neutralize the damage caused by various toxic substances including
mycotoxins (SORRENTI et al., 2013). Our study aimed to determine whether curcumin and
silymarin could reduce or even prevent the damage induced by the mycotoxins OTA, FB; and
DON in porcine kidney cells.

Our results demonstrated that pretreatment with both curcumin and silymarin
prevented cell viability loss in porcine kidney cells exposed to OTA for 48 h, with an
enhancement in cell viability up to 23.3%; however, none of the concentrations tested were
able to fully neutralize OTA toxicity. On the other hand, pretreatment with neither CUR nor
SIL could reduce ROS production or prevent cell apoptosis induced by OTA exposure upon
48 h of treatment. Similar results were found in a study investigating the protective effects of
the phytoalexin resveratrol in human embryonic kidney cells (HEK293) exposed to OTA,
where intracellular ROS was significantly enhanced after 48 h of treatment, however, other
parameters as cellular viability loss and genotoxicity by single strand DNA breaks were

significantly reduced (RAGHUBEER et al., 2015). The kidney is the main target of OTA
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toxicity due to its role on this mycotoxin excretion by urine allowing the toxin to exert its
toxic effects on kidney tubules and impairing kidney function (KOSZEGI; POOR, 2016),
which could explain a major difficulty in protecting kidney cells from OTA toxicity.

When exposed to FB;, PK-15 cells pretreated with CUR presented an enhance in cell
viability and a significant inhibition in ROS production, while no significant reduction in the
apoptotic rate was observed. On the other hand, SIL was able to fully prevent loss of cell
viability and induction of apoptosis and significantly reduce ROS production. In this sense,
apoptosis is a form of programmed cell death, which facilitates the removal of damaged cells,
whereas FB; is known for promoting apoptosis by inhibiting ceramide synthase, leading to
intracellular accumulation of sphingolipids which are pro-apoptotic, cytotoxic growth
inhibitors and immunotoxic (MARASAS et al.,, 2004) and also by ROS generation
(DOMIJAN et al., 2015; HASSAN et al.,, 2015; ABBES et al., 2016). Therefore, the
antiapoptotic effect presented by SIL on PK-15 cells exposed to FB; could be due to its
immunoprotection besides its antioxidant activity, since it was observed that SIL inhibited
immunotoxic effects caused by mycotoxins (KHATOON et al., 2013). Nevertheless, it is still
unclear if oxidative stress emerges as a consequence rather than as a causal mechanism of FB;
toxicity (WANG et al., 2016; DA SILVA et al., 2018).

Pretreatment with both CUR and SIL in porcine kidney cells were able to completely
protect cells against loss of cell viability and ROS production in cells exposed to DON for 48
h and were also able to reduce apoptotic rate. It is important to highlight that our results are in
accordance with a study performed in rats, which showed that silymarin nanoparticles were
able to protect the liver against hepatotoxicity induced by DON by modulating antioxidant
enzymes and diminishing genotoxicity (ABDEL-WAHHAB et al., 2018). DON is known for

inducing oxidative stress leading to DNA damage, inhibiting DNA, RNA and protein
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synthesis, increasing lipid peroxidation and protein damage (AUDENAERT et al., 2013;
STRASSER et al., 2013; MISHRA et al., 2014; YANG et al., 2014).

Curcumin and silymarin are phytochemicals known for their antioxidant activity.
Curcumin has shown the capacity to counteract the oxidative stress caused by zearalenone in
porcine granulosa cells in an in vitro study by modulating the gene expression and decreasing
free radicals in cells exposed to mycotoxins (QIN et al., 2015). In addition, curcumin was also
able to decrease aflatoxin B; (AFB;) induced hepatotoxicity and hepatocarcinogenicity in rats
by modulating antioxidant enzymes (EL-AGAMY, 2010; EL-BAHR, 2015; POAPOLATHEP
et al., 2015). As to silymarin, in vivo studies demonstrated the ability of this phytoalexin to
prevent liver damage caused by mycotoxins in poultry and rodents. In BALB/c mice receiving
FB; contaminated feed, silymarin was able to reverse liver damage caused by this mycotoxin
(HE et al., 2004; SOZMEN et al., 2014). In rats, silymarin was able to protect liver cells from
damage caused by AFB; by improving the membrane transport, the electron transport chain,
gene transcription and oxidative stress (RASTOGI et al., 2000). Similarly, in chicken,
silymarin was effective in protecting against liver damage caused by AFB; (GRIZZLE et al.,
2009) and along with vitamin E, against immunotoxic effects caused by OTA (KHATOON et
al., 2013).

In conclusion, our findings suggest that curcumin and silymarin are both able to
reduce the toxicity of the mycotoxins OTA, FB; and DON in the PK-15 cell line, but most
effectively against FB; and DON toxicity. In fact, curcumin protected cells by reducing the
cell viability loss induced by all mycotoxins tested, reducing the formation of ROS induced
by FB; and even neutralizing ROS formation induced by DON and also reducing apoptosis
caused by this mycotoxin. Moreover, pretreatment with silymarin inhibited the cell viability
loss caused by OTA and fully neutralized the cell viability loss caused by FB; and DON,

inhibited the formation of ROS induced by FB; and neutralized ROS formation caused by
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DON and finally neutralized apoptosis caused by FB; and inhibited apoptosis induced by
DON. Thus, our results indicate that these phytochemicals may be used to prevent

nephrotoxicity caused by mycotoxins present in animal feed.
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Abstract

Mycotoxins are toxic secondary metabolites produced by fungus which have caused
worldwide concern regarding food and feed safety. Ochratoxin A (OTA) and fumonisin B;
(FB,) are some of the most toxic mycotoxins and it has been demonstrated that oxidative
stress is the main mechanism of toxicity induced by these mycotoxins. Thereby, this study
investigated the in vivo hepatoprotective and nephroprotective potential of curcumin (CUR)
and silymarin (SIL), two phenolic compounds with strong antioxidant activity, in adult male
Swiss mice exposed to OTA and FB;. Twelve groups of mice (n=5) were treated orally for 14
days as follows: the control groups; CUR (80 mg/kg b. w.), SIL (100 mg/kg b. w.) or
CUR+SIL-treated groups; FB;-treated group (1.5 mg/kg b. w.); OTA-treated group (1.0
mg/kg b. w.); CUR, SIL and CUR+SIL plus FB;-treated groups; and CUR, SIL and
CUR+SIL plus OTA-treated groups. Blood and tissue samples of liver and kidney were
collected for different analyzes. The results revealed that OTA and FB; induced oxidative
stress, with an increase in malondialdehyde levels and carbonyl content in liver and kidney,
but these toxic effects were mitigated in animals pre-treated with CUR and SIL. Besides,
CUR and SIL prevented the inhibition of catalase activity and improved liver and kidney
function in mice exposed to OTA and FB;. Moreover, histological tests showed a reduction in
tubular necrosis in kidney and hepatocytes necrosis in liver due to the pre-treatment with
CUR an SIL. In summary, these results demonstrate the potential of curcumin and silymarin
to reduce the toxic effects induced by OTA and FB; in liver and kidney of mice exposed to

these mycotoxins.

Key-words: Mycotoxins; Ochratoxin A; Fumonisin B;; Curcumin; Silymarin
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Introduction

Mycotoxins are second metabolites produced mainly by the myecelial structure of
filamentous fungi that are toxic to human beings and other animal groups (Bennett and Klich,
2003; Hussein and Brasel, 2001). All mycotoxins are low molecular weight natural products
that exert their toxicity even in low concentrations (Hussein and Brasel, 2001). They represent
the most commonly occurring natural contaminant in human and animal feed (Marroquin-
Cardona et al., 2014). Ochratoxin A (OTA) and fumonisin B; (FB;) are some of the most
prevalent mycotoxins, produced by different fungus of genera Aspergillus, Penicilium and
Fusarium (Marin et al., 2013). The molecular mechanisms responsible for the toxic effects of
the major mycotoxins are well established and oxidative stress and generation of free radicals
have been shown to be implicated in mycotoxin toxicity (da Silva et al., 2018; Wang et al.,
2016).

OTA was first found in the Balkan region, however, it can be detected practically in
all territories of the world. OTA is present at all stages of the food chain (cereals, meat, fruits,
wine, beer, coffee) and it is accumulated in animal feed and in human food due to the
favorable weather conditions and microclimate, and to improper storage of food components
(Marroquin-Cardona et al., 2014; van der Merwe et al., 1965). Previous studies demonstrated
that the presence OTA in food may be associated with the chronic tubulo-interstitial kidney
disease called Balkan Endemic Nephropathy (BEN) (Pfohl-Leszkowicz and Manderville,
2007). The main mechanism of OTA toxicity is not completely understood, but the most
documented hypothesis is an increased production of reactive oxygen species (ROS), which
leads to mitochondrial dysfunction, cellular damage and genotoxicity (da Silva et al., 2018;

Koszegi and Poor, 2016). The kidney is the organ most affected by OTA toxic effects due to
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its role on this mycotoxin excretion by urine, allowing the toxin to exert its toxic effects on
kidney tubules, impairing kidney function (Koszegi and Poor, 2016; Raghubeer et al., 2017).

Fumonisins are commonly found in maize contaminated with Fusarium verticillioides
and Fusarium proliferatum. Among the fumonisins, FB; is the most important from a
toxicological perspective (Norred et al., 1992). Multiple molecular mechanisms have been
identified to be involved in FBj-induced toxicities, which include accumulation of
intracellular free sphinganine due to perturbation of sphingolipid metabolism, induction of
oxidative stress, activation of endoplasmatic reticulum stress and MAPKS, modulation of
autophagy, and alteration of DNA methylation (Abbes et al., 2016; Domijan et al., 2015; Liu
et al., 2019), in addition, FB; is able to modulate the expression of antioxidant system
enzymes and increase MDA levels (Abbes et al., 2016; da Silva et al., 2018; Domijan et al.,
2007).

In the past years, several studies have suggested that antioxidant compounds may
minimize end even neutralize oxidative stress and its consequent negative physiological
effects, which are suggested as the main mechanisms of toxicity induced by mycotoxins in
vitro (Ledur and Santurio, 2020; Qin et al., 2015; Raghubeer et al., 2017; Sang et al., 2016)
and in vivo (Abdel-Wahhab et al., 2018; Khatoon et al., 2013). In this context, curcumin and
silymarin are two phenolic compounds known for their strong antioxidant and regenerative
activities.

Curcumin is a yellow pigment extracted from the rhizome of the plant Curcuma longa,
which has been used as a food additive and traditional medicine in Asia for a long time, and
nowadays it is being consumed worldwide. Curcumin is described as a powerful inhibitor of
oxidative stress, acting as a direct free radicals scavenger and removing superoxide and
peroxide (Araujo and Leon, 2001; Moghadamtousi et al.,, 2014; Sharma et al., 2005;

Vallianou et al., 2015). Silymarin is extracted from fruits and seeds of the herbaceous plant
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Silybum marianum, and has been described as hepatoprotective and regenerating, antioxidant,
antifibrotic and inti-inflamatory. The hepatoprotective activity of silymarin is mainly due to
the capture of free radicals produced by various events in cells, avoiding the damage caused
by oxidative stress. (Crocenzi and Roma, 2006; Lin et al., 2008; Sangeetha et al., 2010;
Schumann et al., 2003; Wellington and Jarvis, 2001).

As human and animal exposure to mycotoxins is unavoidable due to their prevalent
presence in crops, effective ways to mitigate their harmful impacts are necessary. Therefore,
this study investigated the protective effects of curcumin and silymarin against the toxic
effects of OTA and FB; on liver and kidney of mice. We believe our results will provide
valuable insight about the potential use of curcumin and silymarin as feed addictive to prevent

the toxicity induced by OTA and FB; consumption.

Materials and methods

Reagents and chemicals

The mycotoxins OTA and FB3, the phenolic compounds curcumin and silymarin, and

2,7-Dichlorofluorescin diacetate (DCFH-DA) were purchased from Sigma-Aldrich (St. Louis,

MO, USA). All other chemicals and reagents used in these experiments were of the highest

purity.

Animals

Adult male Swiss mice (25 - 30 days; 25-30 g) were obtained from the Central

Animal House of the Federal University of Santa Maria. The animals were maintained at a
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constant temperature (23 = 1°C) on a 12 - hour light/dark cycle with free access to food and

water. All animal procedures were carried out with the approval of the Institutional Animal
Care and Use Committee of the Federal University of Santa Maria (protocol number:
1185101117). All efforts were made to minimize the number of animals used in this study as

well as their suffering.

Experimental protocol

To assess the protective effects of curcumin and silymarin against the toxic effects of
OTA and FB; on liver and kidney of mice, 60 animals were randomly distributed into 12
groups (5 mice/group). After the acclimatization period of one week, the animals were treated
orally for 14 days, the treatment consisted of a single daily intragastric administration by
gavage, as summarized in Table 1. The experimental protocol was divided into two stages. In
the first 7 days, the animals received only CUR and/or SIL, and the positive controls of
mycotoxins received only vehicle (canola oil). In the second stage (7 remaining days) the
animals received the treatment of CUR and/or SIL, concomitantly with the administration of
the mycotoxins, which were administered every 48 hours, on days 8, 10, 12 and 14 of the
experimental protocol. The animals were observed daily for signs of intoxication such as
changes in urination, diarrhea, inappetence and apathy, as well as signs of suffering and pain,
like arched posture, difficulty breathing, increased heart or respiratory rate, tremors, spasms,
bristly fur and weight loss. At the end of the treatment period (i.e. day 15), all animals were
subjected to anesthesia and blood samples were collected by cardiac puncture. After the blood
collection and euthanasia of the animals, liver and kidneys were collected for

histopathological evaluation and determination of the oxidative stress profile.



Table 1: Experimental groups and their respective treatments.

Groups Treatments
Group 1 Vehicle

Group 2 CUR

Group 3 SIL

Group 4 CUR + SIL
Group 5 FB;

Group 6 OTA

Group 7 CUR + FB;
Group 8 CUR + OTA
Group 9 SIL + FB;

Group 10 SIL + OTA
Group 11 CUR +SIL + FB;
Group 12 CUR + SIL + OTA

Vehicle: canola oil

CUR: curcumin (80 mg/kg b. w.) (Poapolathep et al., 2015).
SIL: silymarin (100 mg/kg b. w.) (Sozmen et al., 2014).
FB,: fumonisin B1 (1.5 mg/kg b. w.) (Sozmen et al., 2014).
OTA: ochratoxin A (1.0 mg/kg b. w.) (Yang et al., 2019).

Serum biochemical analysis

84

After the blood collection, the serum samples were separated using cooling

centrifugation and stored at -20 °C until analysis. Serum levels of alanine aminotransferase

(ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), creatinine and urea

were determined by a semiautomatic analyzer (BA-88A; Mindray, China) using commercial

kits (Labtest Diagnostica S.A., Brazil).

Protein determination

Protein was measured by the Coomassie blue method according to Bradford (1976)

using serum albumin as standard.
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Determination of lipid peroxidation

The liver and kidney index of lipid peroxidation was estimated colorimetrically by
measuring thiobarbituric acid reactive substances (TBARS) as previously described by
Ohkawa et al. (1979) with some modifications. In short, 200 pL of serum or standard
(malondialdehyde [MDA] 0.03 mM) was added to the reaction mixture containing 1 mL of 1
% ortho-phosphoric acid and 0.25 mL of an alkaline solution of thiobarbituric acid-TBA
(final volume 2.0 mL) followed by 45 min of heating at 95 °C. After cooling, the samples
were read at 532 nm against the blank of the standard curve. The results are expressed as

nmol of MDA/g of protein.

Quantification of the Protein Carbonyl Content

Protein oxidation was measured by an estimation of the carbonyl groups in tissue
homogenate performed according to the method of Levine et al. (1990), with slight
modifications. This method is based on the quantification of the protein carbonyl by reaction
with 2,4-dinitrophenylhydrazine (DNPH) in acidic medium. First, proteins were precipitated
using 0.5 mL of 10 % trichloroacetic acid (TCA) from 1 mL of tissue homogenate and were
centrifuged at 3500 rpm for 15 min, discarding the supernatant. 0.5 mL of 10 mmol/L DNPH
in 2 mol/L HCI was added to precipitate the protein and was incubated at room temperature
for 30 min. After incubation, 0.5 mL of 10 % TCA was added to the protein precipitate, and
the tubes were centrifuged at 3500 rpm for 15 min. After discarding the supernatant, the
precipitate was washed twice with 1 mL of ethanol/ethylacetate (1:1), centrifuging out the
supernatant to remove the free DNPH. The precipitate was dissolved in 1.5 mL of a protein
dissolving solution (2 g sodium dodecyl sulfate and 50 mg ethylenediamine tetraacetic acid in

100 mL 80 mmol/L phosphate buffer, pH 8.0) and incubated at 37 °C for 10 min. The color
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intensity of the supernatant was measured using a spectrophotometer at 370 nm against 2
mol/L HCI. The carbonyl content was calculated by using the molar extinction coefficient (21

x 10% L/mol cm), and the results were expressed as nmol of carbonyl/mg of protein.

Quantification of ROS

The formation of reactive species from liver and kidney was estimated according to
Ali et al. (1992). An aliquot of 50 uL of homogenate was incubated with 10 uL of
2',7'-dichlorofluorescein-diacetate (DCFH-DA; 7 uM) in the dark. Reactive oxygen species
(ROS) levels were determined by the fluorescence method. The oxidation of DCFH-DA to
dichlorofluorescein (DCF) was measured for intracellular ROS detection. The intensity of
DCEF fluorescence emission was recorded, and 488 and 525 nm of excitation 60 minutes after
the addition of DCFH-DA in the medium and the oxidized DCF was determined using a

standard curve, and the results were expressed as U DCF/mg protein.

Catalase activity

Catalase (CAT) enzyme activity in tissue homogenate was measured with the method
of Aebi (1984) with slight modifications. For the determination of the CAT activity, a 20 pL
aliquot of the samples was added to a cuvette, and the spectrophotometric determination was
started by the addition of 70 pL of freshly prepared 0.3 mol/L H,O; in potassium phosphate
buffer (50 mM, pH 7.0) to give a final volume of 1 mL. The rate of the H,O, reaction was
monitored at 240 nm for 2 min at room temperature. The CAT activity was calculated using
the molar extinction coefficient (0.0436 cm?/umol), and the results were expressed as nmol of

CAT/mg of protein.
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Histopathological analysis

Liver and kidney samples from all animals were collected to evaluate lesions and other
abnormalities. For histopathologic analysis, the samples were fixed in neutral 10% formaline
solution, embedded in paraffin and cut into sections. After deparaffinization, the sections were

stained with hemotoxylin-eosin (H&E) method for microscopic examination.

Statistical analysis

The results were evaluated statistically by two-way analysis of variance (ANOVA)
with Tukey’s test using the Graph Pad Prism version 6.0 software and were expressed as the

mean + standard error. The level of statistical significance was defined as P < 0.05.

Results

Serum biochemical analysis

An increase in the activity of ALT, AST and ALP in the serum of animals exposed to
OTA and FB; was observed. As shown in Fig.1, serological levels of ALT and AST were
significantly reduced by the treatment with both CUR and SIL alone or combined, while the
levels of ALP were reduced by both compounds in mice exposed to FB;, and only by SIL or
SIL and CUR combined in mice exposed to OTA. The creatinine levels in mice exposed to
OTA and FB; were increased, but were completely neutralized by all treatments in animals
exposed to FB; and by the treatment of CUR and SIL alone in animals exposed to OTA. CUR

and SIL combined were able to partially neutralize the creatinine levels increase in mice
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exposed to OTA. The urea determined in mice serum was increased only in animals exposed

to OTA, but no significant alteration was observed in animals from all other groups.
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Fig. 1: Effect the pre-treatment of curcumin (CUR) and silymarin (SIL) on blood biochemical
parameters of mice (n=5) exposed to OTA and FB;. Serum levels of (A) aspartate
aminotransferase (AST), (B) alanine aminotransferase (ALT),(C) alkaline phosphatase (ALP),
(D) creatinine and (E) urea. Data are shown as the mean + SD. *P < 0.05, **P < 0.01, ***P <
0.001 indicate statistical difference from control by Two-way ANOVA followed by Tukey

test.

Oxidative stress parameters

The results of liver and kidney oxidative stress parameters are shown in Figure 2. The

TBARS assay demonstrated that lipid peroxidation was increased by both mycotoxins in the

liver (Fig. 2A) and in the kidney (Fig. 2B) and the pre-treatment with curcumin and silymarin
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alone reduced the MDA levels to same levels as observed in the control group, as the pre-
treatment with CUR and SIL combined reduced the MDA levels in a lesser degree.

The determination of the carbonyl groups revealed the protein oxidation in liver and
kidney (Fig. 2C and 2D, respectively). Our results demonstrated a slight increase in protein
oxidation in the liver by the exposure to OTA and FB; in the liver, which was attenuated by
the treatment with CUR and SIL. In the kidney, the protein oxidation caused by the
mycotoxins was more increased, but was equally neutralized by the treatment with CUR and
SIL.

The formation of reactive species on liver and kidney in mice exposed to OTA and
FB1 was considerably increased, especially in the kidney. CUR and SIL were both able to
neutralize the ROS formation in the liver (Fig. 2E), but did not fully neutralized ROS
formation in the kidney (Fig. 2F) of mice exposed to the mycotoxins. In this organ, CUR
neutralized ROS formation caused by both OTA and FB;, but SIL did not show the same
effect nor alone nor in combination with CUR in animals exposed to OTA and showed a
slight decrease in ROS in animals exposed to FB; when administered alone and a more

considerable effect when administered in combination with CUR.
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Fig. 2: Effect of CUR and SIL on oxidative stress parameters in liver and kidney of mice
(n=5) exposed to OTA and FB;. The MDA levels were determined by TBARS assay in liver
(A) end kidney (B) tissue; carbonyl content was determined in the liver (C) and kidney (D)
tissue; and reactive oxygen species (ROS) from liver (E) and kidney (F) tissue were
determined. Data are shown as the mean + SD. *P < 0.05, **P < 0.01, indicate statistical
difference from control by Two-way ANOVA followed by Tukey test.

CAT activity

The activity of the systemic antioxidant enzyme catalase (CAT) in liver and kidney
was significantly inhibited in the groups exposed to the mycotoxins, as seen in Fig. 3. In the
liver SIL was able to neutralize the enzymatic activity reduction alone and in combination
with CUR, but CUR alone was not able to mitigate the effects of the mycotoxins. In kidney,
we observed a similar pattern, but just SIL and CUR in combination were able to neutralize
the loss of catalase activity caused by FB;, while SIL and SIL + CUR were able to mitigate

the enzymatic activity inhibition caused by OTA.
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Fig. 3: Effect of CUR and SIL on CAT activity in (A) liver and (B) kidney of mice (n=5)
exposed to OTA and FB;. Data are shown as the mean + SD. *P < 0.05, indicate statistical
difference from control by Two-way ANOVA followed by Tukey test.

Histological findings

Histological examination revealed that liver and kidneys from the control group and
CUR and SIL control groups were normal in appearance with typical histological structures.
In the kidney of animals exposed to OTA and FB; we observed mild and moderate tubular
necrosis, besides, moderate congestion was observed in kidneys of the FB; group. Also,
necrotic cells were observed in the liver of animals from OTA and FB; groups. In the other
hand, in the liver of animals from the groups treated with CUR and SIL and with the
combination of these compounds and exposed to OTA and FB; we did not observe the
necrotic hepatocytes as observed in the groups exposed to mycotoxins alone. However, CUR
and SIL combined did not prevent the histological damage in the kidneys of mice exposed to

the mycotoxins.
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Discussion

In the current study, we investigated the protective effects of curcumin and silymarin
singly or in combination in the kidney and in the liver of mice exposed to the mycotoxins
OTA and FB;. A common toxicological mechanism underlying the physiological
consequences of the exposure to both mycotoxins, either as the cause or as a consequence of
the toxic effects, is oxidative stress (Heussner and Bingle, 2015; Norred et al., 1992). As a
matter of fact, the imbalance between free radicals and the antioxidant defense systems
caused by mycotoxins can result in damage to DNA, proteins and lipids (da Silva et al.,
2018). As the human and animal exposure to mycotoxins seems unavoidable (Heussner and
Bingle, 2015), in the recent years several studies concerned in mitigating the physiological
toxicity of mycotoxins using different compounds have been reported, among which the
antioxidants have been highlighted.

Several studies reported oxidative damages in the liver due to exposure to mycotoxins
(Bennett and Klich, 2003; Liu et al., 2019; Poapolathep et al., 2015) and both OTA and FB;
caused an increase in the oxidative stress parameters tested in this study in the liver of mice
exposed to these mycotoxins. Our data indicated an increase in MDA formation and its
consequent lipid peroxidation, an increase in the content of carbonyl products, indicating
damage to protein and also an increase in ROS formation. However, both CUR and SIL were
able to mitigate these effects. In general, CUR and SIL played a similar role in protecting the
liver of against the mycotoxins toxicity, but the lower MDA levels were achieved in the liver
of mice treated with SIL alone, which completely mitigated the lipid peroxidation, indicating
that SIL could offer a better protection against mycotoxin-induced liver injury. A previous
study demonstrated that pretreatments with SIL prevented MDA formation and protected cells

form oxidative stress by up-regulating enzymes from the antioxidant system in hepatocytes
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exposed to OTA (Yu et al., 2018). On the other hand, CUR has already been reported in
several studies as an hepatoprotective compound due to its antioxidant activity against the
toxicity induced by AFB; in different animal models and in vitro studies (Nayak and
Sashidhar, 2010; Poapolathep et al., 2015; Wang et al., 2018), however, the protective effect
of CUR has not been well elucidated with other mycotoxins in animal models.

The kidney is the main target organ for OTA and nephrotoxicity has also been related
as consequence to intoxication by FB; (da Silva et al., 2018; Koszegi and Poor, 2016). In the
present study, an increase in all oxidative parameters tested was observed in the kidney of
mice exposed to OTA and FB;, indicating a significant nephrotoxicity of these mycotoxins,
with increased MDA formation, an increased content of carbonyl products and also an
increase in ROS formation. Although SIL was not able to reduce the ROS levels in the kidney
of animals exposed to FBy, it was able to partially reduce ROS levels in mice exposed to
OTA, whereas CUR completely attenuated ROS formation in animals exposed to both
mycotoxins. In the other hand CUR and SIL were able to mitigate MDA and carbonyl
content. The protective effect of CUR and SIL in kidney cells exposed to FB; and OTA has
been demonstrated in vitro in a previous study (Ledur and Santurio, 2020), and recently the
protective effect of CUR in OTA-induced kidney damage has been reported and the
antioxidant activity of CUR was pointed as responsible for these effects (Damiano et al.,
2020).

Catalase (CAT) is a mitochondrial enzyme of the endogenous antioxidant system
which plays a key role in the detoxification of free radicals, being the responsible for reducing
hydrogen peroxide. If there is an inhibition of CAT, cells face a peroxide overload challenge.
Peroxide can react with transitional metals and generate the radical hydroxyl, which is the
most harmful radical (Pinho et al., 2006). An inhibition of CAT was noted in the liver of mice

exposed to OTA and in the kidney of mice exposed to OTA and FB;. This inhibition of CAT
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in animals exposed to OTA was neutralized by the treatment with SIL and also by CUR and
SIL combined. Whereas in the kidney of animals exposed to FB; only the treatment with the
combination of CUR and SIL was able to increase CAT activity to the control levels. Our
results are in accordance with a study performed in rats, which showed that SIL nanoparticles
were able to protect the liver against hepatotoxicity induced by the mycotoxin deoxynivalenol
(DON) by modulating antioxidant enzymes and diminishing genotoxicity (Abdel-Wahhab et
al., 2018).

The histological findings observed in the present study revealed moderate tubular
necrosis and moderate congestion in the kidneys of mice exposed to OTA and FB;. Also,
necrotic cells were observed in the liver of animals exposed to OTA and FB;. CUR and SIL,
alone and in combination, avoided the appearance of necrotic cells in the liver, whereas CUR
and SIL combined did not prevent the histological damage in the kidneys of mice exposed to
the mycotoxins. Similar findings were observed by Damiano et al. (2020) in a study that
reported that the treatment with CUR showed a reduction in the number of glomerular and
tubular necrosis. It has been reported that SIL significantly diminished the number of
apoptotic hepatocytes in the liver of mice exposed to FB; and cellular regeneration was
observed while decreasing cellular damage (He et al., 2004; Sozmen et al., 2014). Besides the
antioxidant activity observed in this study, this protective effect of SIL can also be explained
by the stimulatory effect of SIL in the regeneration of damaged liver tissues (He et al., 2004).

Consistent with other studies (Damiano et al., 2020; He et al., 2004; Yu et al., 2018),
we observed an increase in the activity of ALT, AST and ALP in the serum of animals
exposed to OTA and FB1, with greater levels observed with the exposure to FB; that to OTA,
indicating that hepatic damage was induced by the mycotoxins. However, the levels of ALT
and AST were significantly reduced by the treatment with both CUR and SIL alone or

combined, while the levels of ALP were reduced by both compounds in mice exposed to FB1,
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and by SIL or SIL and CUR combined in mice exposed to OTA. The kidney injury was also
evaluated with the serological measure of creatinine and urea. Creatinine is commonly used as
a renal function measure and is the first step in controlling the glomerular filtration rate
(GFR). We observed an increase in creatinine levels in mice exposed to OTA and FB3, which
was completely neutralized by all treatments in animals exposed to FB; and by the treatment
of CUR and SIL alone in animals exposed to OTA. CUR and SIL combined were able to
partially neutralize the creatinine levels increase. The increase in creatinine observed in mice
treated with the mycotoxins is related to the GFR reduction, which can be associated with
oxygen free radical formation. Actually, oxidative stress can promote the formation of a
variety of vasoactive mediators that can affect renal functions directly by causing renal
vasoconstriction or decreasing the glomerular capillary ultrafiltration coefficient and, thus,
reduce GFR (Damiano et al., 2020; Papinska and Rodgers, 2018). Our results corroborate a
recent study from Damiano et al. (2020), which demonstrated that CUR can prevent renal
injury caused by OTA by mitigating the creatinine levels increase caused by the mycotoxin.
As for urea, our revealed an increase only in mice exposed to OTA, which were neutralized
by the treatments.

The potential ability of CUR and SIL in protecting liver and kidney cells has been
reported in in vitro (Ledur and Santurio, 2020; Wang et al., 2018; Yu et al., 2018) and in vivo
studies (Poapolathep et al., 2015; Rastogi et al., 2000; Sozmen et al., 2014). Besides, CUR
has shown the ability to counter the oxidative stress caused by zearalenone in porcine
granulosa cells in an in vitro study by modulating the gene expression and decreasing free
radicals in cells (Qin et al., 2015) and several studies reported the protective effects of CUR in
different animal models exposed to aflatoxin Bj, revealing the hepatoprotective effect of this
phytoalexin in the hepatic injury caused by AFB; (El-Agamy, 2010; EIl-Bahr, 2015;

Poapolathep et al., 2015). As to silymarin, in vivo studies demonstrated the ability of this



96

compound to prevent liver damage caused by mycotoxins in poultry and rodents. In BALB/c
mice receiving FB; contaminated feed, SIL was able to mitigate liver damage (He et al., 2004;
Sozmen et al., 2014), while in rats, SIL protected liver cells from damage caused by AFB; by
improving the membrane transport, the electron transport chain, gene transcription and
oxidative stress (Rastogi et al., 2000). In the same manner, in chicken, SIL was effective in
protecting against liver damage caused by AFB; (Grizzle et al., 2009) and against
immunotoxic effects caused by OTA (Khatoon et al., 2013). A recent study also demonstrated
that CUR protects rats exposed to OTA from the nephrotoxicity caused by this mycotoxins
due to the antioxidant and immunoprotective activity (Damiano et al., 2020).

In conclusion, our findings demonstrate that curcumin and silymarin are both able to
protect the liver and the kidneys of mice exposed to OTA and FB;, indicating
nephroprotective and hepatoprotective effects due to their antioxidant properties. CUR and
SIL, alone or in a co-treatment, showed an improvement in liver and kidney function, which
was demonstrated by biochemical and antioxidant enzyme activities and mitigation of
oxidative stress in animals exposed to the mycotoxins. These observations were also
supported by morphologic results such as reduction in tubular damage and hepatocytes
necrosis. Thus, although additional studies concerning the practical application of CUR and
SIL are necessary, our results demonstrate that adding these phytochemicals to feed could

reduce animal intoxication by mycotoxins, improving animal and human health.
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6 DISCUSSAO

As micotoxinas sdo um importante grupo de contaminantes de alimentos que causam
uma série de efeitos deletérios em quem as consome, sendo de fundamental importancia
compreender seus mecanismos de toxicidade, bem como buscar alternativas que minimizem
esses efeitos, uma vez que por mais que se tenha cuidado em todas as etapas de produgéo e
armazenamento de cereais e outros alimentos que podem ser contaminados com micotoxinas,
é muito dificil eliminar totalmente os fungos de todas as etapas de producéo.

Nesse estudo, foram investigados inicialmente os efeitos tdxicos da ocratoxina A
(OTA) em dois tipos de células de suinos, as células renais da linhagem PK-15, e células
mononucleares do sangue periférico (PBMCs). A nefrotoxicidade causada pela OTA é
significativamente dependente da espécie, principalmente devido as diferencas na meia-vida
de eliminacdo da OTA, que varia significativamente entre as diferentes espécies. Dessa forma,
para este estudo escolhemos células suinas devido a alta suscetibilidade dos suinos aos efeitos
toxicos da OTA e sua importancia na producdo animal. Nossos resultados mostraram um
aumento nos niveis de espécies reativas de oxigénio (EROs) tanto em células PK-15 como em
PBMCs expostas a OTA. Além disso, observamos um aumento na formagdo de
malondialdeido (MDA) em decorréncia da peroxidacdo lipidica de células tratadas com
diferentes concentracdes de OTA.

Com base nas evidéncias atualmente disponiveis, acredita-se que o estresse oxidativo
seja a causa da toxicidade induzida pela OTA, porém 0s mecanismos ainda nao estdo
completamente compreendidos (DA SILVA et al., 2018). Nesse sentido, o estresse oxidativo é
causado por um desequilibrio entre a manifestacdo sistémica de radicais livres e a capacidade
do sistema biolégico de prontamente inativar os intermediarios reativos ou reparar o dano
resultante (SCHIEBER; CHANDEL, 2014).

Por esse motivo, foi investigado o efeitos da OTA sobre a atividade das enzimas
superéxido dismutase (SOD) e catalase (CAT), que sdo enzimas-chave do sistema
antioxidante endégeno mitocondrial. Foi observado que a OTA aumentou significativamente
a atividade total da SOD em baixas concentracdes, o que pode indicar um esfor¢o para manter
0 equilibrio no estado redox celular, evitando o dano oxidativo. Apesar de ser uma enzima
antioxidante, um aumento da atividade da SOD pode induzir o estresse oxidativo devido ao
acumulo de peroxido. Isso ocorre quando o aumento da atividade da SOD néo é acompanhado
pelo aumento da atividade das enzimas removedoras de peroxido de hidrogénio e é

caracterizado por uma razdo SOD/CAT aumentada (PINHO et al., 2006). Nossos resultados
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mostraram uma inibigdo da atividade da CAT em baixas concentragdes de OTA, acima de 1
MM, indicando um desequilibrio entre a razdo SOD/CAT. Nas concentra¢@es intermediarias
de OTA, ndo foi observada mudanca significativa na atividade total da SOD, e em
concentracdes acima de 10 uM a atividade de SOD foi significativamente reduzida. Além
disso, nessas concentragcdes o dano oxidativo aos lipideos ja foi observado por meio do ensaio
TBARS. Esses resultados estdo de acordo com um estudo que mostrou que a exposi¢do a
OTA diminui a atividade de SOD em concentracfes acima de 10 uM em células tubulares de
rim suino (LLC-PK1). Além disso, os autores também encontraram uma diminuicao na CAT,
glutationa-S-transferase e glutationa-peroxidase em células LLC-PK1 expostas a
concentragdes de OTA acima de 10 uM (BOESCH-SAADATMANDI et al., 2008).

Além disso, nossos resultados mostraram que a exposicdo a OTA aumentou
significativamente a fosforilacdo oxidativa, indicando uma tentativa celular de compensar a
deplecdo de ATP causada pela forte inibicdo do complexo | da cadeia transportadora de
elétrons. Estes resultados estdo de acordo com estudos anteriores, que demonstraram que a
OTA exerce seu efeito na respiracdo mitocondrial e na fosforilacdo oxidativa por meio do
comprometimento da membrana mitocondrial e da inibicdo das atividades de transferéncia de
elétrons suportadas por succinato da cadeia respiratéria (L1 et al., 2019).

Com base nessas evidéncias e nos resultados obtidos com células renais PK-15 e
PBMCs de suinos, podemos entender que os efeitos toxicos da OTA sdo consequéncia do
desequilibrio do sistema redox das células e consequente producdo de EROs. A partir disso,
levando em conta esse mecanismo de toxicidade, podemos buscar alternativas que minimizem
ou neutralizem os danos dessa micotoxina. Nesse contexto, seguimos este estudo com
objetivo determinar se a curcumina e a silimarina poderiam reduzir ou mesmo prevenir 0S
danos induzidos pelas micotoxinas OTA, FB; e DON em células renais de suinos e para isso,
as células da linhagem PK-15 foram pré-tratadas com estes compostos e posteriormente
expostas as micotoxinas, para avaliacdo de viabilidade celular, producdo de EROs e apoptose.

Os resultados demonstraram que o pré-tratamento durante 6 h com curcumina e
silimarina evitou a perda de viabilidade celular nas células renais expostas a OTA por 48 h, no
entanto, nenhuma das concentragOes testadas in vitro foi capaz de neutralizar totalmente a
toxicidade da OTA. Por outro lado, nenhum dos tratamentos reduziu a producdo de EROs ou
preveniu a apoptose celular induzida pela exposicdo OTA apos 48 horas de tratamento.
Resultados semelhantes foram encontrados em um estudo que investigou os efeitos protetores
do resveratrol em células renais embrionarias humanas (HEK293) expostas a OTA, onde as

EROs intracelulares foram significativamente aumentadas apds 48 h de tratamento, no
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entanto, outros parametros como perda de viabilidade celular e genotoxicidade por quebras de
DNA de fita simples foram significativamente reduzidas (RAGHUBEER et al., 2015). O rim
é o principal alvo da toxicidade da OTA devido ao seu papel na excrecdo desta micotoxina
pela urina, permitindo que a toxina exerca seus efeitos tdxicos nos tubulos renais e
comprometendo a fungéo renal (KOSZEGI; POOR, 2016), o que poderia explicar uma grande
dificuldade de protecdo células renais da toxicidade de OTA in vitro.

Quando expostas a FB;y, as células PK-15 pré-tratadas com CUR apresentaram um
aumento na viabilidade celular e uma inibicéo significativa na producdo de EROs, enquanto
nenhuma reducgéo significativa na taxa de apoptose foi observada. Por outro lado, o SIL foi
capaz de prevenir totalmente a perda de viabilidade celular e inducdo de apoptose e reduzir
significativamente a producdo de ROS. A inducdo de apoptose da FB; se da por meio da
inibicdo da enzima ceramida sintase, levando ao acumulo intracelular de esfingolipidios que
sdo pro-apoptdticos, inibidores de crescimento citotdxicos e imunotdxicos (MARASAS et al.,
2004) e também por geracdo de EROs (DOMIJAN et al., 2015; HASSAN et al., 2015;
ABBES et al., 2016). Portanto, o efeito antiapoptético apresentado pelo SIL nas células PK-
15 expostas a FB; pode ser decorrente de sua imunoprotecdo além de sua atividade
antioxidante, visto que ha relatos de que o SIL inibe também os efeitos imunotoxicos
causados pelas micotoxinas (KHATOON et al., 2013). No entanto, ainda ndo esta claro se o
estresse oxidativo emerge como uma consequéncia ou como um mecanismo causal da
toxicidade de FB; (WANG et al., 2016; DA SILVA et al., 2018).

Ja nas células expostas ao DON, o pré-tratamento com CUR e SIL foi capaz de
proteger completamente as células contra a perda de viabilidade celular e producéo de EROs e
também reduziu a taxa de apoptose. Estes resultados estdo de acordo com estudo realizado em
ratos, que mostrou que nanoparticulas de silimarina foram capazes de proteger o figado destes
animais contra a hepatotoxicidade induzida por DON por meio da modulacdo de enzimas
antioxidantes e diminuicéo da genotoxicidade (ABDEL-WAHHAB et al., 2018).

A partir desse resultado positivo in vitro, tornou-se relevante investigar o potencial da
curcumina e da silimarina como possiveis aditivos alimentares e para isso foi realizado o
experimento in vivo em camundongos, avaliando o efeito protetor destes compostos frente a
toxicidade aguda induzida por OTA e FB;. Para isso, foram avaliados pardmetros de estresse
oxidativo nos rins e figado de animais pré-tratados com curcumina e/ou silimarina e expostos
as micotoxinas, além de determinacéo de marcadores bioquimicos de funcdo hepatica como a

aspartato aminotransferase (AST), a alanina aminotransferase (ALT) e fosfatase alcalina
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(ALP), e de funcdo renal, como a creatinina e a ureia, no soro desses animais, além da
investigagdo de alteragdes histoldgicas.

Tanto OTA quanto FB; causaram um aumento nos parametros de estresse oxidativo no
figado de camundongos. Nossos dados mostraram um aumento na formagdo de MDA e sua
consequente peroxidag&o lipidica, um aumento na carbonilacéo de proteinas, indicando danos
a proteina e também um aumento na formacdo de EROs. No entanto, tanto CUR como SIL
foram capazes de mitigar esses efeitos. Em geral, CUR e SIL desempenharam um papel
semelhante na protecdo do figado contra a toxicidade das micotoxinas, porém o0s niveis mais
baixos de MDA foram alcancados no figado de camundongos tratados apenas com SIL,
mitigando completamente a peroxidagdo lipidica, indicando que SIL poderia oferecer uma
melhor protecdo contra lesdo hepatica induzida por micotoxinas. Um estudo anterior
demonstrou que os pré-tratamentos com SIL impediram a formacdo de MDA e as células
protegidas do estresse oxidativo por meio da regulagdo positiva de enzimas do sistema
antioxidante em hepatdcitos expostos a OTA (YU et al., 2018).

O rim é o principal 6rgdo alvo da OTA e a nefrotoxicidade também foi relacionada
como consequéncia da intoxicacdo por FB; (KOSZEGI; POOR, 2016; DA SILVA et al.,
2018). Neste estudo, foi observado um aumento em todos os parametros oxidativos testados
no rim de camundongos expostos a OTA e FB;. Embora a SIL ndo tenha sido capaz de
reduzir os niveis de ROS no rim de animais expostos a FB1, foi capaz de reduzir parcialmente
0os niveis de ROS em camundongos expostos a OTA, enquanto o CUR atenuou
completamente a formacdo de ROS em animais expostos a ambas as micotoxinas. Por outro
lado, CUR e SIL foram capazes de mitigar o a formacdo de MDA e a carbonilagcdo de
proteinas. Estes dados confirmam a hipdtese apontada no estudo in vitro (protocolo
experimental I1), de que CUR e SIL teriam um grande potencial na protecdo renal de animais
expostos as micotoxinas. Além disso, recentemente foi relatado o efeito protetor de CUR em
danos renais induzidos por OTA e 0 a atividade antioxidante de CUR foi apontada como
responsavel por esses efeitos (DAMIANO et al., 2020).

Ainda dentro da hipGtese oxidativa, foi realizada a determinacdo da atividade da
enzima antioxidante mitocondrial catalase (CAT), onde observamos uma inibic¢do da atividade
da CAT no figado de camundongos expostos a OTA e nos rins de camundongos expostos a
OTA e FB;. Esta inibicdo da CAT em animais expostos a OTA foi neutralizada pelo
tratamento com SIL e também por CUR e SIL combinadas. J& nos rins de animais expostos a
FB1, apenas o tratamento com a combinacdo de CUR e SIL foi capaz de aumentar a atividade

da CAT para os niveis normais. Estes resultados sdo corroborados por estudos que mostram
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que SIL e CUR foram capazes de proteger o figado contra a hepatotoxicidade induzida por
diferentes micotoxinas por meio da modulacdo de enzimas antioxidantes e diminuicdo da
genotoxicidade (EL-BAHR, 2015; ABDEL-WAHHAB et al., 2018; RUAN et al., 2019).

Os achados histoldgicos observados no estudo in vivo revelaram necrose tubular
moderada e congestdo moderada nos rins de camundongos expostos a OTA e FB;. Além
disso, células necroticas foram observadas no figado de animais expostos ambas micotoxinas.
A curcumina e a silimarina, isoladamente ou combinadas, diminuiram o aparecimento de
células necréticas no figado, enquanto que nos rins, a curcumina e a silimarina combinadas
ndo impediram o dano histolégico em camundongos expostos as micotoxinas. Achados
semelhantes foram observados por DAMIANO et al. (2020) em um estudo que relatou que o
tratamento com CUR apresentou reducdo no namero de necrose glomerular e tubular. Foi
relatado que SIL diminuiu significativamente o nimero de hepatdcitos apoptoticos no figado
de camundongos expostos a FB; e a regeneracdo celular foi observada enquanto diminuia o
dano celular (HE et al., 2004; SOZMEN et al., 2014). Além da atividade antioxidante
observada neste estudo, esse efeito protetor da silimarina também pode ser explicado pelo
efeito estimulador da silimarina na regeneracao de tecidos hepaticos lesados (HE et al., 2004).

Com relacdo a determinacdo de marcadores bioquimicos de fungdo hepética, os
resultados obtidos estdo de acordo com outros estudos (HE et al., 2004; YU et al., 2018;
DAMIANO et al., 2020). Foi observado aumento significativo na atividade de ALT, AST e
ALP no soro de animais expostos a OTA e FBj, com niveis maiores observados com a
exposicdo a FB; do que a OTA, indicando um maior dano hepatico induzido por essa
micotoxina. No entanto, os niveis de ALT e AST foram significativamente reduzidos pelo
tratamento com CUR e SIL, administradas isoladamente ou combinadas, enquanto o0s niveis
de ALP foram reduzidos por ambos 0os compostos em camundongos expostos a FBy, e por SIL
ou SIL e CUR combinados em camundongos expostos para OTA.

A lesdo renal também foi avaliada com a dosagem de creatinina e uréia. Foi observado
um aumento nos niveis de creatinina em camundongos expostos a OTA e FB;, que foi
completamente neutralizado por todos os tratamentos em animais expostos a FB; e pelo
tratamento de CUR e SIL isoladamente em animais expostos a OTA. O aumento da creatinina
observado em camundongos tratados com micotoxinas esta relacionado a reducéo da taxa de
filtracdo glomerular, que pode estar associada a formacgéo de EROs. O estresse oxidativo pode
promover a formagdo de uma variedade de mediadores vasoativos que podem afetar as
funcOes renais diretamente, causando vasoconstricdo renal ou diminuindo o coeficiente de

ultrafiltracdo capilar glomerular e, assim, reduzir a taxa de filtracdo glomerular (PAPINSKA,;
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RODGERS, 2018; DAMIANO et al., 2020). Nossos resultados sdo corroborados um estudo
recente de DAMIANO et al. (2020), que demonstrou que a CUR pode prevenir a lesdo renal
causada pela OTA em ratos, ao mitigar o aumento dos niveis de creatinina. Quanto a uréia, foi
observado aumento apenas em camundongos expostos a OTA, que foram neutralizados pelos
tratamentos.

A curcumina e a silimarina s&o duas fitoalexinas com conhecida atividade antioxidante
que vém sendo estudadas para diversos fins terapéuticos. Além disso, existem relatos na
literatura que apontam para os efeitos protetores desses compostos contra efeitos causados por
intoxicagdo por micotoxinas diversas e também outras toxinas e produtos toxicos. A
curcumina demonstrou a capacidade de neutralizar o estresse oxidativo causado pela
zearalenona em células da granulosa suina em um estudo in vitro (QIN et al., 2015) e também
foi capaz de diminuir a hepatotoxicidade e hepatocarcinogenicidade induzida por aflatoxina
B1 (AFB;) em ratos por meio da modulagdo de enzimas antioxidantes (EL-AGAMY, 2010;
EL-BAHR, 2015; POAPOLATHERP et al., 2015). Quanto a silimarina, estudos demonstraram
a capacidade dessa fitoalexina em prevenir danos ao figado causados por micotoxinas em aves
e roedores. Em camundongos BALB/c recebendo racdo contaminada com FBj, a silimarina
foi capaz de reverter os danos ao figado causados por esta micotoxina (HE et al., 2004;
SOZMEN et al., 2014) e em ratos, a silimarina foi capaz de proteger as células do figado dos
danos causados por AFB;, melhorando o transporte da membrana, a cadeia de transporte de
elétrons, a transcricdo génica e o estresse oxidativo (RASTOGI et al., 2000).

Em geral, tomando em conjunto os resultados obtidos neste estudo, pode-se afirmar
que estes resultados reforcam o papel fundamental do estresse oxidativo como mecanismo de
toxicidade da OTA e também da FB;, e demonstram que a curcumina e a silimarina
apresentam efeitos nefro e hepatoprotetores em camundongos expostos a diferentes
micotoxinas. Dessa forma, apesar de ser necessario um estudo da aplicabilidade pratica e
estudos clinicos mais amplos, é possivel concluir que a curcumina e a silimarina podem ser
utilizadas como aditivo alimentar em ra¢Ges de animais a fim de promover protecdo contra
efeitos deletérios provocados pela exposi¢cdo & micotoxinas, melhorando a saiude animal e

humana.
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7 CONCLUSAO

De maneira geral, os resultados obtidos neste estudo sugerem que:

- A ocratoxina A causa diminuicdo na viabilidade celular, aumento no estresse
oxidativo e peroxidacao lipidica em células de epitélio renal suino da linhagem PK-15 e em
células mononucleares de sangue periférico de suinos, além de causar um desequilibrio na
atividade da enzima superoxido dismutase e inibicdo na atividade da catalase. Além disso, foi
observado que OTA é um inibidor do complexo | da cadeia transportadora de elétrons,
causando danos ao funcionamento mitocondrial. Os danos provocados pela OTA em células
renais da linhagem PK-15 sdo semelhantes aos causados em PBMCs de suinos no que se

refere a perda de viabilidade celular e estresse oxidativo.

- Tanto o pré-tratamento com curcumina quanto com silimarina sdo capazes de reduzir
a toxicidade induzida pelas micotoxinas ocratoxina A, fumonisina B; e deoxinivalenol in vitro
sobre células da linhagem PK-15. O pré-tratamento com curcumina diminuiu a perda de
viabilidade das células expostas as micotoxinas, diminuiu a formacdo de espécies reativas de
oxigénio (EROs) e reduziu a apoptose causada por DON. Ja o pré-tratamento com silimarina
reduziu a perda de viabilidade em células expostas a OTA e neutralizou a perda de viabilidade
induzida por FB1 e DON e também diminuiu a formacdo de EROs e apoptose induzidas por
FB; e DON.

- Em camundongos, o pré-tratamento com curcumina e silimarina tanto isoladas
guanto em combinacdo mostraram efeitos hepato e nefroprotetores sobre a toxicidade aguda
induzida por OTA e FB;. Os resultados indicam que este efeito protetor esta relacionado as
propriedades antioxidantes destas fitoalexinas. Curcumina e silimarina determinaram uma
melhora na fungdo hepatica e renal em animais expostos as micotoxinas, o que foi
demonstrado pela diminuicdo de marcadores enzimaticos no soro dos animais e pela
diminuicdo do estresse oxidativo desencadeado por OTA e FB;. Essas observagdes foram
apoiadas por resultados morfolégicos, como reducdo do dano tubular e necrose de
hepatocitos. Este conjunto de resultados demonstra que a adi¢cdo de curcumina e/ou silimarina

a racdo pode reduzir a intoxicagao animal por micotoxinas, melhorando a satde animal.
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CERTIFICADO

Certificamos que a proposta intitulada "Machos suinos reprodutores alimentados com dietas comerciais enriquecidas com extratos
vegetais: caracteristicas do ejaculado e dose inseminante”, protocolada sob o CEUA n? 7311050517, sob a responsabilidade de
Carlos Augusto Rigon Rossi e equipe; Mauricio da Cruz Franco; Alexia Pretto; Cristian Guilherme Graf; Julianni Dornelles; Luara
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editadas pelo Conselho Nacional de Controle da Experimentacdo Animal (CONCEA), e foi aprovada pela Comissio de Etica no Uso
de Animais da Universidade Federal de Santa Maria (CEUA/UFSM) na reunido de 07/06/2017.

We certify that the proposal "Boar fed commercial diets enriched with plant extracts: characteristics of the ejaculate and
inseminating dose”, utilizing 4 Swines (4 males), protocol number CEUA 7311050517, under the responsibility of Carlos Augusto
Rigon Rossi and team; Mauricio da Cruz Franco; Alexia Pretto; Cristian Guilherme Gréf: Julianni Dornelles; Luara Medianeira
Schldsser; Marcelo Soares; Nicolas Carmo de Avila - which involves the production, maintenance and/or use of animals belonging
to the phylum Chordata, subphylum Vertebrata (except human beings), for scientific research purposes or teaching - is in
accordance with Law 11.794 of October 8, 2008, Decree 6899 of July 15, 2009, as well as with the rules issued by the National
Council for Control of Animal Experimentation (CONCEA), and was approved by the Ethic Committee on Animal Use of the Federal
University of Santa Maria (CEUA/UFSM) in the meeting of 06/07/2017.

Finalidade da Proposta: Pesquisa (Académica)

Vigéncia da Proposta: de 06/2017 a 12/2017 Area: Clinica de Grande Animais

Origem: Biotério externo

Espécie: Suinos sexo: Machos idade: 2 a3 anos N: 4
Linhagem: MS 115 - Linhagem EMBRAPA Peso: 250 a 300 kg

Resumo: O estudo objetiva avaliar as caracteristicas seminais de machos suinos reprodutores alimentados com dietas comerciais
enriquecidas com extratos vegetais (EV) (acido ascérbico e bioflavondides). O estudo sera realizado em duas etapas: Etapa 1-
Utilizar-se-do quatro reprodutores hibridos com 550 dias de idade e 280 = 12,0kg distribuidos em quatro tratamentos: (T1): dieta
Controle (C) (ragcdo comercial para machos reprodutores suinos); T2: C+300g de EV; T3: C+600g de EV; T4: C+900qg de EV. Neste
periodo (45 dias), os machos receberam a dieta enriquecida com EV (periodo de adaptacdo ao EV). O estudo transcorrera por mais
45 dias (para avaliar as possiveis respostas ao uso dos EV), totalizando 90 dias experimentais. O sémen sera coletado dos quatro
machos suinos, uma vez por semana, durante o periodo de 45 dias. Nessa etapa, serao avaliadas as caracteristicas seminais (vigor
espermatico (0 a 5), motilidade espermatica (%), concentragao (x106sptz mL-1) e morfologia (%) (problemas de cabeca, cauda,
peca intermediaria, presenca de gota citoplasmatica proximal e os espermatozoides serdo classificados em normais efou
danificados) e integridade de membrana espermatica. Os animais serdao submetidos a coletas de sangue (veia femoral,
simultaneamente a coleta de sémen) nos dias 0, 15, 30 e 45 de cada periodo experimental. O sangue coletade serd utilizado para o
hemograma e dosagem bioguimica das enzimas ALT, AST, CK e Creatinina. Amostras de sangue serao acondicionadas em tubos de
coleta sanguinea para dosagem dos niveis de testosterona e cortisol. Apds a etapa 1, os animais permanecerdo em descanso por
45 dias para iniciar a etapa 2, a gqual segue o mesmo protocolo da etapa 1, diferenciando pelo [Jcruzamento[] dos tratamentos, para
remocao do efeito individual do macho. O delineamento experimental utilizado serd em quadrado latino 4x4 (quatro animais,
quatro tratamentos, quatro periodos e guatro coletas de sangue por periodo). A andlise das diferencas entre médias sera feita por
variancia multifatorial usando-se o General Linear Models do MINITAB/2010, com significancia P<0,05. A expectativa do estudo sera
que haverd diferengas quanto & motilidade, concentracdo espermatica quantificadas pela cadmara de Neubauer e alteracdes
maorfoldgicas para os animais que receberdo dietas enriquecidas com EV. As percentagens de células com plasma e membranas
integras, peroxidacao lipidica da membrana acrossomal e potencial de membrana mitocondrial ndo serdo alterados nos animais
que receberdo dietas enriquecidas com EV. A utilizacdo de EV na dieta dos machos reprodutores suinos pode, individualmente e
erm combinacdo, melhorar a capacidade e caracteristicas espermaticas, devido seu efeito sobre a diminuicao da producao de
espécies de oxigénio reativos.

Local do experimento: Laboratério de Andrologia Veterinaria-Androlab

Santa Maria, 07 de junho de 2017
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Cytoprotective effects of curcumin and silymarin on PK-15 cells exposed to
ochratoxin A, fumonisin By and deoxynivalenol

Pauline Christ Ledur ®, Janio M. Santurio ™

® Programa de Pés-graduegio em Farmacologio, Centre de Clencins da Satide, Universidade Federal de Santo Maria, Santo Maria, Brosl

ARTICLEINFO ABSTRACT

Keywards: Mycotoxins are toxic secondary metabolites produced by fungue which cauze worldwide concern regarding food
Myeotoxing and feed safety. Ochratoxin A (OTA), fumonisin By (FB;) and deoxynivalenol (DON) are some of the mam
Od:lmm.u A mycotoxin: and cxadative stress is the main mechanism of toxicity. Thereby, this study investigates the in vitro
m&i . eytoprotective effects of curcumin (CUR) and silymarin (SIL) - known for their strong antioxidant activity - in PK-
c N 15 cellz exposed to OTA, FBy and DON. Pretreatment with CUR and SIL enhanced the viability of cells exposed to
Silymarin the mycotoxins (P < 0.001) and attenuated reactive oxygen species (ROS) formation by DON (P < 0.01), partially

reduced ROS formation by FBy (P < 0.001), but not OTA. CUR zignificantly decreaszed apoptosiz in cellz exposed
to DON (P < 0.01) but was not able to prevent apoptosiz in eells exposed to OTA and FB1. Whereas SIL was able
to prevent apoptosis in PE-15 cells exposed to FBy and DON (P = 0.01) but was not able to decrease apoptosiz in
cellz exposed to OTA. In summary, these data indicate that curcumin and silymarin are able to provide cyto-

protection against toxicity induced by OTA, FBy and DON in PE-135 cells.

1. Introduction

Mycotoxing are second metabolites preduced by filamentous fungi
that are toxic even in low concentrations to vertebrates and other groups
of animals. Moreover, mycotoxins are the most commenly cecurring
natural food contaminant in human and animal feed, (Bennect and Klich,
2003; Marroquin-Cardona et al., 2014). The animal production industry
is most commonly affected by mycotexins. Overall, mest myeotoxins
cause immunosuppression which leaves animals more vulnerable to
diseases by weakening their immune system or making them less
responsive to vaceinatiens. In acute cases, losses are related to mortality.
Other subelinical effects may cause loss in productivity, reduce weight
gains and interfere in feed efficiency (Marroquin-Cardona et al., 2014).

Ochratoxin A (OTA), fumenisin By (FB,) and deoxynivalenol (DON)
are some of the most commeon mycotoxins, produced by different fungus
of genera Aspergillus, Penicillium and Fusarium (Marin et al., 2013). OTA
can be found in contaminated foed grains and cereals, fruit, fruit
products and coffee. The main mechanism of OTA toxicity consists of
high production of reactive oxygen species (ROS), which leads to
mitochondrial dysfunction, cellular damage and genotoxicity. The kid-
ney is the organ most affected by OTA toxic effects due to its role to the

mycotoxin excretion through the urine, allowing the toxin to exert its
toxic effects on kidney tubules, impairing kidney function (Koszegi and
Poor, 2016; Raghubeer et al., 2017). Fumonisins are mostly found in
maize which are contaminated with Fusarium verticillioides and Fusarium
proliferatum. FB, is the most important fumonisin from a toxicological
perspective and its toxicity mechanism is based on the fact that FB; haza
structure similar to sphingoid bases such as sphingosine, and can func-
tion as an inhibitor of ceramide synthase, therefore, this mycotoxin
strongly inhibits the enzyme ceramide synthase thar catalyzes the
acylation of sphinganine and recycling of sphingosine. The inhibition of
CER synthase increases intracellular sphinganine and other sphingeid
bases, which are highly cytotoxic compounds (Liu et al., 2019), Other
studies have demonstrated the potential of FB; to promote oxidative
stress with consequent increase in intracellular ROS levels and their
cytotoxic effects, and induction of apoptosis (Abbes er al., 2016;
Domijan et al., 2015), FBy is also able to modulate the expression of
enzymes of the antiexidant system and te increase MDA levels (Abbes
et al., 2016; da Silva et al., 2018; Domijan et al., 2007). DON isa type B
trichothecene predominantly produced by Fusarium graminearum and
Fusarium culmorum (Bennett and Elich, 2003). Ingestion of DON
contaminated foods induces vomiting, anorexia, disturbance of cell

* Corregponding auther. Laboratorio de Pesquizas Micologicas, Departamento de Microbiologia e Parasitologia, Campus UFEM, Predio 20, Sala 4139, Universidade

Federal de Santa Maria, 97105-900, Santa Maria, RS, Brazil.
E-mail address: janio santurio@gmail com (J.M. Santurie).
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limo(a). Sr(a).

Responsavel: Janio Morais Santurio
Area: Microbiologia E Parasitologia
Janio Morais Santurio (orientador)

Titulo da proposta: "Avaliacdo dos efeitos de curcumina e silimarina sobre a toxicidade induzida por furnonisina B1 e ocratoxina A in
vitro e in vivo".

Parecer Consubstanciado da Comissao de Etica no Uso de Animais UFSM

A Comiss3o de Etica no Uso de Animais da Universidade Federal de Santa Maria, no cumprimento das suas atribuicées, analisou e
APROVOU a Emenda (verséo de 28/fevereirof2019) da proposta acima referenciada.

Resumo apresentado pelo pesquisador: "Esta emenda propde o uso de camundongos como modelo experimental para possibilitar a
finalizacdo das atividades experimentais de projeto de Doutorado em Farmacelogia conforme projeto original aprovado pelo GAP,
uma vez que os resultados obtidos nos testes in vitro demonstraram o potencial da curcumina e da silimarina na protecao das
células diante da toxicidade causada pelas micotoxinas Ocratoxina A e Fumonisina B1, conforme detalhado no arquivo da
justificativa em anexo. Os camundongos sao um dos modelos animais mais utilizados na experimentacdo em testes de toxicidade.
Varios estudos demonstram que camundongos sdo um bom maodelo para avaliar a neutralizacdo de efeitos téxicos causados por
toxinas (Parasuraman, 2011). Em estudos prévios com camundongos, foi demonstrado que a silimarina tem potencial para
neutralizar danos hepaticos causados pela fumonisina B1 (HE et al., 2004; SOZMEN et al., 2014), bem como para demonstrar os
efeitos tdxicos e os mecanismos de toxicidade da ocratoxina A (BONDY et al., 2015; KURODA et al., 2015). Também ja foram
demonstrados efeitos protetores da curcumina frente a toxicidade causada pela Aflatoxina B1 (OAPOLATHEP et al., 2015). Além
disso, destaca-se a necessidade de se realizarem testes in vivo em camundongos, uma vez gue permitem a avaliacao dos
parametros toxicolégices do organismo como um todo, e ndo apenas de um tipo de células isoladas, o que é fundamental para o
estudo da interacdo das diferentes substancias testadas sobre o organismo. O delineamento experimental, bem como todas as
atividades propostas nesta emenda encontram-se em anexo.".

Comentario da CEUA: "Emenda aprovada nos seus aspectos éticos.".

Prof. Dr. Denis Broock Rosemberg Prof. Dr. Saulo Tadeu Lemos Pinto Filho
Coordenador da Comissdo de Etica no Uso de Animais Vice-Coordenador da Comissao de Etica no Uso de Animais
Universidade Federal de Santa Maria Universidade Federal de Santa Maria

Avenida Roraima, 1000, Reitoria, 22 andar - CEP 97103-900 Santa Maria, RS - tel: 35 (35) 3220-9362 / fax:
Hordrio de atendimento: das 8:30 &s 12h e 14h 4s 17hs : e-mail: ceua.ufsm@gmail.com
CEUA N 11B5101117



