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RESUMO

ESTUDO COMPARATIVO DE B-SELENOAMINAS E DISSELENETOS
EM MODELOS HEPATOTOXICO E ALTERNATIVO

AUTOR: Silvio Terra Stefanello
ORIENTADOR: Félix Alexandre Antunes Soares

Compostos organicos de selénio como o Ebselen (Ebs) e o disseleneto de difenila (DPDS), ja
foram descritos na literatura como sendo moléculas promissoras devido as inimeras
caracteristicas que possuem como, por exemplo, atividade antioxidante, anti-inflamatoria
entre outras. Sendo assim, moléculas andlogas ao Ebs e ao DPDS tém sido produzidas através
da insercdo de grupamentos funcionais na estrutura quimica destes compostos, na tentativa de
produzir novos farmacos. Neste estudo foi avaliado os compostos B-selenoaminas ou
monosselenetos (1-fenil-3-(p-tolilselenil)propano-2-amina (C1) e 1-(2-metoxifenilselenil)-3-
fenilpropano-2-amina) (C2) e os disselenetos representados pelo DPDS e seus anélogos (1,2-
bis(2-metoxifenil)disseleneto (C3) e 1,2-dip-tolildisseleneto (C4), quanto a capacidade de
protecdo e reversdo do estresse oxidativo e dos parametros comportamentais e bioquimicos,
através da utilizacdo do modelo alternativo do Ceanorhabditis elegans (C. elegans) e do
modelo de dano hepéatico agudo induzido pela administragdo de tioacetamida em
camundongos. O C. elegans quando exposto aos compostos, na concentracdo de 200 uM, néo
apresentou alteracGes na taxa de sobrevivéncia e nos pardmetros comportamentais. No
entanto, com exce¢do do C1 os demais compostos apresentaram uma diminuicdo do ciclo de
defecacdo o que foi associado com a inibicdo da enzima acetilcolinesterase. Os compostos
protegeram o C. elegans dos efeitos do dano oxidativo induzido com a juglone, mantendo 0s
indices de sobrevivéncia do nematédeo similares ao grupo controle. Além disso, o tratamento
com a juglone induziu um aumento na expressao de GST-4 e somente 0 C2 reduziu essa
expressdo. No modelo de inducdo do dano hepéatico agudo em camundongos, apenas O
tratamento com DPDS protegeu o tecido hepético da necrose tecidual, assim como, evitou o
aumento dos niveis séricos das transaminases. No entanto, todos os compostos na dose de
15,6 mg kg?, via intraperitoneal, apresentaram mudancas significativas nos niveis dos
marcadores de estresse oxidativo assim como, promoveram uma manutencdo da viabilidade
celular e uma diminuigcdo do edema. Dessa forma, é possivel concluir que os compostos f-
selenoaminas e os andlogos ao DPDS apresentam efeitos tanto protetores quanto reversores de
dano quando este é gerado pelo estresse oxidativo, 0 que caracteriza essas moléculas como
sendo promisoras antioxidantes.

Palavras-chave: Ceanorhabtidis elegans. Hepatotoxicidade. Organocalcogénios. Selénio.
Tioacetamida.



ABSTRACT

COMPARATIVE STUDY OF B-SELENOAMINES AND DISSELENIDE
COMPOUNDS IN HEPATOTOXIC AND ALTERNATIVE MODELS

AUTHOR: Silvio Terra Stefanello
ADVISOR: Félix Alexandre Antunes Soares

Organic selenium compounds, Ebselen and diphenyl diselenide (DPDS), possess numerous
characteristics such as, antioxidant activity, anti-inflammatory among others. In this regard,
new molecules have been produced through the insertion of functional groups on the chemical
structure of classical selenium compounds, with an intention to produce new drugs. In this
study, we verified the pharmacological effects of 3-selenoamines or monosselenides 1-phenyl-
3-(p-tolylselanyl)propan-2-amine (C1) and 1-(2-methoxyphenylselanyl)-3-phenylpropan-2-
amine (C2) and DPDS and analogs of DPDS 1,2-bis(2-methoxyphenyl)diselenide (C3) and
1,2-bisp-tolyldiselenide (C4). This compounds were tested through experimental assays using
Ceanorhabditis elegans (C. elegans) and a model of tioacetamide-induced acute liver damage
in mice. The C. elegans exposure of organic selenium compounds at 200 uM keeps the same
survival rates and behavior parameters than control group. However, except C1, all
compounds reduced the interval of defecation cycle, which was associated with the inhibition
of the acetylcholinesterase. The compounds protected the C. elegans against juglone-induced
oxidative damage, keeping the survival rates similar than control group. In addition, juglone
treatment also induced the expression of GST-4 and only C2 showed protective activity. In the
liver damage model, only the treatment with DPDS protected the liver of the necrosis process
as well as normalized the transaminases levels. However, all tested compounds at 15.6 mg kg
! promoted significant changes in the oxidative stress parameters, which maintain the cellular
viability and reduce the edema. Therefore, our results demonstrated that both -selenoamines
and analogs of DPDS presented protective and reversible effects when it is generated by
oxidative stress, which characterizes these molecules as being promising antioxidants.

Keywords: Ceanorhabtidis elegans. Hepatotoxicity. Organochalcogens. Selenium.
Thioacetamide.
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APRESENTACAO

No item INTRODUGCAO é apresentada a problematica, os objetivos e a justificativa
deste estudo.

No item REVISAO BIBLIOGRAFICA ¢ apresentada uma revisio sucinta da literatura
sobre os temas trabalhados nesta tese.

No item RESULTADOS estdo dispostos trés artigos cientificos ja publicados. Estes
artigos cientificos estdo descritos na integra contendo as sec¢des: introducdo, materiais e
métodos, resultados, discussdo e referéncias bibliograficas.

Os itens DISCUSSAO e CONCLUSOES, encontradas no final desta tese apresentam
descricdes, interpretacfes e comentarios gerais sobre os resultados incluidos neste trabalho.

No item REFERENCIAS BIBLIOGRAFICAS, refere-se somente as citacbes que
aparecem nos itens INTRODUCAO, DISCUSSAO, CONCLUSOES desta tese.
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1 INTRODUCAO

Os compostos organicos de selénio (Se) vém sendo estudados por inimeros grupos de
pesquisa em decorréncia das propriedades farmacoldgicas que apresentam (NOGUEIRA,;
ZENI; ROCHA, 2004; SARMA, B. K.; MUGESH, 2005). Dentre as atividades
farmacoldgicas que os compostos de Se possuem, se destaca os efeitos anti-inflamatorio,
hepatoprotetor e neuroprotetor (BORGES et al., 2005; CARVALHO et al., 2013; KHAN,
2010).

Sendo assim, em decorréncia do avanco tecnoldgico presente nas técnicas utilizadas na
sintese de novas moléculas, inameros compostos contendo Se tém sido desenvolvidos como
alternativa cientifica para a obtencéo de novos farmacos.

Compostos monosselenetos, como por exemplo o 1-fenil-3-(p-tolilselenil)propano-2-
amina (Cl) e o 1-(2-metoxifenilselenil)-3-fenilpropano-2-amina (C2), assim como, 0S
disselenetos, 1,2-bis(2-metoxifenil)disseleneto (C3) e o 1,2-dip-tolildisseleneto (C4), j& foram
descritos como sendo promissores moléculas devido os significativos efeitos antioxidantes
que eles apresentaram in vitro, como por exemplo a capacidade de reduzir os niveis de
malondialdeido tanto no cérebro quanto no figado de ratos (STEFANELLO, S.T. et al., 2013).

Dessa forma, objetivou-se realizar um estudo utilizando os compostos (C1, C2, C3 e
C4) e o disseleneto de difenila (DPDS) em diferentes modelos experimentais, para que fosse
possivel analisar o efeito dos compostos em uma acdo tanto protetora quanto reversora do
dano gerado por inducdo de estresse. Os modelos experimentais utilizados foram, o modelo de
inducdo de hepatotoxicidade aguda por administracdo de tioacetamida em camundongos e 0
modelo alternativo Ceanorhabditis elegans (C. elegans).

No modelo experimental utilizando o C. elegans foram analisados alguns parametros
comportamentais do verme, assim como, a taxa de sobrevivéncia dos animais quando
expostos a diferentes concentracdes dos compostos monosselenetos e disselenetos. Além
disso, foi observado a capacidade protetora desses compostos quando o verme foi exposto a
situacGes que promovem estresse oxidativo, como por exemplo, a exposi¢do a0 composto
juglone e a altas temperaturas.

No modelo de inducdo de dano hepatico agudo através da administracdo de
tioacetamida (TAA) em camundongos, foi possivel observar se o tratamento com os
compostos de Se apresentaram capacidade de reversdao do dano previamente causado pela

TAA, através de analises bioquimicas, histoldgicas e mitocondriais.
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1.1 SELENIO

O elemento selénio (Se) foi descoberto em 1817 pelo quimico sueco Jons Jacob
Berzelius e atualmente é classificado como sendo um elemento calcogénio, pertencente ao
grupo 16 da tabela periddica, juntamente com o enxofre (S), telurio e oxigénio (FOSTER,;
SUMAR, 1997). O Se pode ser encontrado na natureza com diferentes estados de oxidacao
tais como, seleneto (Se?), selénio elementar (Se), selenito (Se™) e selenato (Se*®). Apds a
ingestdo do elemento Se pelo organismo o metabolismo de reducdo promove a incorporacdo
do Se em selenoproteinas (Figura 1) (PERRONE; MONTEIRO; NUNES, 2015).

Além disso, 0 elemento Se no organismo pode estar presente sob a forma de
selenometionina e selenocisteina (Sec) (LU; HOLMGREN, 2009). A Sec esta presente no
sitio ativo de trés importantes selenoenzimas de mamiferos, a glutationa peroxidase (GPx), a
tioredoxina redutase (TRxR) e a iodotironina deiodinase (BEHNE et al., 1990; FLOHE;
GUNZLER; SCHOCK, 1973; ROTRUCK et al., 1973).

Figura 1: Metabolismo do selénio no organismo.
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\

GS-Se-5G

\

GS-Se-SG

N\

Seleneto de hidrogénio Selenofosfato Incorporagao em
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Fonte: Adaptado de MEUILLET et al., 2004.
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As selenoproteinas possuem um papel importante em diversas fungdes do organismo,
como por exemplo, atividade antioxidante, manutencdo do funcionamento da glandula
tireoide, producdo de DNA, funcdo reprodutiva e resposta imune (HOFFMANN; BERRY,
2008; LU; HOLMGREN, 2009; POSTON et al., 2011; SCHOMBURG, 2011).

O Se possui certas similaridades fisico-quimica quando comparado com o elemento S
e isto permite as interagdes Se-S nos sistemas bioldgicos (PERRONE; MONTEIRO; NUNES,
2015). No entanto, o Se pode ser oxidado mais facilmente que o S, e essas caracteristicas
também sdo repassadas aos grupamentos selenois (SeH), tornando estes grupamentos, mais
reativos do que os grupamentos SH (CUPP-SUTTON; ASHBY, 2016).

Devido as suas propriedades fisiologicas o elemento Se é considerado como sendo um
nutriente traco essencial para o organismo humano (SCHWARZ; FOLTZ, 1957). De acordo
com a Junta de Alimentacdo e Nutricdo da Academia de Ciéncias dos Estados Unidos é
necessario ingerir diariamente de 40 a 70 pug de Se para homens e de 45 a 55 pg para
mulheres, sendo que quanto maior for a idade do individuo maior serd a necessidade da
ingesta de Se (KIELISZEK; BLAZEJAK, 2013).

Os alimentos que sdo considerados como fonte de Se sdo a castanha-do-Brasil, 0 atum,
o salmdo, o brocolis, o espinafre, o alho entre outros (NAVARRO-ALARCON; CABRERA-
VIQUE, 2008). No entanto, a quantidade de Se presente nos alimentos pode variar de acordo
com a regido onde esse alimento é produzido. A exemplo dessa caracteristica um estudo da
literatura reportou que na Nova Zelandia os alimentos apresentam baixos niveis de Se o que
consequentemente promove casos deficiéncia desse elemento na populacdo mesmo que estes
tenham acesso a uma dieta balanceada (THOMSON; ROBINSON, 1980). Mondragén e cols,
demonstraram no seu estudo que os alimentos produzidos na Venezuela possuem elevados
niveis de Se, justamente porque a producdo agricola do pais é realizada em um solo que é
extremamente rico em Se (MONDRAGON; JAFFE, 1976).

A deficiéncia de Se esta diretamente relacionada com o acometimento de doencas
como, miocardiopatia, osteoartite, e cancer entre outras (FOSTER; SUMAR, 1997). Contudo,
estudos também reportam que a suplementacdo exagerada de Se, como por exemplo, em
doses superiores a de 122 pg L, pode aumentar a chance de acometimento de doengas como
diabetes tipo 2 e cancer (RAYMAN et al., 2012).
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1.1.1 Compostos de selénio

Os compostos de Se de origem natural podem ser encontrados na forma inorganica e
orgénica. O Se na forma inorganica como o selenito de sédio (Na>SeOs) tém sido muito
utilizados para suplementacdo de racdes animais e em pesquisas cientificas (FOSTER,;
SUMAR, 1997). O Se organico quando obtido pela dieta normalmente é encontrado na forma
dos compostos denominados, selenometionina e Sec (NOGUEIRA; ROCHA, 2010).

Em decorréncia das caracteristicas farmacoldgicas que os compostos de Se possuem,
diversos grupo de pesquisa se envolveram na producdo de compostos sintéticos de Se. Sendo
gue na década 70 a producdo de compostos organicos de Se foi intensificada devido as
descoberta de novas reacfes de sintese organica, o que possibilitou obter produtos com uma
maior pureza e estabilidade (MUGESH; DU MONT; SIES, 2001).

Além disso, quando foi constatado que o ebselen (Ebs) (Figura 2), composto sintético
gue contém um atomo de Se na sua estrutura, mimetizava o efeito da GPx tanto em
experimentos in vitro quanto in vivo, despertou o interesse na producdo de novos compostos
de Se (CUTLER; RODRIGUEZ, 2002; MOUITHYS-MICKALAD et al., 2004). Inicialmente
0S NOVoS compostos organicos de Se apresentavam apenas algumas derivagdes estruturais na
molécula do Ebs, podendo estas serem inser¢des de grupamentos quimicos ou de atomos de
outros elementos na estrutura quimica do composto protétipo (BHABAK; MUGESH, 2008).

Um estudo recente classificou os compostos sintéticos de Se em trés grandes classes
de acordo com as suas caracteristicas estruturais da molécula, como por exemplo, 0s
compostos que possuem uma amida ciclica onde o Se esta ligado ao &tomo de nitrogénio, 0s
compostos disselenetos de diarila e 0s monosselenetos aromaticos ou alifaticos (BHABAK;
MUGESH, 2010).

Figura 2: Estrutura quimica do ebselen.

A producdo de novos compostos de Se tem o objetivo de produzir moléculas mais

eficazes e mais seguras do que as estruturas prototipos, uma vez que a realizacdo de
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modificagOes estruturais na molécula pode viabilizar a agdo em diferentes sitios ativos, assim
como evitar a rapida metabolizacdo (PINO; PIETKA-OTTLIK; BILLACK, 2013).

Na classe dos disselenetos de diarila, se destaca o composto disseleneto de difenila
(DPDS) (Figura 3). Assim como o Ebs, o DPDS também apresenta atividade mimética a GPx
(NOGUEIRA; ZENI; ROCHA, 2004). No entanto, estudos ja demonstraram que o DPDS ¢
mais ativo como mimético da GPx e apresenta menor toxicidade do que o Ebs em roedores
(MEOTTI, F,, 2003; MEOTTI, F. et al., 2004).

Figura 3: Estrutura quimica do disseleneto de difenila.

OSQSG,@

1.1.1.1 Ebselen e DPDS

A acdo antioxidante que o Ebs e o DPDS possuem esta intimamente ligada com a
capacidade de que estas moléculas possuem em mimetizar a enzima GPx, assim como, de
atuar como substrato da TRxR (SARMA, B. K.; MUGESH, 2005; SAUSEN DE FREITAS;
BATISTA TEIXEIRA ROCHA, 2011). Dessa forma, tanto o Ebs quanto o DPDS realizam
atividades sequestradoras de perdxidos e de radicais livres, através da decomposicdo de
grupamentos SH realizando assim a ac¢ao redox via selenol/selenolato (NOGUEIRA; ZENI;
ROCHA, 2004).

O Ebs foi o primeiro composto organico de Se a ser descrito na literatura como sendo
capaz de inativar hidroperdxidos através do consumo de SH (WENDEL et al., 1984). O ciclo
catalitico de hidroperdxidos promovido pelo Ebs requer a reagcdo do composto de Se com um
grupamento SH, produzindo assim o selenenil sulfeto. O selenenil sulfeto ao reagir com outro
grupamento SH, produz o Ebs selenol, e é este o grupamento que ao reagir com
hidroperdxidos, os transforma em agua e &cido selenénico (Figura 4). A inativacdo de
perdxidos via DPDS, acontece de forma similar que a exemplificada para o Ebs, exceto pelo
fato de que os disselenetos de diarila apresentam uma ruptura da ligacdo Se-Se 0 que necessita
de duas vezes mais grupamentos SH para que a reacdo ocorra (NOGUEIRA; ZENI; ROCHA,
2004).
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Figura 4: Mecanismo de inativacao de hidroperoxidos pelo ebselen.
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Fonte: Adaptado de NOGUEIRA; ZENI; ROCHA, 2004

Outro mecanismo de a¢do dos compostos Ebs e DPDS é via TRXR, onde 0s compostos
servem como substrato do sistema tioredoxina e assim ao reagirem com NADPH, passam a
expressar a forma SeH, sendo novamente capazes de reagir com hidroperédxidos (Figura 5)
(ZHAO; MASAYASU; HOLMGREN, 2002).

Em decorréncia dos efeitos redox, diversos estudos ja reportaram que 0S cCOmpostos
Ebs e DPDS possuem efeitos farmacoldgico tais como, atividade anti-ulcera, anti-inflamatéria
e antinociceptiva entre outras (SAVEGNAGO et al., 2006; SCHEWE, 1995; TAKASAGO et
al., 1997; ZASSO et al., 2005).

1.1.2 Novos compostos organicos de selénio

Os compostos organicos de Se, como o Ebs e DPDS, possuem atividade antioxidante
devido a agdo mimética a enzima GPx e isso possibilitou que inimeros grupos de pesquisa
pesquisassem e sintetizassem analogos estruturais através da inser¢cdo de grupamentos
funcionais, principalmente com a intencdo de melhorar os seus efeitos antioxidantes assim
como, produzir moléculas mais seguras (ALBERTO et al., 2009; BHABAK; MUGESH,
2010; WILSON et al., 1989).
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Figura 5: Mecanismo de inativacao de hidroperdxidos pelo ebselen via TrxR.
H,0, gq NH@ X NADP'
X NADPH
H,0, @«NH@ X Trx-S; NADPH
H,0 X

NADP"

Fonte: ZHAO; MASAYASU; HOLMGREN, 2002.

Dentre os grupamentos funcionais mais utilizados estdo os ions cloro e fldor, assim
como, grupamentos metoxi e metil entre outros (L. BRAGA; RAFIQUE, 2013). Prestes e cols
demonstraram em um estudo in vitro que a inser¢do de grupamentos funcionais metila e
metoxi na fenila ligada ao elemento Se, aumentaram a capacidade de mimetizar a GPx
(PRESTES et al., 2012). Outro estudo recente também demonstrou que a inser¢do de ions
cloro, e de grupamentos metoxi e metil na molécula do DPDS produziu compostos organicos
de Se que ndo apresentam efeitos toxicos em camundongos (SAVEGNAGO; JESSE;
NOGUEIRA, 2009). Além disso, ja foi relatado que a insercdo de grupamentos metoxi na
posicdo para das fenilas do DPDS preveniu a neurodegeracdo induzida por estreptozotocina
em ratos (PINTON et al., 2013).

Um estudo de Bhabak e Mugesh demonstrou que a substituicdo dos atomos de
hidrogénio presentes na estrutura quimica de diaril disselenetos por grupamentos metoxi
elevaram a atividade da enzima GPx, justamente por aumentar as caracteristicas zwitteridnica
das moléculas (BHABAK; MUGESH, 2008). Sabe-se também que a insercdo de grupamentos
amina e amida na estrutura quimica de compostos orgénicos de Se possibilitam um aumento
da atividade da GPx por promover uma reducgéo da interagdo entre o atomo de Se e nitrogénio
ou oxigénio da molécula e assim facilitando a reagdo do Se presente no composto com 0s
grupamentos SH (BHABAK; MUGESH, 2010).
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1.1.2.1 p-selenoaminas e compostos analogos ao DPDS

Estudos j& demostraram que compostos analogos ao DPDS apresentam efeitos
antioxidantes similares ao composto de origem como é o caso dos monosselenetos, 1-fenil-3-
(p-tolilselenil)propano-2-amina (C1) e 1-(2-metoxifenilselenil)-3-fenilpropano-2-amina (C2),
e os disselenetos, 1,2-bis(2-metoxifenil)disseleneto (C3) e o 1,2-dip-tolildisseleneto (C4)
(STEFANELLO, S.T. et al., 2013).

Os compostos C1 e C4 possuem um grupamento metila na posicdo para do anel
aromatico, enquanto que os compostos C2 e C3 possuem um grupamento metoxi na posi¢ao

orto (Figura 6).

Figura 6: Estrutura quimica ¢ nomenclatura das B-selenoaminas (C1 e C2) e dos compostos

analogos do disseleneto de difenila (C3 e C4).
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Fonte: Adaptado de STEFANELLO, S.T. etal., 2013
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1.2 MODELOS EXPERIMENTAIS PARA ANALISE DE NOVOS COMPOSTOS

Atualmente existe diversos modelos experimentais relacionados a anélise de novas
moléculas. Dentre os mais usuais estdo o emprego de modelos alternativos como por
exemplo, C. elegans, Drosophila melanogaster e in silico. Normalmente apos obter resultados
experimentais em modelos alternativos é que se utiliza entdo modelos que involvam o uso de

roedores e pequenos primatas.

1.2.1 C. elegans

C. elegans é nematddeo saprofito ndo patogénico, que possui uma homologia de 60-
80% aos genes humanos (SHAYE; GREENWALD, 2011). Além disso, o genoma do C.
elegans ja esta totalmente sequenciado o que permite o desenvolvimento de inimeras cepas
transgénicas (CONSORTIUM, 1998). Dessa forma, diversos laboratérios de pesquisa tém
utilizando o modelo experimental do C. elegans para desenvolver estudos relacionados com
doengas neurodegenerativas, assim como, experimentos de toxicologia e farmacologia de
novos compostos (ARANTES et al., 2016; SIN; MICHELS; NOLLEN, 2014; ZAMBERLAN
etal., 2014).

Além disso, o C. elegans pode ser considerado uma ferramenta ideal para pesquisas
laboratoriais em decorréncia da conscientizagdo quanto a limitagdo do uso de animais
vertebrados para pesquisa, assim como, em relacdo a facilidade de cultivo em laboratério
devido os baixos custos, pois 0s vermes sdo armazenados em placas de petri apenas contendo
meio de crescimento para nematoides e bactéria Escherichia coli (OP50) como fonte
nutricional.

O C. elegans possui um tempo de vida curto, como por exemplo a cepa N2 que possui
cerca de 12 a 18 dias de vida atil qguando mantido na temperatura de 20 °C (RIDDLE et al.,
1997). Durante este periodo ocorre todo o ciclo de desenvolvimento do nematddeo,
compreendendo todo o estagio embrionario, a eclosdo do ovo, 0s quatro estagios larvais (L1;
L2; L3 e L4) e o verme adulto (Figura 7). O verme adulto possui tecidos similares aos
encontrados em outros animais, como por exemplo, neurdnios, sistema excretdrio, masculos,
faringe, intestino, génadas, entre outros (ALBERTS et al., 2002). No entanto, o C. elegans
possui algumas peculiaridades que promovem a sua excessdo como modelo experimental,

como por exemplo a presenca de uma hipoderme revestida por uma cuticula externa
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transparente, que possibilita a utilizacdo de técnicas de microscopia para a realizacdo dos
experimentos (SHAYE; GREENWALD, 2011).

E em decorréncia de possuir um ciclo de vida curto o C. elegans pode ser empregado
em métodos tanto de exposicdo aguda quanto exposicdo cronica a xenobidticos e novos
farmacos, sendo possivel analisar o efeito dos compostos em qualquer fase do
desenvolvimento, assim como, os efeitos na progénie.

Além disso, os vermes podem ser encontrados na forma hemafrodita ou macho. Os
vermes adultos sdo constituidos por aproximadamente 1000 celulas somaticas, sendo que 0s
vermes hemafroditas possuem 959 células e os vermes machos 1031 células (ALBERTS et
al., 2002).

Figura 7: Ciclo de vida do C. elegans.
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Fonte: http://www.wormatlas.org

1.2.2 Dano hepético agudo induzido por tioacetamida

Os modelos experimentais que promovem toxicidade hepatica em decorréncia da
exposicéo de roedores a toxinas como a tioacetamida (TAA), o paracetamol e o tetracloreto de

carbono, possuem um amplo interesse cientifico, principalmente em relagdo ao mecanismo de
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acdo dessas moléculas e como que se reverte esses 0s danos causados pela intoxicagdo, ja que
o figado é um 6rgdo principal na metaboliza¢do de farmacos e xenobidticos (DE DAVID et
al., 2011; DU; RAMACHANDRAN; JAESCHKE, 2016)

A TAA é amplamente utilizada como toxina hepética sendo esta capaz de promover
tanto dano hepatico agudo quanto dano cronico, conforme a via e dose escolhida. A
administragio de uma dose Unica (200 mg kg™) de TAA, via intraperitoneal, em camundongos
é considerada como sendo um modelo classico para a obtencdo de dano hepético agudo que
apresenta caracteristicas miméticas ao obtido em infec¢cbes em humanos (HSU et al., 2012;
MUSTAFA; EL AWDAN; HEGAZY, 2013; ZHANG; WANG; YU, 2007)

A TAA quando biotransformada pelo citocromo P-450, através de duas oxidacdes,
produz os metabdlitos S-6xido de TAA e dioxido de TAA e sdo estes que promovem a
citotoxicidade (Figura 8) (CHILAKAPATI et al., 2005). Esses metabdlitos ao interagem com
as macromoléculas hepéticas promovem deplecdo dos antioxidantes enddgenos e iniciam 0s
processos de lesdo e necrose tecidual (ANBARASU et al., 2012; DE DAVID et al., 2011).

Ao iniciar o processo de necrose nos hepatocitos ocorre uma extensdo do dano
tecidual devido a producdo de espécies reativas de oxigénio (EROs) assim como, perda da
funcionalidade mitocondrial (STANKOVA et al., 2010).

Figura 8: Metabolismo da TAA.
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A perda da fungdo mitocondrial, por a¢gdo de xenobidticos, promove um maior escape
de elétrons permitindo a uma maior formagéo do anion superoxido (O2™) (TURRENS, 2003).
Dessa forma, ocorre o desencadeamento do estresse oxidativo uma vez que, o Oy €
responsavel por ser o precursor de outras EROs incluindo o radical hidroxila (OH"), o
peroxido de hidrogénio (H202), acido hipocloroso e o radical hidroperoxila (AFANAS’EYV,
2015).

Dessa forma, o estresse oxidativo promove liberagdo de biomarcadores assim como,
conduz a mudangas nas caracteristicas morfoldgicas do tecido hepatico que favorecem o
agravamento do dano (DE MINICIS et al., 2013).
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2 JUSTIFICATIVA

A formulacdo de moléculas andlogas a compostos ja previamente utilizados
possibilitam a producdo de compostos inéditos e que possam apresentar melhores resultados
guando comparado com seu protétipo. Sendo assim, é natural que novos compostos sejam
submetidos a testes experimentais em que seus precursores apresentem efeitos ja conhecidos
com a finalidade de comparar dados como por exemplo eficécia, toxicidade, farmacocinética,
farmacodinamica entre outros.

Em decorréncia dos estudos previamente publicados se sabe que 0s compostos
organicos de Se apresentam uma caracteristica reversora de dano no C. elegans (citar dani)
em modelos de Alzheimer e outros. Além disso, compostos organicos de Se sdo altamanete u

Sendo assim, este estudo foi delineado para que seja realizado um aporte experimental
inicial utilizando diferentes modelos experimentais, com a finalidade de elucidar se
monosselenetos e disselenetos apresentam diferengas entre si assim como se apresentam

efeitos positivos nos modelos de inducéo de dano.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Avaliar a possivel protecdo/reversdo do estresse oxidativo e dos parametros
comportamentais e bioquimicos dos compostos monosselenetos e disselenetos, através da
utilizacdo do modelo alternativo do C. elegans e do modelo de dano hepético agudo induzido

pela administracdo de tioacetamida em camundongos.

3.2 OBJETIVOS ESPECIFICOS

- Elucidar se a exposicdo do C. elegans a diferentes concentragdes dos compostos
organicos de Se alteram a taxa de sobrevivéncia do verme;

- Verificar a capacidade protetiva dos compostos organicos de Se através da exposi¢do
do nematddeo C. elegans a agentes nocivos como a juglone e o estresse térmico;

- Analisar a capacidade antioxidante e reversora de dano dos compostos organicos de
Se no modelo de dano hepatico agudo induzido pela administracdo de tioacetamida em

camundongos.
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4 RESULTADOS

Os resultados que fazem parte desta tese estdo apresentados sob a forma de artigos
cientificos (3). Os itens “Materiais e métodos”, “Resultados”, “Discussdo” e “Referéncias
Bibliograficas” estdo contidos nos proprios artigos e manuscrito. Os artigos cientificos estdo
dispostos na forma em que foram publicados nos periddicos Toxicology Reports, Toxicology
Research e Journal of Biochemical Molecular and Toxicology, respectivamente.
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ARTICLE INFO ABSTRACT

Article history: Organic selenium compounds possess numerous biological properties, including antioxidant activity. Yet,
RECE{VEd }qun-!e 2015 the high toxicity of some of them, such as diphenyl diselenide (DPDS), is a limiting factor in their current
Received in revised form 26 June 2015 usage. Accordingly, we tested four novel organic selenium compounds in the non-parasite nematode
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Available oniine 6 July 2015 Caenorhabditis elegans and compared their efficacy to DPDS. The novel organic selenium compounds

are [3-selenoamines 1-phenyl-3-(p-tolylselanyl)propan-2-amine (C1) and 1-(2-methoxyphenylselanyl)-
3-phenylpropan-2-amine (C2) and analogs of DPDS 1,2-bis(2-methoxyphenyl)diselenide (C3) and 1,2-
bisp-tolyldiselenide (C4). Synchronized worms at the L4 larval stage were exposed for one hour in M9
buffer to these compounds. Oxidative stress conditions were induced by juglone (200 M) and heat shock
(35°C). Moreover, we evaluated C. elegans behavior, GST-4::GFP (glutathione S-transferase) expression
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GST-4::GFP and the activity of acetylcholinesterase (AChE). All tested compounds efficiently restored viability in
AChE juglone stressed worms. However, DPDS, C2, C3 and C4 significantly decreased the defecation cycle
Juglone time. Juglone-induced GST-4::GFP expression was not attenuated in worms pretreated with the novel

compounds, except with C2. Finally, AChE activity was reduced by DPDS, C2, C3 and C4. To our knowledge,
this is study firstly showed the effects of C1, C2, C3 and C4 selenium-derived compounds in C. elegans. Low
toxic effects were noted, except for reduction in the defecation cycle, which is likely associated with AChE
inhibition. The juglone-induced stress (reduced viability) was fully reversed by compounds to control
animal levels. C2 was also efficient in reducing the juglone-induced GST-4::GFP expression, suggesting
the latter may mediate the stress induced by this compound. Future studies could be profitably directed
at addressing additional molecular mechanisms that mediate the protective effects of these novel organic
selenium compounds.
© 2015 Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction in a myriad of diseases associated with increased oxidative stress
conditions [1]. Two of the main studied selenium-containing com-

Organic selenium compounds have been recognized for pounds, ebselen and diphenyl diselenide (DPDS), possess strong
their immunosuppressive, anti-inflammatory, anti-cancer, anti- antioxidant activity, which has been associated with their abil-
depressive, as well as neuro, cardio and hepatoprotective activities ity to mimic glutathione peroxidase-like activity (GPx), as well
as also by acting as substrates of thioredoxin reductase (TrxR)

[1,2]. Nevertheless, the toxicity of these molecules has limited

their usage for pharmacological purposes in vertebrate animals

* Corresponding author. Fax: +55 55 3220 8978. [3]. Their toxicity is primarily characterized by enzymatic inhi-
E-mail address: felix@ufsm.br (F.A.A. Soares).

http://dx.doi.org/10.1016/j.toxrep.2015.06.010
2214-7500/© 2015 Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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bition of acetylcholinesterase (AChE) and d-aminolevulinic acid
dehydratase (8-ALA-D) [3,4]. Accordingly, the need exists for the
development of novel organic selenium compounds that provide
pharmacological efficacy absent toxicity.

The present study focused on two different classes of organic
selenium compounds, namely, monoselenides or 3-selenoamines
1-phenyl-3-(p-tolylselanyl)propan-2-amine  (C1) and 1-(2-
methoxyphenylselanyl)-3-phenylpropan-2-amine  (C2) and
analogs of DPDS 1,2-bis(2-methoxyphenyl) diselenide (C3) and
1,2-bisp-tolyldiselenide (C4). These novel mono and diselenides
have already been shown to possess antioxidant properties in vitro,
associated with the the selenol formation [5].

The non-parasite nematode Caenorhabditis elegans (C. elegans)
has been extensively used in toxicology, pharmacology and molec-
ular biology studies, predominantely given its genetic power [6].
Amongst its many advantages are short life cycle, transparency,
stereotypical development, compact genome, ease of breeding
and small size [7]. Selenium compounds have been studied in
this model, addressing their efficacy against oxidative stress-
induced toxicity and attenuation of AB1-42 (amyloid-3) expression
[8]. Seleno-xylofuranosides have also been shown to attenuate
Mn-induced toxicity, by regulating the DAF-16/FOXO signaling
pathway, and ebselen was shown to be effective in reversing Mn-
induced reduction in survival and lifespan in C. elegans [9,10].

Here, we assessed the toxicity of novel organic selenium com-
pounds and DPDS in C. elegans. We evaluated survival, behavior,
reproduction and AChE activity in response to oxidative stress and
heat shock, addressing the efficacy of these novel compounds in
attenuating toxicity.

2. Materials and methods
2.1. Organic selenium compounds

The organic selenium compounds 1-phenyl-3-(p-tolylselanyl)
propan-2-amine (C1), 1-(2-methoxyphenylselanyl)-3-
phenylpropan-2-amine (C2), 1,2-bis (2-methoxyphenyl) diselenide
(C3), and 1,2-bisp-tolyldiselenide (C4) (Fig. 1) were synthesized
according to Salman et al. and the chemical purity (99.9%) was
assessed by hydrogen and carbon nuclear magnetic resonance and
gas chromatography [11]. We compared the toxicity and efficacy
of these novel compounds with a classical organic selenium com-
pound, DPDS. All compounds were dissolved in dimethyl sulfoxide
(DMSO).

2.2. Worm maintenance

C. elegans Bristol N2 (wild-type) and CL2166 (N2; dvIs19 (Pgst-
4::gfp; rol-6), glutathione S-transferase), were provided by the
Caenorhabditis Genetic Center (CGC, University of Minnesota).
All strains were grown at 20°C on NGM plates (1.7% agar,
2.5mg mL-1peptone, 25 mM NaCl, 50 mM KH,PO4 pH 6.0, 5 g mL-
1 cholesterol, 1 mM CaCl,, 1 mM MgSO,) with fresh Escherichia coli
OP50 as food source [12]. For each experiment, synchronized pop-
ulations were obtained by disruption of gravid adults. Worms were
grown to the L4 larval stage on NGM/OP50-seeded plates.

2.3. C. elegans experimental treatments

L4 larval stage worms were exposed to the organic selenium
compounds for one hour at different concentrations. Worms were
transferred to a 1.5mL conical tubes containing M9 buffer along
with each of the compounds or DMSO (vehicle, at 1% maximum).
Worms were kept under constant shaking for oxygenation during
all phases of the liquid treatments. After one hour, animals were
washed three times with M9 and transferred to NGM plates seeded

1-phenyl-3-(p-tolylselanyl)propan-2-amine

c1
WSe@
NH
2 9
N

1-(2-methoxyphenylselanyl)-3-phenylpropan-2-amine
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c3

D/SeSe@/
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Fig. 1. Chemical structure and nomenclature of the 3-selenoamines (C1 and C2),
diphenyl diselenide (DPDS) and analogs (C3 and C4).

with OP50. Worms were left for 30 min to acclimate on the plates
prior to the behavioral assays, and for twenty-four hours for the
survival assay and reproductive profile assessments.

2.4. Concentration range

Survival curves were generated for treatment (twenty-four
hours) at 5, 25, 50, 100, 200 and 400 wM. Worms were consid-
ered dead when no movement response was obtained upon gentle
touch and/or pharyngeal pumping was unnoted. Four experiments
were individually performed in duplicates with approximately one
hundred worms per treatment. After performing the dose-response
curve for each of the organic selenium compounds, we chose the
non-toxic dose of 200 wM for further assays (mentioned below).

2.5. Pharyngeal pumping

Pharyngeal pumping was individually verified for ten seconds
at three time points in animals seeded over bacteria at 22 +2°C
[13]. The results were expressed as pharyngeal pumping/min. Ten
worms were used in each experiment, with three independent
replicates.
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2.6. Defecation cycle

After treatment with organic selenium compounds, animals
were washed with M9 and transferred to a fresh NGM plate seeded
with E. coli OP50 [13]. The mean of three defecation cycles from
each animal was used as indirect measurement of intestinal traffic.
This experimental procedure was performed at 22 + 2 °C with ten
worms, and independently replicated in triplicate worm prepara-
tions.

2.7. Reproductive profile

C. elegans reproductive profile was analyzed twenty four hours
after treatment. Egg-production represents the amount of eggs
inside the uterus in each animal and egg-laying is represents the
average of eggs laid over two hours. The results were expressed
as the number of eggs/worm and eggs/worm/2 h respectively. Ten
worms were used in each experiment, and independently repli-
cated in triplicate worm preparations.

2.8. Body bends

L4 treated worms were individually transferred to E.coli-free
NGM plates and allowed to move freely. After one min of adapta-
tion, the number of body bends was scored in a 60-s time interval.
A body bend was defined as a direction change in propagation of
the posterior pharynx bulb along the y-axis, assuming the worm
was traveling along the x axis [14]. Ten worms were observed at
22+2°C, and each experiment was independently replicated in
triplicate worm preparations.

2.9. AChE activity

AChE activity in N2 L4 larval stage worms was analyzed with
a colorimetric assay [15] with some modifications [16]. Follow-
ing exposure to the organic selenium compounds, animals were
washed three times in M9 buffer and transferred to microcen-
trifuge tubes. The samples were frozen three times in liquid
nitrogen prior to sonication 9 x 10-s with 10-s breaks on ice at 30%
amplitude, spun for 30 min at 15,000 rpm, and the supernatants
(lysates) collected. Protein content was determined as previously
described [17] with bovine serum albumin (BSA) as standard. A
160-pL portion of the sample was mixed with 1200 L of 0.25 mM
5,5-dithiobis (2-nitrobenzoic acid) (DTNB), and 40 L of 156 mM
acetylthiocholine iodide (ASChI) and incubated at 30°C for 5 min.
The rate of change in absorbance was measured at 405 nm at 30-s
intervals for one min by spectrophotometry. Kinetic measurements
were recorded and converted to total cholinesterase activity using
the extinction coefficient for the colored product, 5-thio-2-nitro-
benzoic acid (II) [15]. Experiments were performed in duplicates
on three different days with ~500 worms per group.

2.10. Survival assay over juglone-induced oxidative stress

Worms at the L4 larval stage were treated with 200 M of each
compound as described above (~500 worms per group). After three
washes in M9, the worms were picked and transferred to tubes
containing 100 uM juglone (5-hydroxy-1,4-naphthoquinone) or
ethanol (EtOH, 1% maximum) [8]. After one hour of exposure under
constant shaking, the worms were washed again with M9 and
transferred to NGM plates where survival was examined twenty
four hours later following the same criteria described above.

2.11. Stress induction of the GST-4 promoter

Worms at L4 larval stage were treated with each of the com-
pounds (200 wM) for one hour and gently washed in M9 buffer.
Next, animals were treated for one hour with juglone (50 uM)
followed by three washes with M9, and transferred to a black
microplate. For each measurement, twenty adult hermaphrodites
were assessed for GFP fluorescence with a SpectraMax® i3 Multi-
Mode Microplate Reader. Prior to the analysis, worms were
concentrated in the middle of the wells by gently shaking the
plate. GFP excitation was performed at 488 nm and emission was
measured at 525 nm. In addition, a sample of treated worms was
microscopically examined with an Olympus IX81 Inverted Micro-
scope at 20x magnification using the green filter for fluorescence.
The results were expressed as Arbitrary Fluorescence Units (AFU).

2.12. Heat shock stress

After pre-treatment with organic selenium compounds, worms
were kept for four hours on food at 35°C as a stress condition. Sur-
vival was assessed consecutively each hour during the heat shock,
and results were expressed as% of survival (of a total of 100 worms
per treatment). Approximately one hundred worms were counted
per group in each independent experiment. Each experiment was
independently replicated in triplicate worm preparations.

2.13. Minimum inhibitory concentration (MIC) in E. coli OP50

To verify whether the organic selenium compounds has influ-
ence on E.coli OP50 growth, we assessed the MIC. Bacteria was
seeded on plates with Mueller Hinton agar and allowed to grow
for twenty four hours at 37°C. Next, we prepared suspensions of
microorganisms in Mueller Hinton broth. The MIC was performed
according to Clinical and Laboratory Standards Institute [ 18]. A total
of 50 wL of the standardized microorganism suspension was placed
in each test well of a 96-well microtiter plate, along with an equal
volume of compound to be tested at different concentrations. We
performed a broth control, a growth control, and a compound vehi-
cle control to which the results were compared. The plates were
incubated for twenty four hours at 37 °C. The MIC was considered
as the lowest concentration of the test product able to inhibit the
growth of microorganisms evidenced by the use of 2,3,5 triphenyl-
tetrazolium chloride 1%.

2.14. Protein quantification

Protein concentration was estimated by the Bradford method
with bovine serum albumin as the standard [17].

2.15. Statistical analysis

All data are expressed as means + S.E.M for each experimental
group. Determination of statistical significance was performed by
one-way analysis of variance (ANOVA) followed by Newman-Keuls
Multiple Comparison Test where appropriate. Differences between
groups were considered to be significant at p<0.05.

3. Results

3.1. C. elegans behavior under organic selenium compounds
exposure

Pre-treatment with DPDS and the organic selenium compounds
did not interfere with C. elegans egg-laying, egg-production, pha-
ryngeal pumping and body bends (data not shown). However,
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Fig. 3. AChE enzyme activity was significantly reduced by treatment with novel
organic selenium compounds, except C1, in C. elegans.

The activity of AChE was studied in L4 larval stage worms following novel organic
selenium compound treatment. ® indicates statistical significance (p<0.05) com-
pared to the control group with one-way ANOVA followed by Newman-Keuls
Multiple Comparison Test [mean £ SEM). Five hundred animals were used in three
independent experiments.

treatment with the organic selenium compounds, excepted C1 pro-
duce a significantly decreased the defecation cycle when compared
to non-treated worms (Fig. 2).

3.2. C elegans AChE activity following exposure to organic
selenium compounds

C2, DPDS, C3 and C4 significantly diminished AChE activity
(p<0.05), compared to the control group, (Fig. 3). C1, which con-
tains a p-methyl inclusion, failed to alter AChE activity. The absolute
control value was 41.34 + 1.67 pumol/min/mg protein.

3.3, Organic selenium compounds protect against
Juglone-induced oxidative stress

Juglone treatment significantly decreased the survival rate
in C elegans (Fig. 4, p<0.05 compared to the control worms).

organic ompound, EVOH for juglone and M9 buffer for control ), After three
washes in M9, the worms were transferred to NGM plates and the viability assessed
24 h later, Results are shown as% of survival of total worms (mean £ SEM) of three
independent experiments. * indicates statistical significance (p<0.05) compared
to the control group with one-way ANDVA followed by Newman-Keuls Multiple
Comparison Test,

Pre-treatment with DPDS or the organic selenium compounds
protected the worms against juglone-induced toxicity, restoring
viability to levels indistinguishable from controls.

3.4. Effect of organic selenium compounds on the G5T-4 promoter
fluorescence

The fluorescence of GS5T-4::GFP transgenic worms was quan-
tified after pre-treatment with organic selenium compounds
followed by juglone stress induction (Fig. 5A and B). In addition,
only C2 was able to prevent the juglone-induced GST-4 increase in
fluorescence (p <0.05, C2 in comparison to juglone treated group).

3.5. Organic selenium compounds protect against heat shock
stress

The heat shock stress produced a time-dependent decrease in
worm survival. In addition, treatment with mono- or diselenides
failed to increase C. elegans viability over the heat shock induced
stress (data not shown).

3.6. Effects of organic selenium compounds on E. coli OP50

The organic selenium compounds did not cause a significant
antimicrobial effect on E. coli OP50 growth. In addition, all com-
pounds tested at a concentration range between 5 and 400 uM
showed analogous levels to the positive bacteria control group
(data not shown).

4. Discussion

A number of organic selenium compounds have been studied,
assessing their efficacy in attenuating oxidative stress generation
13,19]. Their antioxidant capacity is predominantly ascribed to their
mimetic activity of endogenous antioxidant enzymes, as well as the
production of selenol group [20,21]. Nevertheless, several studies
have also reported enhanced toxicity inherent to these organic sele-
nium compounds, likely related to the catalytic oxidation of thiol
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Fig. 5. GST-4::GFP expression is induced by juglone and suppressed by the C2 organic selenium compound.

Worms were pre-treated with each of the compounds for 1 h (200 M), washed three times in M9 and subjected to juglone treatment (200 M) for 1 h. GST-4::GFP fluorescence
was microscopically evaluated with an Olympus IX81 Inverted Microscope at 20x magnification, using the green filter for fluorescence (A) and with the SpectraMax® i3
Multi-Mode Microplate Reader (B) # represents statistically significant (p <0.001) difference compared to control and * indicates statistically significant (p <0.05) difference
compared to the juglone treated group. Analysis was carried out by means of one-way ANOVA followed by Newman-Keuls Multiple Comparison Test (mean + SEM). Twenty

animals were observed in four independent experiments.

groups from glutathione (GSH) or different proteins and enzymes
[1,3]. Accordingly, the search for efficacious organic compounds has
yet to materialized.

Herein, structural modifications to classical selenium com-
pounds, i.e., ebselen and DPDS, were made to synthesize novel
molecules with inherent capacity to produce selenol groups, higher
stability and low toxicity [21,22]. Our group has shown that (-
selenoamines and anologs of DPDS possess enhanced in vitro
antioxidant properties, such as a significant elevation in both GPx
and TRxR activity [5,23]. In this regard, we assessed biological and
toxicological activities of these novel organic selenium compounds
(in comparison with DPDS) in the C. elegans model.

To the best of our knowledge, this is the first trial study which
addressed the effects of these novel organic selenium compounds
C1, C2, C3 and C4 on a whole organism. Our studies suggest lack of
effects of these compounds on C. elegans survival at doses as high as
200 wM (data not shown). Furthermore, the novel organic selenium

compounds did not affect reproduction, feeding and movement
behaviors (data not shown). Interestingly, we observed DPDS-, C2-,
C3- and C4-induced decrease on the frequency of defecation cycles
(Fig. 2). This behavior is a stereotypic motor program that in the
nematode occurs approximately every 50s [24]. Each cycle begins
with a posterior body contraction that drives gut contents to the
anterior part of the worm and is followed by an anterior body
muscle contraction that pushes expels the gut contents toward the
posterior of the animal, followed by an enteric muscle contraction
that expels gut contents [7]. Among many pathways which orches-
trate the defecation motor program in C. elegans [7], we affirmed
herein that novel selenium compounds interfere with choliner-
gic system (Fig. 3). The neurotransmitter ACh has been found at
low ranges in cha-1 mutants (cha-1 choline acetyltransferase) [25],
which exhibitan increase in the interval between defecation cycles.
The tested compounds, except C1, caused a significant reduction in
the AChE activity (Fig. 3), suggests that greater availability of synap-
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tic ACh is responsible for the noted decrease the defecation cycle
time. Furthermore, C1 could not diminish the AChE activity (Fig. 3),
which corroborates with the absence of effects over defecation
cycle interval (Fig. 2). The AChE reduction caused by selenium com-
pounds, such as ebselen and DPDS, have been also been reported
in previous studies using rat brains in vitro and mouse ex vivo,
respectively [26,27].

We further characterized whether the novel organic sele-
nium compounds attenuated juglone-induced stress. Our findings
demonstrate that juglone reduced the worms’ viability by ~50%,
and that pre-treatment with organic selenium compounds fully
abolished this effect to levels indistinguishable from controls. This
effect was inherent to all the tested novel organic selenium com-
pounds, showing full protection against juglone-induced toxicity
(Fig. 4).

Juglone is a reactive oxygen-generating naphthoquinone and
it has been previously studied in C. elegans to define genes that
promote oxidative stress resistance [28,29]. Among many stress-
related genes, gst-4 is upregulated upon juglone exposure [30].
Our data corroborate the ability of juglone to potently induce GST-
4::GFP expression, an effect which was significantly reduced by
C2 (Fig. 5). C2's efficacy in attenuating juglone-induced stress may
thus reflect its ability to increase GST-4 levels. DPDS, C1, C3 and
C4 failed to decrease GST-4::GFP fluorescence even at doses that
significantly reduced juglone toxicity (Fig. 4). Juglone can induce
oxidative stress through various mechanism, such as superoxide
(027*), hydroxyl radical (*OH) and hydrogen peroxide (H,0;) for-
mation, triggering toxic effects by protein modifications [31,32],
lipid oxidation [33] and nuclear DNA damage [34]. Earlier studies
from our group have demonstrated that DPDS analogs were able
to protect against thioacetamide-induced oxidative stress in mice
[35]. However, further studies are needed to verify the effects of the
novel organic selenium compounds via an analogous mechanism
in C. elegans.

Organic selenium compounds are known to possess antimi-
crobial activity [36]. Accordingly, we performed the minimum
inhibitory concentration (MIC) of these compounds in E. coli OP50
to ascertain whether they might cause a decrease bacterial viability,
and thus interfere in the worms’ lifespan. Our results established
that neither of the novel organic selenium compounds at concen-
tration tested can diminish the E. coli OP50 quality, which provide
further impetus for future studies regarding C. elegans development
and lifespan.

In conclusion, we have demonstrated that structural changes
made in the C1, C2, C3 and C4 organic selenium compounds pre-
vented juglone-induced stress in C. elegans, mimicking the efficacy
of DPDS. Furthermore, our findings indicate that C1, in addition to
possessing high efficacy against juglone-invoked stress, also main-
tained optimal AChE activity and normal defecation cycle in the
worm. This effect may reflect the presence of amino group and p-
methyl insertions in the C1 molecule. Combined, these findings
suggest the novel organic selenium compounds have promising
pharmacological properties in attenuating oxidative stress condi-
tions. Future studies could be profitably directed at deciphering
their efficacy in other animal models and establishing the molecular
mechanisms inherent to this protection.
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1. Introduction

Effect of diselenide administration in
thioacetamide-induced acute neurological
and hepatic failure in mice

Silvio Terra Stefanello,” Edovando José Flores da Rosa,® Fernando Dobrachinski,?
Guilherme Pires Amaral,® Nélson Rodrigues de Carvalho,?

Sénia Cristina Almeida da Luz,? Caroline Raquel Bender,? Ricardo S. Schwab,®
Luciano Dornelles® and Félix Alexandre Antunes Soares*?

Hepatic encephalopathy is a common complication of severe acute hepatic failure and has been associ-
ated with high short-term mortality rates. Therefore, the aim of this study was to investigate the effect of
diphenyl diselenide (DPDS) and its analogues in protecting against thioacetamide (TAA)-induced acute
neurological and hepatic failure in mice. The animals received a TAA dose of 200 mg kg™ intraperitone-
ally, and then, 1 hour later, they received 15.6 mg kg™ of diselenides intraperitoneally. Twenty three hours
after diselenide administration, the animals were sacrificed, and blood, brain and liver samples were col-
lected for analysis. The results showed that mice exposed to TAA presented oxidative stress character-
istics, such as an increase in lipid peroxidation (LPO), enhanced glutathione peroxidase activity and a
decrease in the GSH/GSSH ratio in the brain and liver. In addition, the TAA group showed a decrease in
cellular viability in both tissues. TAA treatments also generate reactive oxygen species and cause inhibition
of glutathione-S-transferase in liver, which were associated with TAA exacerbated half-life in this tissue. In
the histopathological analyses, we observed that TAA induced a large inflammation process that was
confirmed according to the elevation of liver myeloperoxidase activity. Moreover, the treatment with dise-
lenides reduced the oxidative stress significantly. Additionally, after the establishment of acute hepatic
failure (AHF), DPDS was able to inhibit the inflammatory processes with a more significant decrease in
major hepatic damage effects than was presented after treatment with its analogues. Thus, our results
showed that DPDS is a promising therapeutic option for the treatment of AHF and hepatic encephalopa-
thy as mice returned to normal conditions after the damage.

The hepatotoxicity induced by TAA occurs within a short
time following its administration due to the formation of reac-

Acute hepatic failure (AHF) is a severe liver injury characterized
by serious complications of multiple organs and is also pre-
sented with high mortality rates when associated with the
development of hepatic encephalopathy.'

Among various neurological and hepatic toxicity models,
thioacetamide (TAA) is frequently used in experimental studies
involving rodents to further evaluate the therapeutic potential
of new drugs.’” In addition, TAA is considered to be a strong
hepatic toxin that can cause a severe disruption in liver metab-
olism and is associated with hepatocellular necrosis and
hepatic encephalopathy.®”
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tive metabolites, such as TAA sulfoxide and thioacetamide-
S-dioxide (TASO,).”® TASO, is a strong reactive metabolite and
is consequently responsible for initiating the brain and liver
necrosis process, depletion of endogenous antioxidant sub-
strates, generation of reactive oxygen species (ROS), and lipid
peroxidation.”* Against TAA-induced injury, several anti-
oxidants, such as organic selenium and phytochemical com-
pounds, have been reported of protecting the brain and
liver.**™?

Classical organic selenium compounds, i.e. diphenyl disele-
nide (DPDS), have been recognized for their antioxidant,
immunosuppressive and anti-inflammatory properties as well
as neurological and hepato-protective effects.”’** Studies
involving DPDS also demonstrate its ability to reduce AHF
caused by acetaminophen administration in mice.**>°

Corresponding with the beneficial effects resulting from
organic selenium compounds, new diselenides were produced
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through modifications in the DPDS molecule.””** Conse-
quently, this study evaluates DPDS and its chemical analogues,
which consist of an insertion of a methoxy (C1) or methyl (C2)
group in the DPDS molecule (Fig. 1). In addition, previous
studies with these analogues have shown an expressive in vitro
antioxidant effect.’

Thus, the aim of the present experimental study was to
evaluate whether the structural insertions of the new organic
selenium compounds, methoxy (C1) or methyl (C2) groups, or
DPDS ameliorate the AHF induced by TAA when administered
after the establishment of cellular damage. Hepatic failure was
assessed by the measurement of serum alanine aminotransfer-
ase (ALT) and aspartate aminotransferase (AST) activities,
myeloperoxidase and histopathological analysis. In addition,
neurological and hepatic oxidative stress was estimated by
measuring the brain and liver tissue levels of malondialdehyde
(MDA), ROS production, GSH, GSSG, antioxidant enzymes
(GST and GPx), and cellular viability.

2. Materials and methods
2.1. Chemicals

DPDS, TAA, thiobarbituric acid (TBA), MDA, methyltetrazolium
bromide (MTT), and dimethyl sulfoxide (DMSO) were
obtained from Sigma (St. Louis, MO). Tris-HCI, 2'7"-dichloro-
fluorescein diacetate (DCFH-DA), sodium dodecyl sulfate
(SDS), acetic acid, and ethanol were obtained from Merck
(Rio de Janeiro, R], Brazil). All other chemicals were of analyti-
cal grade and were obtained from standard commercial
suppliers.
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2.2. Compounds

The DPDS analogues were prepared according to the literature
method previously described by Salman et al. in 2012.*° The
products’ purity was accessed by hydrogen and carbon nuclear
magnetic resonance and gas chromatography. The compounds
tested were 1,2-bis(2-methoxyphenyl)diselenide (C1) and
1,2-bis-p-tolyldiselenide (C2). All of the compounds were dis-
solved in DMSO.

2.3. Animals

Male adult Swiss albino mice (25-35 g) from our own breeding
colony were used. The animals were maintained on a 12 h
light:12 h dark cycle at a room temperature of 22 + 2 °C with
free access to food and water. The animals were treated accord-
ing to the standard guidelines of the Committee on Care and
Use of Experimental Animal Resources. The protocol was
approved by the Committee on the Ethics of Animal Experi-
ments of the Federal University of Santa Maria, Brazil (permit
number 101/2014).

2.4. Experimental treatments

The animals were divided into five groups with 5 mice each.
The groups were classified as follows: groups I (saline - canola
oil), II (TAA - canola oil), III (TAA - DPDS), IV (TAA - C1) and V
(TAA - C2). Group I (control) received 0.9% saline and after 1 h
received canola oil. Group II received TAA (200 mg kg™ i.p.)
and after 1 h received vehicle (canola oil 2.5 ml kg™ i.p.).”*!
Groups 111, IV and V received TAA (200 mg kg™ i.p.) dissolved
in buffered saline, and after 1 h, they received the diselenides
at 15.6 mg kg™' i.p. (DPDS, C1 and C2, respectively).”*** The
doses used for diselenides were considered safe because the
DPDS LDj, calculated for i.p. administration in mice is
210 mmol kg™".** All mice were sacrificed 23 hours after receiv-
ing the diselenides or vehicle (Scheme 1) by cervical dislo-
cation. The blood was collected by cardiac puncture
immediately after cervical dislocation. Serum was obtained by
centrifuging the blood at 2000g for 10 min. The brains and
livers were removed, weighed, dissected, and kept on ice until
the time of the assay. The remaining portions of the liver were
collected from the same anatomic area in all groups to
perform the myeloperoxidase assay and the histopathological
analyses. The other portions of the livers and the total brains
were homogenized in 10 mM Tris-HCl, pH 7.4 (1/10, w/v), and
centrifuged at 2000g for 10 min, and the low-speed super-
natants (S1) were separated and used for experiments. The
compound’s control group presented similar effects to saline
(data not shown).

2.5. Measurement of body and relative tissue weights

The body weight was measured minutes before the sacrifice.
After the cervical dislocation, the mouse brains and livers were
weighed. Relative weights were calculated according to the
equation given below:

Absolute organ weight
Body weight at sacrifice

Relative organ weight =

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 |llustrative diagram of the experimental protocol.

2.6. Measurement of serum ALT and AST

Serum activities of ALT and AST were estimated by spectro-
photometry using commercially available kits (Labtest,
Diagnostica S.A., Minas Gerais, Brazil).

2.7. MTT reduction levels

MTT reduction levels were determined as an index of dehydro-
genase enzymatic functions, which are involved in cellular via-
bility.** Aliquots of liver and brain S1 (200 uL) were added to a
medium containing 0.5 mg mL™" of MTT and were incubated
in the dark for 60 min at 37 °C. The MTT reduction reaction
was quenched with the addition of 1 mL of DMSO. Formazan
levels were measured spectrophotometrically at 570 nm, and
the results were corrected by the protein content.*

2.8. Thiobarbituric acid-reactive substance levels

The end products of lipid peroxidation were determined in
tissue samples as previously described by Ohkawa et al. in
1979.%® Aliquots (200 pL) of brain and liver supernatants were
mixed with 500 pL of TBA (0.6%), 200 uL of SDS (8.1%), and
500 pl of acetic acid (pH 3.4). The color reaction was developed
by incubating the tubes in boiling water for 60 min. TBARS
levels were measured at 532 nm using a standard curve of
MDA, and the results were reported as nmol MDA per mg
protein.

2.9. Measurement of intracellular reactive oxygen species
production

2'-7"-Dichlorofluorescein (DCF) levels were utilized to measure
the intracellular formation of ROS by the cellular com-
ponents.”” Aliquots (20 pl) of brain and liver supernatants
were added to a medium containing Tris-HCI buffer (10 mM;
pH 7.4) and DCFH-DA (1 mM). After DCFH-DA addition, the
medium was incubated in the dark for 60 min until the fluo-
rescence was measured (excitation at 488 nm and emission at
525 nm, and both the slit widths used were at 1.5 nm). DCF
levels were determined using a standard curve of DCF, and the
results were corrected by the protein content.

This journal is © The Royal Society of Chemistry 2015

2.10. Myeloperoxidase (MPO) activity

The MPO enzymatic activity was determined in the liver
according to the method proposed previously by Grisham et al.
in 1986 with some modifications.*® Briefly, a sample of the
liver supernatant (20 pL) was added to a medium containing
potassium phosphate buffer (50 mM; pH 6.0), hexadecyltri-
methylammonium bromide (0.5%), and N,N,N',N"-tetramethyl-
benzidine (1.5 mM). The kinetic analysis of MPO was started
after H,0, (0.01%) addition, and the color reaction was deter-
mined at 655 nm at 37 °C.

2.11. Measurement of reduced (GSH) and oxidized (GSSG)
glutathione

For the measurement of GSH and GSSG levels, we used a
method previously described by Hissin and Hilf in 1976.>° In
brief, 250 mg of brain and liver were homogenized in 3.75 mL
of phosphate EDTA buffer (pH 8) plus 1 mL of H3PO, (25%).
Homogenates were centrifuged at 4 °C at 130 000g for 30 min,
and the supernatants (S2) were separated into two different ali-
quots of 500 pL each for the measurement of GSH and GSSG.
For GSH determination, 100 pL of the supernatant (S2) was
diluted in 1.8 mL of phosphate buffer and 100 pL of O-phthal-
aldehyde (OPT) (1 pg pL™"). The mixtures were incubated at
room temperature for 15 min and their fluorescent signals
were recorded on an RF-5301 PC Shimadzu spectrofluorometer
(Kyoto, Japan) at 420 nm emission and 350 nm excitation wave-
lengths. For the measurement of GSSG levels, 250 pL of the
supernatant (S2) was incubated at room temperature with 100
pL of N-ethylmaleimide (NEM) (0.04 M) for 30 min at room
temperature, and after that, 140 pL of the mixture was added
to 1.760 mL of NaOH (0.1 N) buffer, followed by the addition
of 100 pL of OPT and then incubated for 15 min using the pro-
cedure outlined above for the GSH assay.

2.12. Measurement of glutathione-S-transferase (GST)

The glutathione-S-transferase (GST) activity was determined
spectrophotometrically.”” The GST activity was quantified in
brain and liver homogenate supernatants (S1) in a reaction
mixture containing 1 mM 1-chloro-2,4-dinitrobenzene (CDNB)
and 1 mM glutathione as substrates in 0.1 M sodium
phosphate buffer, pH 6.5, at 37 °C. The enzymatic activity was
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calculated by the change in the absorbance value from the
slope of the initial linear portion of the absorbance time curve
at 340 nm for 5 min. The enzymatic activity was determined
using the molar extinction coefficient of 9.6 mM ™" em™ and
was expressed as nmol CDNB per min per mg protein.

2.13. Measurement of glutathione peroxidase (GPx)

The glutathione peroxidase (GPx) activity was determined
spectrophotometrically at 340 nm by NADPH consumption for
2 min at 30 °C.*" The brain and liver homogenate supernatant
(S1) was added to a medium containing 0.1 M phosphate
buffer (0.1 M KH,PO, and 5 mM EDTA, pH 7.0), 1 mM GSH,
0.15 mM NADPH, 0.1 U mL™" glutathione reductase and 1 mM
sodium azide. Thus, the reaction was initiated by adding H,0,
to a final concentration of 0.4 mM. The GPx activity was deter-
mined using the molar extinction coefficient of 6220 M~* em™*
and was expressed as nmol per min per mg protein.

2.14. Histopathological observation

Liver tissues were fixed in 10% formalin and then embedded
in paraffin. Tissue sections (4 um thickness, n = 5 mice per
group) were stained with hematoxylin and eosin (H&E) and
observed under a light microscope by an expert in histology
who was blinded to the treatments.

2.15. Protein quantification

The protein concentration was estimated by the Bradford
method using bovine serum albumin as the standard.**

2.16. Statistical analysis

All data are expressed as means + S.E.M. for each experimental
group. The determination of statistical significance was per-
formed by a two-way analysis of variance (ANOVA), followed
by the Bonferroni post-test where appropriate. Differences
between groups were considered to be significant when
p <0.05.
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3. Results
3.1. Index

The administration of a toxic dose of TAA caused a significant
increase in the brain and liver weights, indicating edema for-
mation in both tissues (Fig. 2). The treatment with diselenides
restored the brain and liver weights to control levels, indicating
the hepato-protective effect of organic selenium compounds
toward TAA toxicity.

3.2. Biochemical assay

The serum concentrations of both AST (A) and ALT (B), used as
markers of liver damage, were significantly greater in the TAA
group (Fig. 3). The animals treated with DPDS exhibited AST
and ALT activities similar to those of the control group and sig-
nificantly lower activities of both AST and ALT when compared
with the TAA group, indicating a reduction in tissue damage.
However, compounds C1 and C2 exhibited AST and ALT activi-
ties similar to the TAA group.

3.3. Mitochondrial dehydrogenase activity (MTT)

The MTT reduction assay showed that TAA caused a significant
decrease in the brain (A) and liver (B) cell viability compared
with the control (Fig. 4). In addition, we observed that treat-
ment with diselenides was able to significantly minimize the
toxic effects of TAA in both tissues, demonstrating that the
treatment was able to protect against the damage caused
by TAA.

3.4. Thiobarbituric acid reactive substance levels

The administration of TAA caused a significant increase in
lipid peroxidation, as determined by the increase in MDA
levels in the brain (A) and liver (B), indicating damage caused
by oxidative stress (Fig. 5). Mice that received treatments with
diselenides exhibited a significant reduction of TAA-induced
MDA formation, indicating a marked reduction in oxidative
stress in both tissues.

Index

Fig. 2 Effects of TAA administration and treatment with diselenides in the brain index (A) and liver index (B). Data are shown as the means + S.E.M.,
n =5, and the significance was assessed by two-way analysis of variance (ANOVA) followed by Bonferroni post-test. * Represents p < 0.05 compared

with the control group. # Indicates p < 0.05 compared with the TAA group.
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Fig. 3 Effects of TAA administration and treatment with diselenides on AST (A) and ALT (B) activities. Data are shown as the means + S.EM,, n =5,
and the significance was assessed by two-way analysis of variance (ANOVA) followed by Bonferroni post-test. * Represents p < 0.05 compared with

the control group. # Indicates p < 0.05 compared with the TAA group.
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Fig. 4 Effects of TAA administration and treatment with diselenides on the cellular viability in the brain (A) and liver (B). Data are shown as the
means + S.E.M., n = 5, and the significance was assessed by two-way analysis of variance (ANOVA) followed by Bonferroni post-test. * Represents
p < 0.05 compared with the control group. # Indicates p < 0.05 compared with the TAA group.
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Fig. 5 Effects of TAA administration and treatment with diselenides in TBARS production in the brain (A) and liver (B). Data are shown as the means
+ S.E.M,, n = 5, and the significance was assessed by two-way analysis of variance (ANOVA) followed by Bonferroni post-test. * Represents p < 0.05
compared with the control group. # Indicates p < 0.05 compared with the TAA group.

3.5. Quantification of ROS production

Mice that received treatment with both TAA and diselenides
maintained the same intracellular levels of ROS in the brain as

This journal is © The Royal Society of Chemistry 2015

the control group (Fig. 6A). However, in the liver (Fig. 6B), the
TAA administration caused a significant increase in the ROS pro-
duction compared with the control group. DPDS, C1 and C2 sig-
nificantly reduced the DFC formation caused by TAA in the liver.
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Fig. 6 Effects of TAA administration and treatment with diselenides in ROS production in the brain (A) and liver (B). Data are shown as the means +
S.E.M., n = 5, and the significance was assessed by two-way analysis of variance (ANOVA) followed by Bonferroni post-test. * Represents p < 0.05
compared with the control group. # Indicates p < 0.05 compared with the TAA group.

3.6. Myeloperoxidase activity

Treatment with TAA initiated an inflammatory process, as evi-
denced by the significant increase in MPO activity compared
with the control group (Fig. 7). The group treated with DPDS
and C1 presented a significant reduction in MPO activity com-
pared with the TAA group. No difference in the inflammatory
processes was found between the group treated with C2 and
the group treated only with TAA.

3.7. GSH and GSSG levels

All groups presented similar GSH levels in the brain (Fig. 8A).
However, TAA induced a significant increase in the brain GSSG
levels, and the diselenides were able to significantly reduce
this increase to control levels (Fig. 8B). Fig. 8C and 8D demon-
strate that the administration of TAA markedly decreased the
liver GSH and GSSG levels compared with the control group.
Treatment with diselenides prevented the TAA-induced
depletion of liver GSH observed in the TAA group and raised

A ABS/min/mg Protein

Fig. 7 Effects of TAA administration and treatment with diselenides in
liver myeloperoxidase levels. Data are shown as the means + S.EM., n =
5, and the significance was assessed by two-way analysis of variance
(ANOVA) followed by Bonferroni post-test. * Represents p < 0.05 com-
pared with the control group. # Indicates p < 0.05 compared with the
TAA group.

712 | Toxicol Res., 2015, 4, 707-717

the GSSG levels, indicating an improvement in the antioxidant
defense system.

The administration of TAA caused a significant reduction in
the brain and liver GSH/GSSG ratio (Fig. 8E and 8F) compared
with the control group, and the treatment with diselenides was
different from the TAA group.

3.8. Effects of TAA on antioxidant enzyme activities

Treatments with TAA and diselenides elevated the brain GST
levels significantly when compared with the control group.
However, C1 exhibited brain GST levels significantly different
from TAA (Fig. 9A). In addition, TAA and diselenides caused a
significant inhibition of the liver GST activity when compared
with the control group (Fig. 9B). Fig. 9C and 9D illustrate that
the administration of TAA and diselenides significantly
increased the brain and liver GPx levels in comparison with
the control group.

3.9. Histopathology

A histopathological assessment of the liver was performed for
all groups. The livers of mice in the control group (Fig. 10A1
and 2) showed normal, well-defined histological structures
with the absence of hepatocellular injury, necrosis and vascu-
lar congestion. The histopathological analysis of the livers
from mice in the TAA group (Fig. 10B1 and 2) revealed signs of
toxicity with severe morphological changes and the presence
of sinusoidal congestion (SC), vacuolar degeneration (VD),
necrotic hepatocytes, macrophage infiltration (MI), and
nuclear pyknosis (NP), with spillage of red blood cells in
between hepatocytes. In contrast, the animals treated with
DPDS (Fig. 10C1 and 2) exhibited a reduction in the TAA-
induced changes, with less microvesicular steatosis, character-
ized by the presence of small fatty vesicles filling the cyto-
plasm of the hepatocyte. However, treatment with C1 and C2
presented a necrotic area with a wide distribution in hepatic
parenchyma as well as a SC, VD, MI and NP (Fig. 10D1 and 2
and E1 and 2).

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 Effects of TAA administration and treatment with diselenides in GSH and GSSG levels, illustrating the brain GSH levels, GSSG levels and the
ratio (A, B and E) and the liver GSH levels, GSSG levels and the ratio (C, D and F). Data are shown as the means + S.E.M., n = 5, and the significance
was assessed by two-way analysis of variance (ANOVA) followed by Bonferroni post-test. * Represents p < 0.05 compared with the control group.

# Indicates p < 0.05 compared with the TAA group.

4. Discussion

The present study aimed to investigate and clarify the protec-
tive properties of diselenide compounds over TAA-induced
AHF after the establishment of the damage. Recent studies
have shown that organic selenium compounds presented
promising hepatic and neurological pharmacological
properties.**?%*

In this way, experimental models involving a single dose of
TAA (200 mg mL™") were able to induce liver injury, which can
be demonstrated by high AST and ALT enzyme activities.*'
According to our findings, TAA led to a 2.12-fold higher
increase in the AST activity and a 9.52-fold higher increase in

This journal is © The Royal Society of Chemistry 2015

ALT activity compared to the control group, providing evidence
for the TAA-induced acute hepatotoxicity (Fig. 3). However, the
administration of DPDS maintained AST and ALT activities
similar to the control group, demonstrating that the classical
selenium compound was able to protect the TAA-induced AHF.
The compounds C1 and C2 presented AST and ALT activities
comparable to the TAA group, indicating that the molecular
methoxy and methyl insertions on the DPDS structure did not
enhance their protective effect.

Additionally, liver is considered to be the responsible organ
for toxicity regulation by housing the metabolic functions that
can serve to detoxify several toxins.* However, these metabolic
functions render the hepatic cells vulnerable to a variety of

Toxicol. Res., 2015, 4, 707-717 | 713
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Fig. 9 Effects of TAA administration and treatment with diselenides in the brain GST (A) and GPx levels (C) and in the liver GST (B) and GPx levels
(D). Data are shown as the means + S.E.M., n = 5, and the significance was assessed by two-way analysis of variance (ANOVA) followed by Bonferroni
post-test. * Represents p < 0.05 compared with the control group. # Indicates p < 0.05 compared with the TAA group.

disorders."*"* In this context, liver diseases can develop dys-

functions in other tissues, i.e. causing the release of activated
immune cells and triggering the reactive oxygen species-
mediated cell killing process.”*® Previous studies have
reported that a single dose of TAA at 40 mg kg™ can cause cell
death, apoptosis, and necrosis in rats with a considerable
increase in organ weight, indicating that AHF can also
promote tissue congestion.””*® Similarly, the TAA treated
group demonstrated a significant increase in brain and liver
weights; however such an increase was not observed in the
mice exposed to the diselenide compounds (Fig. 2). We also
showed in the MTT assay that a single administration of TAA
diminished the cellular viability in both tissues and that dise-
lenides were able to protect the TAA cellular disruption
(Fig. 4). Thus, these findings showed that the diselenides
could preserve the anatomic characteristics of the brain and
liver and also the cellular viability in both tissues after the
damage was established by TAA.

Furthermore, the excessive formation of the metabolite
TASO, is the primary mechanism which promotes AHF, and it
was closely linked with oxidative stress generation, i.e. lipid
peroxidation and ROS production.”'®*® Thus, we showed in
this study that TAA induces an increase in lipid peroxidation
in both brain and liver (Fig. 5A and 5B). We also verified that
the treatment with diselenides caused a significant decrease in
MDA levels in both tissues, demonstrating the ability of the

714 | Toxicol Res., 2015, 4, 707-717

organic selenium compounds to promote their antioxidant
effects after the damage had already been provoked. Addition-
ally, previous in vitro studies had shown that diselenides were
promising molecules to reduce the LPO in the brain and liver,
which has been strongly attributed to the selenol group
formation.***°

Moreover, TAA increased the ROS production in the liver,
and treatment with diselenides was able to maintain levels
similar to the control group (Fig. 6B). Conversely, our results
showed that TAA administration did not affect ROS production
in the brain (Fig. 6A), which could be justified by a compensa-
tory mechanism produced by GST and GPx (Fig. 9A and 9C)
against oxidative stress conditions reported in previous
studies.”"** Accordingly, it is known that high levels of TAA
remain longer in the liver than in the brain, which can explain
the differences found in the oxidative parameters over those
tissues.”'” Thus, our results showed that TAA caused signifi-
cant inhibition in liver GST (Fig. 9B). Furthermore, TAA
invoked an elevation in the liver GPx activity, while diselenides
kept it different from those of the control group (Fig. 9D).

Additionally, liver diseases seriously impact on clinical
medicine because of the high mortality rates of patients
associated with the severe damage caused by AHF.>® As such,
previous studies have already demonstrated the important role
of AHF in generating multiple organ failure through endogen-
ous antioxidant defense depletion.”** 1In addition, the

This journal is © The Royal Society of Chemistry 2015
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Fig. 10 Fig. A1-E1 (H&E stain 10x) and Fig. A2-E2 (H&E stain 40x).
Black arrow represents the zonal necrosis, and the blue arrow represents
the micro and macrovesicular steatosis. Livers from a control mouse (A)
showing no changes in hepatocytes around the centrilobular (CV) area.
The TAA group (B) with histopathological changes in the liver showed
nuclear pyknosis (NP), vacuolar degeneration (VD), sinusoidal conges-
tion (SC), necrotic hepatocytes (circles) and disorganization of hepatic
laminae. The sections from livers treated with DPDS (C) showed normal
histological appearance of the liver with hepatocytes adjacent to CV in
the absence of necrosis and vascular congestion. The sections from the
liver treated with C1 (D) and C2 (E) showed NP, SC, VD, steatosis and
necrotic areas.

endogenous antioxidant system mainly consists of GSH and
several antioxidant enzymes such as GPx and TrxR.****7
Therefore, the redox mechanism composed by GSH is able to
convert the harmful agents into metabolites, which are more
easily eliminated and generally resulting in a decrease over
GSH stores.*****® Corroborating this hypothesis, we observed

This journal is © The Royal Society of Chemistry 2015
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that the treatment with TAA resulted in a significant reduction
in liver GSH levels as a possible mechanism of the TASO,
metabolite conjugation (Fig. 8C). Similarly, we also showed
that treatment with both TAA and diselenides did not change
the brain GSH levels (Fig. 8A). However, TAA treatment pro-
duced a significant decrease in the brain and liver GSH/GSSG
ratio (Fig. 8E and 8F), which could be contributing to the
imbalance of endogenous antioxidant defenses. Diselenides
were able to maintain the brain and liver GSH/GSSG ratio
similar to that of the control group.

Other mechanisms involved in the disorders caused by TAA
administration are related to the release of proinflammatory
mediators."* Moreover, neutrophil infiltration is a key factor in
initiating TAA-induced AHF, and the increase in MPO activity
can be associated with ROS formation and other inflammatory
processes.”™* Therefore, our results confirmed that TAA
induced an elevation in MPO activity, indicating the pro-
gression of inflammatory processes in the liver (Fig. 7). Simi-
larly, previous studies have reported that pre-treatment with
DPDS had an anti-inflammatory effect when acute hepatic
damage was induced with either 2-nitropropane or paraquat in
rats.®”®" We also found that post-treatment with DPDS was
able to significantly decrease the MPO activity, revealing a
reduction in the liver inflammatory process. In addition, the
analogues of DPDS presented a decrease in MPO activity, but
only the C1 showed a significant effect compared with the TAA
group. Therefore, our results indicated that treatment with dis-
elenides promoted an important reversion of the inflammatory
processes caused by TAA. Moreover, the histopathological ana-
lysis showed that TAA caused severe damage in the liver with
the presence of hemorrhagic massive necrosis and severe stea-
tosis (Fig. 10B1 and 2). Furthermore, we could verify the pres-
ence of infiltrated leukocytes in the TAA treated group.
However, treatment with DPDS (Fig. 10C1 and 2) led to the
retention of liver characteristics similar to the control group
(Fig. 10A1 and 2) without showing necrotic and hemorrhagic
zones. C1 and C2 did not cause any improvement in liver con-
ditions because some areas were still presenting steatosis,
hemorrhagic and necrotic characteristics (Fig. 10D1 and 2 and
E1 and 2).

Therefore, we observed that DPDS administration one hour
after TAA administration was able to re-establish the normal
biochemical and histopathological parameters in the brain
and liver. However, the analogues C1 and C2, although they
were able to show some protective effects compared with the
TAA group and similar to those found in previous in vitro
studies, did not revert the AHF.*’

In conclusion, DPDS presented a higher reversion effect
than its analogues and could be shown again to be a promis-
ing therapeutic option for the treatment of AHF, such as
hepatic encephalopathy.
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Abstract

Thioacetamide (TAA) is a hepatotoxin that rapidly triggers the necrotic process and oxidative
stress in the liver. Nevertheless, organic selenium compounds, such as f-selenoamines, can be
used as pharmacological agents to diminish the oxidative damage. Thus, the aim of this study
was to investigate the protective effect of the antioxidant f-selenoamines on TAA-induced oxida-
tive stress in mice. Here, we observed that a single intraperitoneal injection of TAA (200 mg/kg)
dramatically elevated some parameters of oxidative stress, such as lipid peroxidation and reac-
tive oxygen species (ROS) production, as well as depleted cellular antioxidant defenses. In addi-
tion, TAA-induced edema and morphological changes in the liver, which correlate with high
serum aspartate and alanine aminotransferase enzyme activities, and a decrease in cell viability.
Conversely, a significant reduction in liver lipid peroxidation, ROS production, and edema was
observed in animals that received an intraperitoneal injection of j-selenoamines (15.6 mg/kg) 1 h
after TAA administration.

KEYWORDS

liver damage, organic selenium compounds, oxidative stress, selenol, thioacetamide

models in rodents due to their strong ability to promote liver injury
by a generation of reactive metabolites, and the consequent depletion

Reactive oxygen species (ROS), such as superoxide anion radical (0,°7),
hydrogen peroxide (H,0,), and hydroxyl radical (OH*), are normally
produced in cells during metabolic processes that involve oxygen
consumption.!*2] Moreover, at low levels, ROS are important for cell
survival because they modulate signaling pathways that maintain
intracellular redox homeostasis.[3) However, a state of oxidative stress
is established when an overproduction of ROS exceeds the elimina-
tion capacity of antioxidant defenses, leading to oxidative damage to
macromolecules, such as proteins, lipids, and nucleic acids.*] Non-
regulated oxidative stress has been implicated in a myriad of diseases,
including Alzheimer's disease, Parkinson’s disease, cancer, and dia-
betes, as well as with the development of some pathogenic conditions,
such as liver fibrosis.[>-8!

Toxic doses of xenabiotics, such as acetaminophen, carbon tetra-

chloride, and thioacetamide (TAA), have been used as hepatotoxicant

of cellular antioxidant defenses.|?~ 11 TAA administration is considered
to be an elegant and effective model that is able to produce severe
centrilobular hepatic necrosis in mice.[12l TAA is mainly metabolized in
the liver by cytochrome P-450 2E1, resulting in reactive metabolites,
such as TAA sulfoxide and thioacetamide-S-dioxide, that rapidly trig-
ger lipid peroxidation, ROS production, and necrotic processes in the
liver[13.14]

Studies have reported that antioxidant molecules protect against
TAA-induced oxidative stress.[15.16] |t has also been reported that sele-
nium compounds possess numerous biological properties, mainly asso-
ciated with their ability to modulate the expression of selenoenzymes
such as glutathione peroxidase (GPx) and thioredoxin reductase.!17:18]

The main studied selenium compounds, Diphenyl diselenide and
Ebselen, have been reported as promising antioxidant molecules
mainly due to their GPx-like activity.[1) In this regard, new diselenides

J Biochem Mol Toxicol. 2017;e21974.
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1-phenyl-3-(p-tolylselanyl)propan-2-amine
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m\Se@
NH
2 0
\

1-(2-methoxyphenylselanyl)-3-phenylpropan-2-amine
c2

FIGURE 1 Chemical structure of g-selenoamines

and monoselenides molecules are designed using DPDS and Ebs,
respectively, as a prototype structure.[19:20]

Recently, we have shown that monoselenides or j-selenoamines
(Figure 1), 1-phenyl-3-(p-tolylselanyl)propan-2-amine (C1) and 1-
(2-methoxyphenylselanyl)-3-phenylpropan-2-amine  (C2), possess
remarkable in vitro antioxidant properties as well as protected against
juglone-induced oxidative stress in worms.[21-23! |n addition, C1 and
C2 antioxidant activity were mainly related to the introduction of a
functional group (e.g., p-methyl and o-methoxy, respectively) into the
aromatic ring, which enabled the formation of p-methyl-selenol and
o-methoxy-selenol.122]

Thus, the aim of the present study is to investigate whether j-
selenoamines antioxidant activity attenuates the oxidative stress and
hepatotoxicity induced by TAA in mice. For this, specific toxicologi-
cal, biochemical, and morphological parameters were evaluated in the

mouse liver.

2 | MATERIALS AND METHODS

2.1 | Compounds

fA-Selenoamines were prepared according to the literature method

previously described by Salman et al.[24]

2.2 | Animals

The experiments were carried out using male adult Swiss albino mice
(25-35 g) from our own breeding colony. The animals were kept on
a 12-h light/12-h dark cycle in a controlled temperature environment
(22 + 2°C). Animals had free access to food and water. The experiments
were performed according to the guidelines of the Committee on Care
and Use of Experimental Animal Resources, of the Federal University
of Santa Maria, Brazil (#101/2014).

2.3 | Experimental design

The animals were separated into four groups, | (saline - canola oil),
11 (TAA - canola oil), lll (TAA - C1), and IV (TAA - C2), with five mice
each. Group | (control) received 0.9% saline and after 1 h, received
canola oil. Group Il received a single intraperitoneal (i.p.) injection of
TAA (200 mg/kg) and after 1 h, received vehicle (canola oil 2.5 mL/kg

i.p.). Groups Ill and IV received TAA (200 mg/kg ip.) dissolved in
buffered saline, and after 1 h, they received the organic selenium
compounds at 15.6 mg/kg i.p. (C1 and C2, respectively).!1225] Finally,
23 h after p-selenoamines or vehicle administration, the animals
were killed by cervical dislocation. The blood was collected by cardiac
puncture immediately after cervical dislocation in order to perform
aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
analysis. A portion of the livers was homogenized in 10 mM Tris-HCI,
pH 7.4 and after centrifuged the supernatants were used for the
experiments. The remaining portions of the livers were collected
from the same anatomic area in all groups to perform the histological
analyses.

2.4 | Measurement of serum ALT and AST level

AST and ALT were estimated in serum by spectrophotometry using
commercially available kits (Labtest, Diagnostica S.A., Minas Gerais,
Brazil).

2.5 | Liver histological examination

Liver samples were fixed in 10% formalin, embedded in paraffin, cut
at 4 ym, and stained with hematoxylin and eosin for histopathological

examination.

2.6 | Measurement of body and relative tissue
weights

The edema index was quantified by the relation to the organ weight
and the animal total weight. Mice body weight was measured minutes
before the sacrifice and after the cervical dislocation, the mouse livers
were weighted. The relative weights were calculated according to the
following equation 125!

Relative organ weight = (Absolute Organ Weight x 100)/Body
Weight at Sacrifice

2.7 | Methyltetrazolium bromide reduction levels

The cellular viability was determined by the methyltetrazolium bro-
mide (MTT) assay.[2¢] The liver supernatant (200 L) was added to a
medium containing 0.5 mg/mL of MTT and were incubated in the dark
for 60 min at 37°C. The MTT reduction reaction was quenched with
the addition of 1 mL of dimethylsulfoxide and the formazan levels were

measured spectrophotometrically at 570 nm.

2.8 | Lipid peroxidation

Lipid peroxidation was determined by the measurement of thiobarbi-
turic acid reactive species (TBARS).[27] A 200 4L aliquot of the super-
natants was mixed with 500 L of thiobarbituric acid (0.6%), 200 »L
of sodium dodecyl sulfate (8.1%), and 500 L of acetic acid (pH 3.4).
The tubes were incubated in boiling water for 60 min and TBARS lev-
els were measured at 532 nm using a standard curve of malondialde-
hyde (MDA). The results were expressed as nanomoles of MDA per

milligram of protein.
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2.9 | Measurement of ROS production

The intracellular formation of ROS was measured by the fluorescence
intensity of the compound 2’-7'-dichlorofluorescein (DCF).28] Liver
supernatants (20 uL) were added to a medium containing Tris-HCI
buffer (10 mM; pH 7.4) and 2’-7'-dichlorofluorescein diacetate DCFH-
DA (1 mM). The medium was incubated in the dark for 60 min and the
fluorescence was measured using 488 nm for excitation and 525 nm
for emission and both slit widths used were at 1.5 nm. ROS levels were
expressed as nanomoles of DCF per milligram of protein.

2.10 | Measurement of reduced and oxidized
glutathione

Reduced and oxidized glutathione (GSH and GSSG) levels were mea-
sured by the method previously described by Hissin and Hilf (1976),
with slight modifications.[29] A 200 4L aliquot of the supernatants was
mixed with 200 uL trichloroacetic acid (13%) and were centrifuged at
4°C at 13,000xg for 10 min. For GSH determination, 100 pL of the
supernatant was diluted in 1.8 mL of phosphate buffer and 100 xL
of O-phthalaldehyde (OPT) (1 ;g uL~1). The mixtures were incubated
at room temperature for 15 min and their fluorescent signals were
recorded using RF-5301 PC Shimadzu (Kyoto, Japéo) spectrofluorom-
eter at 420 nm emission and 350 nm excitation wavelengths. For the
measurement of GSSG levels, 250 xL of the supernatant was incubated
at room temperature with 100 uL of N-ethylmaleimide (0.04 M) for
30 min at room temperature, and after that, 140 uL of the mixture was
added to 1.760 mL of NaOH (0.1 N) buffer, followed by the addition of
100 L of OPT and then incubated for 15 min using the procedure out-
lined above for GSH assay.

2.11 | Measurement of glutathione-S-transferase

The determination of glutathione-S-transferase (GST) activity was per-
formed spectrophotometrically.39) The GST activity was quantified in
liver supernatants in a reaction mixture containing 1 mM 1-chloro-2,4-
dinitrobenzene (CDNB) and 1 mM glutathione as substrates in 0.1 M
sodium phosphate buffer, pH 6.5, at 37°C. The enzymatic activity was
calculated by the change in the absorbance value from the slope of the
initial linear portion of the absorbance time curve at 340 nm for 5 min,
using the molar extinction coefficient of 9.6 mM~1 cm=1. The data were
expressed as nmol CDNB per min per mg protein.

2.12 | Measurement of GPx

The determination of GPx activity was performed spectrophotometri-
cally at 340 nm by NADPH consumption for 2 min at 30°C.13%) Briefly,
an aliquot of liver supernatant was added to a medium containing 0.1 M
phosphate buffer (0.1 M KH,PO, and 5mM EDTA, pH 7.0), 1 MM GSH,
0.15 mM NADPH, 0.1 U mL~! glutathione reductase, and 1 mM sodium
azide. Then, the reaction was initiated by adding hydrogen peroxide to
afinal concentration of 0.4 mM. The GPx activity was determined using
the molar extinction coefficient of 6220 M~1 cm=? and was expressed

as nmol NADPH per min per mg protein.

WILEY -7

2.13 | Protein quantification

The protein content was determined as described previously by Brad-
ford (1976) method using bovine serum albumin as standard.32

2.14 | Statistical analysis

All data are expressed as means + standard error of the mean (S.E.M.)
for each experimental group. Determination of statistical significance
was performed by a two-way analysis of variance, followed by Bonfer-
roni post-test. Differences between groups were considered to be sig-
nificant when P < 0.05.

3 | RESULTS

3.1 | Biochemical assay and liver histopathology

TAA exposure increased serum concentrations of both AST (Figure 2A)
and ALT (Figure 2B). Treatment with j-selenoamines maintained simi-
lar AST and ALT activities as found in the TAA group.

Under examination by light microscopy, liver structure was normal
in the control group (Figure 2C). By contrast, pronounced histological
changes, including the presence of sinusoidal congestion (SC), indica-
tive of hemorrhagic process, vacuolar degeneration (VD), necrotic hep-
atocytes, and nuclear pyknosis (NP), with spillage of red blood cells and
leukocytes infiltration in between hepatocytes, were found in the TAA
(Figure 2D), C1 (Figure 2E), and C2 (Figure 2F) groups.

3.2 | Index, MTT activity, lipid peroxidation levels,
and ROS production

Liver weight was significantly increased by the administration of TAA;
however, treatment with §-selenoamines restored liver weight to con-
trol levels, indicating that the organic selenium compounds reduced
the edema formation caused by TAA (Figure 3A). In addition, TAA pro-
moted a significant decrease in liver cell viability, while f-selenoamines
treatment maintained liver cell viability at a level similar to the control
group (Figure 3B). TAA exposure significantly raised liver lipid peroxi-
dation levels (Figure 3C) and ROS production (Figure 3D). However, -
selenoamines treatment decreased MDA and ROS formation, indicat-
ing that both compounds reversed the liver oxidative stress generated
by TAA exposure.

3.3 | GSH and GSSG levels

Administration of TAA depleted liver GSH, and although treatment
with f-selenoamines did not restore GSH to control levels, both com-
pounds were significantly different than in the TAA group (Figure 4A).
TAA also reduced liver GSSG levels, whereas §-selenoamines treat-
ment maintained GSSG levels similar to the control group (Figure 4B).
In addition, C2 presented GSSG levels that were different than
observed in the TAA group. Figure 4C shows that the TAA-only group
presented a significant reduction in the liver GSH/GSSG ratio when

compared to the control group.
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FIGURE 2 Effect of TAA administration and treatment with f-selenoamines in AST (A) and ALT (B) activities. Data are shown as the
means + S.E.M., n =5, and the significance was assessed by two-way analysis of variance (ANOVA) followed by Bonferroni post-test. * Represents
P < 0.05 if compared with the control group. Panels (C)-(F) (H&E stain 40x). No histopathological changes are observed in the liver from control
group (C). However, the livers from TAA (D), C1 (E), and C2 (F) groups presented several histopathological changes, such as nuclear pyknosis (NP),
vacuolar degeneration (VD), sinusoidal congestion (SC), necrotic hepatocytes (circles), and disorganization of hepatic laminae

3.4 | GST and GPx activities

TAA and organic selenium compound groups resulted in a significant
reduction in liver GST levels when compared with the control group
(Figure 5A). In addition, levels of liver GPx were significantly elevated
in the TAA group, but j-selenoamines were maintained at a similar
level (Figure 5B).

4 | DISCUSSION

The liver is the target organ for the metabolic reduction of xenobi-
otics and during intoxication cases, high exposure can generate reac-
tive metabolites leading to harmful effects, such as hepatotoxicity
and oxidative stress.[33] Here, we investigated the protective proper-
ties of antioxidant compounds, f-selenoamines, against TAA-induced

oxidative damage. Several studies have shown that antioxidant ther-
apies attenuate the tissue damage caused by oxidative stress.[34-36]
In this regard, we designed our study following previous results from
our lab showing that g-selenoamines presented significant antioxidant
properties in vitro and in a Caenorhabditis elegans model.[22.23]

The data presented here demonstrate that a single dose of TAA
(200 mg/kg i.p.) caused an elevation in tissue weight and a decrease in
the viability of liver cells (Figures 3A and 3B). However, these delete-
rious effects were not observed in mice treated with j-selenoamines,
indicating that the organic selenium compounds reversed the tissue
congestion and cellular disruption caused by TAA.

TAA metabolites, when bound covalently to liver macromolecules,
can trigger oxidative stress generation, that is, lipid peroxidation
and ROS production.3”] Here, we demonstrate that TAA induces a
significant increase in liver lipid peroxidation and ROS production
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FIGURE 3 Effect of TAA administration and treatment with j-selenoamines in the edema index (A), MTT levels (B), TBARS (C), and ROS pro-

duction (D). Data are shown as the means + S.E.M.,n = 5, and the significance was assessed by two-way analysis of variance (ANOVA) followed by
Bonferroni post-test. * Represents P < 0.05 if compared with the control group. # Indicates P < 0.05 compared with the TAA group

A 25 B
£ £
§ 20 2
515 H
§ £

o
8 10 R
2s 3
e g

c

Ratio GSHIGSSG

&

FIGURE 4 Effect of TAA administration and treatment with §-selenoamines in liver GSH (A), GSSG (B) levels, and the ratio (C). Data are shown
as the means + S.E.M., n = 5, and the significance was assessed by two-way analysis of variance (ANOVA) followed by Bonferroni post-test. * Rep-
resents P < 0.05 if compared with the control group. # Indicates P < 0.05 compared with the TAA group

(Figures 3A and 3B). We also verify that treatment with peroxidation in vitro, as well as protect Caenorhabditis elegans against
[-selenoamines decreases both measures, indicating that C1 and juglone-induced toxicity by selenol groups formation. 22231

C2 save the liver against TAA-induced oxidative stress. Our previous Selenol formation is an important factor for the enhancement of
studies have shown that A-selenoamines exert significant antioxi- GPx activity and is associated with the main role of organic selenium

dant activity against Fe(ll) and sodium nitroprusside-induced lipid compounds antioxidant activity.|2% In this study, we found that the
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FIGURE 5 Effect of TAA administration and treatment with j-selenoamines in the liver GST (A) and GPx levels (B). Data are shown as the
means + S.E.M,, n = 5, and the significance was assessed by two-way analysis of variance (ANOVA) followed by Bonferroni post-test. * Represents
P < 0.05 if compared with the control group. # Indicates P < 0.05 compared with the TAA group

introduction of the functional groups, p-methyl and e-methoxy, demon-
strated similar antioxidant capacity.

The antioxidant enzyme GPx plays an important role in the reduc-
tion of hydroperoxides using GSH as a reducing reagent.[1! In addi-
tion, xenobiotics are normally detoxified by phase Il reaction, using
GST and GSH to generate metabolites that are easier to eliminate via
urine and bile.383% Our results established that TAA elevated GPx
activity as a compensatory mechanism to detoxify TAA metabolites
because it is well documented and we observed TAA-induced GST
inhibition.[*®] However, this route promotes severe depletion in GSH
levels (Figure 4A), which allows for establishment of oxidative damage.
f-selenoamines treatment did not recover the liver GST levels to that
found in the control group, but both compounds exhibited higher GST
levels than in the TAA group (Figure 5A).

Endogenous antioxidant defenses are mainly represented by glu-
tathione levels, and the GSH/GSSG ratio is widely used as a marker for
evaluation of oxidative stress.*1] Here, we observed that administra-
tion of f-selenoamines prevented TAA-induced GSH and GSSG deple-
tion (Figure 4). In addition, low consumption of GSH, and high levels of
GSSG, indicated that both compounds exerted their antioxidant prop-
erties without depleting the endogenous antioxidants levels. However,
TAA group presented a significant decrease in the GSH/GSSG ratio,
which is associated with the high levels of lipid peroxidation and ROS
formation.

In conclusion, we have demonstrated that f-selenoamines did not
completely reverse advances in hepatic damage after the establish-
ment of acute liver failure. However, -selenoamines treatment pro-
moted significant changes in some oxidative stress parameters, mainly
by the selenol formation, which consequently preserved the liver func-
tions against an increase in oxidative damage.

REFERENCES
[1] M.D.Brand, Free Radlic. Biol. Med. 2016, 100, 14.
[2] M. P.Murphy, Biochem. J, 2009,417, 1.

[3] D.Trachootham, W.Lu, M. A. Ogasawara, N.R. Valle, P. Huang, Antioxid.
Redox Signal. 2008, 10, 1343.

[4] M.Schieber, N.S. Chandel, Curr. Biol. 2014, 24, 453.

[5] A.C.Maritim, R. A. Sanders, J. B. Watkins, J. Biochem. Mol. Toxicol. 2003,
17,24.

[6] V. Sanchez-Valle, N. C. Chavez-Tapia, M. Uribe, N. Mendez-Sanchez,
Curr. Med. Chem. 2012, 19, 4850.

[7] M. H.da Silva, E. J. F. da Rosa, N. R. de Carvalho, F. Dobrachinski, J. B.
da Rocha, J. L. Mauriz, J. Gonzalez-Gallego, F. A. Soares, Neurotox. Res.
2012,21,334.

[8] L.B.Sullivan, N. S. Chandel, Cancer Metab. 2014, 2, 17.

[9] S.T.Choudhury, N. Das, S. Ghosh, D. Ghosh, S. Chakraborty, N. Ali, Int.
J. Nanomed. 2016, 11,2179.

[10] K.Du, A. Ramachandran, H. Jaeschke, Redox Biol. 2016, 10, 148.

[11] M. Kuramochi, T. lzawa, M. Pervin, A. Bondoc, M. Kuwamura, J.
Yamate, Exp. Toxicol. Pathol. 2016, 68,471.

[12] J. Zhang, H. Wang, H. Yu, Toxicol. Appl. Pharmacol. 2007, 224, 81.

[13] J. Chilakapati, M. C. Korrapati, K. Shankar, R. A. Hill, A. Warbritton,
J. R. Latendresse, H. M. Mehendale, Toxicol. Appl. Pharmacol. 2007,
219,72,

[14] J.S.Kang, H. Wanibuchi, K. Morimura, R. Wongpoomchai, Y. Chusiri, F.
J. Gonzalez, S. Fukushima, Toxicol. Appl. Pharmacol. 2008, 228, 295.

[15] C. Anbarasu, B. Rajkapoor, K. S. Bhat, J. Giridharan, A. A. Amuthan, K.
Satish, Asian Pac. J. Trop. Biomed. 2112, 2, 511.

[16] C.de David, G. Rodrigues, S. Bona, L. Meurer, J. Gonzalez-Gallego, M.
J. Tufén, N. P. Marroni, Toxicol. Pathol. 2011, 39, 949.

[17] U.Tinggi, Enviren. Health Prev. Med. 2008, 13, 102.

[18] P.Verma, A. Kunwar, K. Arai, M. Iwaoka, K. I. Priyadarsini, Toxicol. Res.
2016, 5,434.

[19] C.W. Nogueira, G. Zeni, J. B.T. Rocha, Chem. Rev. 2004, 104 (12), 6255.

[20] B.K.Sarma, G. Mugesh, J. Am. Chem. Soc. 2005, 127,11477.

[21] A.S. Prestes, S. T. Stefanello, S. M. Salman, A. M. Pazini, R. S. Schwab,
A.L.Braga, N.B. V. Barbosa, J. B. T. da Rocha, Mol. Cell. Biochem. 2012,
365,85.

[22] S. T. Stefanello, A. S. Prestes, T. Ogunmoyole, S. M. Salman, R. S.
Schwab, C. R. Brender, L. Dornelles, J. B. da Rocha, F. A. Soares, Toxi-
col. In Vitro 2013, 27, 1433.

[23] S.T.Stefanello, P.Gubert, B. Puntel, C. R. Mizdal, M. M. A. de Campos, S.
M. Salman, L. Dornelles, D. S. Avila, M. Aschner, F. A. A. Soares, Toxicol.
Rep. 2015, 2, 961.

[24] S. M. Salman, S. Narayanaperumal, R. S. Schwab, C. R. Bender, O. E. D.
Rodrigues, L. Dornelles, RSC Adv. 2012, 2, 8478,

[25] S.T. Stefanello, E. J. F. da Rosa, F. Dobrachinski, G. P. Amaral, N. R. de
Carvalho, S. C. A. da Luz, C. R. Bender, R. S. Schwab, L. Dornelles, F. A.
A. Soares, Toxicol. Res. 2015, 4, 707,

[26] T.Bernas, J. Dobrucki, Cytometry 2002, 47, 236.

[27] H.Ohkawa, N. Ohishi, K. Yagi, Anal. Biochem. 1979, 95, 351.

54



STEFANELLO ET AL.

[28] O. Myhre, J. M. Andersen, H. Aarnes, F. Fonnum, Biochem. Pharmacol.
2003, 65, 1575.

[29] P.J.Hissin, R. Hilf, Anal. Biochem. 1976, 74,214.

[30] W. H. Habig, M. J. Pabst, W.B. Jakoby, J. Biol. Chem. 1974, 249,
7130.

[31] L.Flohé, W. A. Gunzler, Methods Enzymol. 1984, 105, 114.
[32] M.M. Bradford, Anal. Biochem. 1976, 72, 248.

[33] H. Jaeschke, M. R. McGill, A. Ramachandran, Drug Metab. Rev. 2012,
44, 88.

[34] R.Heidari, A. Jamshidzadeh, H. Niknahad, E. Mardani, M. M. Ommati,
N. Azarpira, F. Khodaei, A. Zarei, M. Ayarzadeh, S. Mousavi, Texicol. Rep.
2016, 3,870.

[35] L.P Arantes, T.V.Peres, P.Chen, S. W. Caito, M. Ascner, F. A. A. Soares,
Toxicol. Res. 2016, 5, 1629.

[36] T.Jiang, Q.Sun, S. Chen, Prog. Neurobiol. 2016, 147, 1.

WILEY 77

[37] B. Yogalakshmi, P. Viswanathan, C. V. Anuradha, Toxicology 2010,
268,204,

A. Salimi, B. Alami, J. Pourahmad, J. Biochem. Mol. Toxicol 2017,e21918.
X.Gu, J. E. Manautou, Expert Rev. Mol. Med. 2012, 14, e4.
B. Spira, I. Raw, Mol. Cell. Biochem. 2000, 211, 103.

O. Zitka, S. Skalickova, J. Gumulec, M. Masarik, V. Adam, J. Hubalek,
L. Trnkova, J. Kruseova, T. Eckschlager, R. Kizek, Oncol. Lett. 2012, 4,
1247.

38
39
(40
(41

Stefanello ST, Hartmann DD,
Amaral GP, et. al. Antioxidant protection by A-selenoamines

How to cite this article:

against thioacetamide-induced oxidative stress and hepa-
totoxicity in mice. J Biochem Mol Toxicol. 2017;00:e21974.
https://doi.org/10.1002/jbt.21974

55



56
5 DISCUSSAO

Foi através do estudo Schwarz e Foltz, que foi demonstrado pela primeira vez a
importancia farmacoldgica do Se, e onde se classificou este elemento como sendo traco
essencial (SCHWARZ; FOLTZ, 1957). A partir disso a comunidade cientifica se mobilizou
para elucidar os mecanismos de agdo, assim como, para desenvolver novas moléculas
contendo o elemento Se na sua estrutura quimica. Sendo assim, em 1973 dois grupos de
pesquisadores conseguiram apresentar resultados que demonstraram que o0s efeitos
farmacoldgicos do Se estavam associados a funcionalidade da GPx, porém o mecanismo de
acdo ainda ndo estava totalmente desvendado (FLOHE; GUNZLER; SCHOCK, 1973;
ROTRUCK et al., 1973). Hoje, ja se sabe que os efeitos farmacologicos dos compostos de Se
estdo principalmente relacionados com a capacidade que estas moléculas possuem em realizar
atividades redox no organismo, através a formacdo do grupamento SeH, acdo mimética GPx e
como substrato da TRxR (LU; HOLMGREN, 2009; MUGESH; DU MONT; SIES, 2001).

Os compostos contendo o elemento Se ja apresentaram resultados promissores para o
tratamento de doencas neurodegenerativas, assim como, ja foram descritos por possuirem
atividade anti-inflamatdria, hepatoprotetora, anti-carcinogénica (BORGES et al., 2005; DE
BEM et al., 2009; KHAN, 2010; VAN EERSEL et al., 2010; WANG et al., 2012).

No entanto, estudos também ja demonstraram que 0s compostos organicos de Se
podem causar efeitos toxicos quando utilizados em altas doses (NOGUEIRA; ZENI;
ROCHA, 2004). Dentre estes efeitos toxicos se destaca a capacidade de inibi¢do de enzimas
como a d-aminolevulinato desidratase, através da interacdo com o grupamento SH presente no
sitio ativo dessa enzima, assim como, efeitos citotoxicos (SOARES et al., 2005; POSSER et
al., 2011).

De acordo com essa controversa caracteristica que o elemento Se possui, €
imprescindivel que 0s novos compostos contendo Se sejam testados em diferentes modelos
experimentais, como por exemplo, C. elegans, Drosophila melanogaster, roedores,
modelagem in silico, entre outros.

O presente estudo procurou elucidar se a exposicdo do C. elegans a diferentes
concentracdes dos compostos organicos de Se, 1-fenil-3-(p-tolilselenil)propano-2-amina (C1),
1-(2-metoxifenilselenil)-3-fenilpropano-2-amina (C2), 1,2-bis(2-metoxifenil)disseleneto (C3),
1,2-dip-tolildisseleneto (C4) e disseleneto difenila (DPDS) alteraram a taxa de sobrevivéncia
do verme. Assim como, se 0S compostos protegiam o nematddeo do dano gerado pela

exposicdo a agentes nocivos como a juglone e o estresse térmico. Neste estudo, também foi
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demonstrada a capacidade antioxidante e reversora de dano dos compostos organicos de Se no
modelo de dano hepéatico agudo induzido pela administracdo de tioacetamida em
camundongos.

Estes compostos sdo pertencentes a duas classes diferentes, sendo o 1-fenil-3-(p-
tolilselenil)propano-2-amina (C1), 1-(2-metoxifenilselenil)-3-fenilpropano-2-amina (C2)
denominados como B-selenoaminas ou monosselenetos, e o0 1,2-bis(2-metoxifenil)disseleneto
(C3), 1,2-dip-tolildisseleneto (C4) como analogos ao DPDS ou disselenetos. Estes compostos
ja foram descritos na literatura por apresentarem potente atividade antioxidante in vitro
(STEFANELLO, S.T. et al., 2013). O efeito antioxidante destas moléculas foi relacionado
com as difrentes insercdes de grupamentos quimicos que estes compostos possuem, como por
exemplo o grupamento p-metil nos compostos C1 e C4 e o-metoxi nos compostos C2 e C3.
Sendo assim, este estudo buscou verificar se essas diferencas estruturais, como quantidade de
atomos de Se e diferentes insercbes no grupamento fenila, possibilitam melhores resultados
do que os encontrados para o DPDS utilizando os modelos descritos anteriormente.

No estudo envolvendo o modelo do C. elegans foi delineado uma série de
experimentos com a finalidade de analisar a taxa de sobrevivéncia dos vermes apos a
exposicdo aos compostos organicos de Se, assim como, da capacidade protetiva dos
compostos quando os vermes foram expostos a juglone e estresse térmico (ARTIGO 1). Neste
estudo foi utilizado um modelo de pré exposicdo do verme aos compostos de Se e posterior a
isso é que foi realizado os experimentos de sobrevivéncia e analises comportamentais. Atraves
dos resultados da curva de sobrevivéncia foi possivel observar que a exposi¢do dos vermes
aos compostos de Se (C1, C2, C3, C4 e DPDS) ndo promoveu alteracdes significativas nas
taxas de sobrevivéncia até a concentracdo de 200 uM, quando comparado com 0 grupo
controle. Sendo assim, para os demais experimentos ficou estipulado que o C. elegans
deveriam ser pré-expostos & concentracdo de 200 UM de cada composto.

Dessa forma, foi observado que a exposicdo por uma hora aos monosselenetos e
disselenetos na concentracdo de 200 UM ndo alteraram o0s niveis de postura e producdo de
ovos, batimento faringeo e curvatura corporal do C. elegans. No entanto, com exceg¢éo do C1,
0s demais compostos apresentaram diminuicdo do intervalo do ciclo defecagdo do verme e
inibicdo da acetilcolinesterase (AChE) (Figura 2 e Figura 3 do ARTIGO 1). Sabe-se que cepas
mutantes de C. elegans que possuem baixos niveis de acetilcolina também apresentam um
aumento do intervalo do ciclo de defecacdo (AVERY, 1993). Sendo assim, é possivel concluir
que o efeito inibitério da AChE causada pela exposicdo aos compostos de Se, foi o

mecanismo que promoveu a alteracdo do ciclo da defecacdo nos vermes. No entanto, o
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tratamento dos C. elegans com 0s compostos de Se ndo aumentaram a taxa de mortalidade
dos vermes.

Foi observado também que a exposicdo dos vermes aos compostos organicos de Se
protegeram do dano oxidativo induzido pela juglone, sendo que os vermes que foram
expostos a juglone tiveram uma taxa de mortalidade de aproximadamente 50% enquanto que
0s animais tratados com 0s compostos de Se permaneceram 100% vivos (Figura 4 do
ARTIGO 1).

A juglone, que tém sido muito utilizada em experimentos envolvendo C. elegans, € um
composto capaz de gerar dano oxidativo principalmente pela producdo de EROs (DE
CASTRO; HEGI DE CASTRO; JOHNSON, 2004). Sendo assim, é possivel observar que a
exposicdo dos vermes a juglone na concentracdo de 50 puM promoveu um aumento na
expressao da GST-4, que é preditivo de promocédo do dano oxidativo. No entanto, somente o
composto C2 conseguiu reduzir significativamente o aumento da expressdo da GST-4,
demonstrando que capacidade redox dos compostos de Se independe da quantidade de a&tomos
de Se presente na estrutura da molécula, uma vez que seu resultado foi superior ao dos
disselenetos testados (Figura 5 do ARTIGO 1).

O ciclo de vida do C. elegans é de aproximadamente 20 dias quando mantido a 25 °C.
No entanto, mudancas de temperatura podem promove modificacGes fisioldgicas irreversiveis
no C. elegans, tais como, diminui¢do no tempo de vida e vulnerabilidade ao estresse (PARK;
JUNG; LEE, 2017). Além disso, a exposicao dos vermes a temperaturas elevadas possibilita a
sinalizacdo de fatores de transcricdo, assim como, degeneracdo neuronal e morte celular por
necrose (KOURTIS; NIKOLETOPOULOU; TAVERNARAKIS, 2012). No ARTIGO 1
quando os vermes foram expostos a temperatura de 35 °C por quatro horas, mecanismo pelo
qual se desencadeia uma cascata de efeitos nocivos, foi elucidado que os compostos organicos
de Se ndo protegeram contra 0 dano gerado, justamente porque os vermes tratados com 0s
compostos ndo apresentaram aumento da taxa de sobrevivéncia. Isto explica que o pre-
tratamento com os compostos de Se ndo evitou a sinalizacdo de morte celular ocasionada pela
elevacdo da temperatura. No entanto, é possivel concluir que a atividade antioxidante dos
compostos de Se protegeram o C. elegans da indugdo ao estresse oxidativo quando estes
foram expostos a juglone, pois 0 mecanismo de dano gerado pela administracdo de juglone
ocorre principalmente devido a formacéo de EROs.

Os resultados descritos no ARTIGO 1 permitiram elucidar que os compostos [3-
selenoaminas (C1 e C2) e analogos ao DPDS (C3 e C4) apresentavam efeitos semelhantes ao

composto classico, DPDS, quando analisado 0s comportamentos do verme, tais como,
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producdo e postura de ovos, curvatura do corpo e batimento faringeo. No entando, foi possivel
constatar que a exposi¢do do C. elegans aos monosselenetos promoveram efeitos diferentes
dos encontrados nos disselenetos, como por exemplo, o composto 1-fenil-3-(p-
tolilselenil)propano-2-amina (C1) que ndo promoveu inibicdo da AChE, mantendo o ciclo de
defecacdo do verme igual ao controle e o 1-(2-metoxifenilselenil)-3-fenilpropano-2-amina
(C2) que diminuiu a expressdo da GST-4.

Justamente em decorréncia da necessidade de mais informacdes, quanto as diferencas
entre os efeitos dos compostos B-selenoaminas e analogos ao DPDS, nés realizamos 0s
experimentos presentes no ARTIGO 2 e no ARTIGO 3. O protocolo experimental que foi
delineado para os ARTIGOS 2 e ARTIGO 3 permitiu mensurar se o tratamento com 0s
compostos organicos de Se protegeram os tecidos do dano hepéatico agudo induzido
previamente através da administracdo de TAA (200 mg/kg, via intraperitoneal) em
camundongos.

A TAA é um composto quimico muito utilizado em processos fabris em industrias de
borracha, couro e papel, além de ser utilizada também na sintese de moléculas organicas
devido a capacidade de doacdo do elemento enxofre (POHANISH, 2012; SARMA, D.;
HANZLIK, 2011). Além disso, em laboratorios de pesquisa cientifica a TAA é utilizada para
promover dano hepéatico agudo e cronico, dependendo da dose, frequéncia e via de
administracdo (CHEN et al., 2008; WALLACE et al., 2015). Estudos recentes reportaram que
a administracdo da TAA é capaz de promover dano tecidual hepatico devido a fibrose hepatica
e formacdo de EROs, o que possibilita mimetizar em roedores as caracteristicas dos danos
hepaticos mais prevalentes em humanos, tais como, hepatite e hepatocarcinoma (DE
MINICIS et al., 2013; LIEDTKE et al., 2013).

A metabolizacdo da TAA ocorre através do complexo microssomal citocromo P-450,
onde se forma metabdlitos reativos denominados S-Oxido de TAA e dioxido de TAA
(CHILAKAPATI et al., 2005). Sao estes metabdlitos reativos os responsaveis por desencadear
0 dano tecidual hepatico, justamente por depletar os niveis de GSH, assim como, interagir
com macromoléculas (WALLACE et al., 2015).

Estudos prévios ja demonstraram que o tratamento com DPDS na dose de 15,6 mg kg
! via intraperitoneal, apds uma hora da indugdo do dano com acetaminofeno, possibilitou a
reversdo de danos no tecido hepatico e cerebral de camundongos (CARVALHO et al., 2013;
DA SILVA et al., 2012). Sendo assim, os resultados apresentados no ARTIGO 2 e no ARTIGO
3, condizem com os efeitos descritos na literatura de que os compostos organicos de Se (dose

de 15,6 mg kg, via intraperitoneal) possuem atividade hepato e neuroprotetora, porque foi
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possivel observar que tanto os compostos monosselenetos (C1 e C2) quanto os disselenetos
(C3, C4 e DPDS), apresentaram capacidade de reversdo dos parametros associados ao estresse
oxidativo, assim como, possibilitaram uma manutencédo da viabilidade celular (Figura4,5e 6
do ARTIGO 2 e Figura 3 do ARTIGO 3).

No ARTIGO 2 e no ARTIGO 3 é possivel observar que a administracdo de TAA na
dose de 200 mg kg?!, via intraperitoneal, promove um severo dano hepatico nos
camundongos. Durante o experimento foi possivel observar que o tecido hepatico dos animais
tratados com TAA apresentavam um maior volume, assim como, caracteristicas de
hemorragia. Estas observacGes macroscopicas foram confirmadas ap6s a analise histologica
do tecido hepéatico dos animais que receberam a TAA, onde foi possivel constatar areas de
congestdo e necrose tecidual, assim como, presenca de leucocitos, vaclolos e hemacias
(Figura 10 do ARTIGO 2 e Figura 2 do ARTIGO 3). No entanto, o tratamento com 0s
compostos de Se, exceto DPDS, ndo promoveram melhora nas caracteristicas macro e
microscopicas do tecido hepatico.

Os animais que foram tratados com a TAA apresentaram niveis elevados das enzimas
aspartato e alanina aminotransferase (AST e ALT), o que serviu de parametro inicial para
avaliar se a dose Unica de TAA (200 mg kg™) era capaz de gerar o dano hepatico (Figura 3 do
ARTIGO 2 e Figura 2 do ARTIGO 3). E novamente s6 o tratamento com DPDS foi o que
apresentou os niveis das enzimas AST e ALT similares aos niveis encontrados no grupo
salina, indicando que o tratamento com DPDS conseguiu reverter a extensdao do dano. Os
demais compostos mono e disselenetos apresentaram niveis de AST e ALT similares a
encontrada no grupo TAA.

O DPDS é um composto organico de Se que apresenta propriedades antioxidantes
justamente por mimetizar a acdo da enzima GPx, através da formacdo do grupamento
denominado SeH (NOGUEIRA; ZENI; ROCHA, 2004). O grupamento SeH é fortemente
nucleofilico e a sua acdo esta relacionada com a capacidade antioxidante de inumeros
compostos organicos de Se, onde atraveés do consumo de GSH ocorre a decomposicdo de
H>02em agua (NOGUEIRA; ROCHA, 2010).

A detoxificacdo de xenobidticos através da reacdo de fase dois, necessita da acdo da
glutationa-S-transferase (GST) para conjugar o xenobidtico com a GSH, produzindo assim,
metabolitos mais faceis de serem eliminados (WHALEN; BOYER, 1998). Durante 0 processo
de detoxificacdo dos metabolitos reativos da tioacetamida a GSH é depletada, possibilitando a
instauracdo do dano tecidual (SULTANA et al., 2004). O tratamento com os disselenetos
reverteram a deplecdo da GSH hepatica (Figura 8C do ARTIGO2). No entanto, a
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administragdo dos monosselenetos, mesmo elevando os niveis de GSH hepética se
comparados com o grupo TAA, ainda permaneceram inferiores ao nivel do grupo salina
(Figura 4A do ARTIGO 3).

Além disso, a indugdo do dano hepético agudo utilizando a TAA permitiu uma
deplecdo dos niveis de GSSG (Figura 8D do ARTIGO 2 e Figura 4B do ARTIGO 3). E o
tratamento com 0s compostos organicos de Se, exceto o monosseleneto 1-fenil-3-(p-
tolilselenil)propano-2-amina (C1) (Figura 2 do ARTIGO 3), possibilitou um aumento nos
niveis de GSSG. O conjunto desses resultados permite visualizar que o tratamento realizado
com compostos organicos de Se evita que a GSH seja depletada via conjugacdo e assim
mantém elevado o nivel de GSSG. A razdo GSH/GSSG hepética apresenta-se
significativamente reduzida apenas no grupo que foi tratado com a TAA (Figura 8F do
ARTIGO 2 e Figura 4C do ARTIGO 3), o que permite classificar que 0os compostos organicos
de Se, na dose de 15,6 mg kg, apresentaram uma reversdo do dano oxidativo promovido pela
TAA, sem depletar os niveis das defesas antioxidantes enddgenas, como por exemplo, a GSH.

Os nivel hepatico da enzima GST apresenta-se reduzido em todos 0s grupos testados
(Figura 9B do ARTIGO 2 e Figura 5 do ARTIGO 3), demonstrando que a reacdo de
detoxificacdo da TAA utiliza a via GST. Este resultado também permite afirmar que os
monosselenetos, atuam principalmente via GST para detoxificar a TAA, devido a diminuicdo
da GSH hepdtica encontrada nestes grupos, ainda que tais niveis permaneceram elevados
guando comparado com o grupo TAA (Figura 4A do ARTIGO 3).

Além disso, a inducdo do dano hepatico através da administracdo de TAA possibilitou
um aumento nos niveis hepaticos da GPx, demonstrando que essa € uma rota alternativa para
a detoxificacdo das EROs produzidas durante a metabolizacdo desse xenobidtico. O
tratamento com os compostos de Se mantiveram o0s niveis de GPx significativamente
elevados, tendo destaque para o0s compostos disselenetos, DPDS e 1,2-bis(2-
metoxifenil)disseleneto (C3), que apresentaram niveis inferiores aos encontrados para o0 grupo
TAA (Figura 9D do ARTIGO 2 e Figura 5B do ARTIGO 3). Além disso, foram apenas estes
compostos, DPDS e C3, que apresentaram uma diminugdo dos niveis mieloperoxidase
hepética (Figura 7 do ARTIGO 2). No entanto, como 0s grupos tratados com 0S compostos
monosselenetos ndo tiveram a andlise dos niveis da mieloperoxidase, ndo foi possivel
esclarecer a existéncia dessa relagéo entre o efeito na GPx e no processo inflamatorio.

A inducédo do dano hepatico através da administracdo de TAA promoveu um aumento
nos niveis de malondialdeido e das espécies reativas de oxigénio no figado dos animais
(Figura 5 do ARTIGO 2 e Figura 3 do ARTIGO 3). No entanto, os grupos tratados com 0s
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compostos organicos de selénio apresentaram uma diminui¢do dos niveis de TBARS e de
EROs, sendo estes estatisticamente diferente quando comparados ao grupo TAA. Em nosso
estudo prévio aonde foram utilizados os mesmos compostos organicos de selénio foi
observado que tais compostos diminuiam os niveis de TBARS in vitro tanto em cérebro
quanto em figado de ratos, independentemente de qual agente indutor de peroxidacao lipidica
fosse utilizado, ferro ou nitroprussiato de sddio (STEFANELLO, SILVIO TERRA. et al.,
2013).

No ARTIGO 2 ¢ possivel observar que a maioria dos experimentos também foram
realizados no tecido cerebral, com a intencdo de verificar a atividade neuroprotetora dos
compostos de Se. Isso ocorreu porque a inducdo do dano hepético através da TAA também
promove encefalopatia hepatica (MIRANDA et al., 2010). No entanto, a discussdo em relacéo
a esses efeitos ficou restrita aos compostos disselenetos (C3, C4 e DPDS), uma vez que no
ARTIGO 3 ndo foram realizas analises experimentais utilizando o tecido cerebral.

Sendo assim, no ARTIGO 2 é possivel observar que a dose de 200 mg kg™ de TAA
também promoveu alteracGes no tecido cerebral dos camundongos, como o aumento de
volume do cérebro e dos niveis de TBARS, além de diminuir a viabilidade celular. No
entanto, o tratamento com disselenetos reverteram completamente estas alteragdes (Figura
2A, 4A e 5A do ARTIGO 2). Além disso, o0 mecanismo de defesa do cérebro demonstrou atuar
por uma via diferente do que a utilizada pelo figado, uma vez que, ndo foi observado
depletacdo dos niveis de GSH cerebral, mesmo que os niveis de GST permanecessem
elevados nos grupos TAA e grupos tratados com compostos de Se (Figura 8A e 9A).

Além dos resultados ja publicados, ARTIGO 2 e ARTIGO 3, no APENDICE deste
material consta dados parciais que abordam alguns parametros mitocondriais encontrados
apos a inducdo do dano hepatico pela TAA e que possibilitam demonstrar o efeito que o
tratamento com 0s compostos organicos de Se promovem nessa organela. Um estudo
realizado pelo nosso grupo de pesquisa demonstrou anteriormente que o tratamento com
DPDS na dose de 15,6 mg kg, via intraperitoneal, foi capaz de recuperar o a funcionalidade
mitocondrial apds a inducdo de dano hepético utilizando o acetaminofeno (CARVALHO et
al., 2013). Nés observamos no nosso estudo que a indugdo do dano hepatico utilizando a TAA
promoveu uma diminuicdo no potencial de membrana mitocondrial, assim como, reduziu a
capacidade respiratoria dessa organela. Além disso, as mitocondrias isoladas do grupo tratado
com TAA apresentaram uma maior producdo de EROs. Contudo, o tratamento realizado com
0s compostos de Se conseguiram reverter tais indicadores de dano, mantendo as

caracteristicas mitocondriais semelhantes ao grupo salina.
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6 CONCLUSOES

Com a utilizacdo de diferentes modelos experimentais (C. elegans, indugéo de dano
hepatico através da TAA em camundongos) foi possivel elucidar que as diferencas estruturais
dos monoselenetos e disselenetos promovem diferentes efeitos protetores e reversores de dano

conforme as seguintes observacgoes:

. A presenca da insercdo metil no C1 possibilitou que essa molécula nao
diminuisse a atividade da AChE, mantendo normalmente os comportamentos do C. elegans.

o Independente do modelo experimental utilizado, todos 0os compostos testados
apresentaram uma caracteristica antioxidante. Agindo na protecdo dos C. elegans quando
expostos a juglone e revertendo os niveis de TBARS e EROs (figado e mitocdndria) apds a
administracdo de TAA nos camundongos.

. O DPDS promoveu uma reversdao completa do dano induzido pela TAA,
normalizando os niveis de AST e ALT, assim como, mantendo as caracteristicas macro e

microscopicas similares ao grupo salina.
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APENDICE A - ESTUDO RELACIONADO COM A TESE, POREM NAO
SUBMETIDO PARA PUBLICACAO

Avaliacdo da funcdo mitocondrial ap6s a inducdo do dano hepatico por

tioacetamida e do tratamento com compostos orgéanicos de selénio

O protocolo de indugdo do dano hepético através da TAA e o tratamento com 0s
compostos de Se foram realizados conforme consta nos métodos do Artigo 2 e do Manuscrito.
As mitocondrias do figado foram isoladas de acordo com o método descrito por Navarro et
al., 2002 com algumas modificagdes (NAVARRO et al., 2002). A determinagéo do potencial
de membrana mitocondrial (Aym) foi estimada por mudangas na fluorescéncia da O-safranina
(AKERMAN; WIKSTROM, 1976). A geracdo de EROs mitocondrial foi determinada
espectrofluorimetricamente, utilizando 2’7’-diclorofluoresceina diacetato de acordo com
método descrito por Garcia-Ruiz et al.,1997 (GARCIARUIZ et al., 1997). A taxa de
respiracdo mitocondrial foi obtida através de um oximetro acoplado com um eletrodo do tipo
Clark em contato com uma cuba continuamente agitada (sistema Oxytherm, Hansatech
Instrumentos Ltda) mantida a 37 °C (SULLIVAN et al., 2003).

Figura 1: Potencial de membrana (A) e producdo de EROs mitocondrial (B). n=5, * diferenca significativa do
grupo salina, # diferenca significativa quando comparado com o grupo TAA. ANOVA de uma via, seguido pelo

teste de Bonferroni, considerando resultados significativos p < 0,05.
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Figura 2: Estégio Il (A), estagio IV (B) e RCR (C). n=5, * diferenca significativa do grupo salina. ANOVA de
uma via, seguido pelo teste de Bonferroni, considerando resultados significativos p < 0,05.
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Abstract: Selenium compounds, such as diphenyl diselenide (DPDS), have been shown to
exhibit biological activity, including antioxidant effects. However, the use of DPDS in phar-
macology is limited due to in vivo pro-oxidative effects. In addition, studies have shown that
DPDS-loaded nanocapsules (DPDS-NCS) have greater bioavailability than free DPDS in mice.
Accordingly, the aim of this study was to investigate the antioxidant properties of DPDS-NCS
in vitro and biological activity in mice. Our in vitro results suggested that DPDS-NCS signifi-
cantly reduced the production of reactive oxygen species and Fe(II)-induced lipid peroxidation
(LPO) in brain. The administration of DPDS-NCS did not result in death or change the levels
of endogenous reduced or oxidized glutathione after 72 hours of exposure. Moreover, ex vivo
assays demonstrated that DPDS-NCS significantly decreased the LPO and reactive oxygen
species levels in the brain. In addition, the highest dose of DPDS-NCS significantly reduced
Fe(II)- and sodium nitroprusside-induced LPO in the brain and Fe(II)-induced LPO in the liver.
Also, d-aminolevulinate acid dehydratase within the brain was inhibited only in the highest dose
of DPDS-NCS. In conclusion, our data demonstrated that DPDS-NCS exhibited low toxicity
in mice and have significant antioxidant characteristics, indicating that nanoencapsulation is a
safer method of DPDS administration.

Keywords: diphenyl diselenide, DPDS-NCS, lipid peroxidation, antioxidant properties,
3-ALA-D

Introduction

Selenium (Se) is an essential trace element for mammals found within selenoproteins
and has important health benefits.'? However, several studies have reported that there is
anarrow margin between the beneficial and the toxic effects of Se, stimulating the cre-
ation of new Se compounds, including diphenyl diselenide (DPDS) and ebselen.’*

Accordingly, investigators have described that DPDS, a highly lipophilic organic
selenium compound, has promising beneficial effects, which include neurological
and hepatic protection against oxidative stress conditions.” In addition, most of the
antioxidant properties of DPDS are associated with its ability to mimic the enzyme
glutathione peroxidase.’

In contrast, studies have shown that DPDS has pro-oxidative effects in vivo, such
as oxidation of sulfhydryl (—SH) groups in proteins, reduction of glutathione levels
(GSH), and inhibition of §-aminolevulinic acid dehydratase (§-ALA-D).® In addition,
the lethal dose (LD, ) for a single intraperitoneal (ip) administration of DPDS in mice
is 210 umol/kg.’
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In this regard, nanotechnology is widely applied to
produce significant advantages over prodrugs, including
improving the bioavailability of lipophilic molecules and
increasing the safe dose of toxic compounds.'®!" In addition,
nanoparticles help to enhance the stability of drugs and can
efficiently control the drug release in a system, which can
provide pharmacological efficacy by entrapping the drug
molecules until they reach their target.'

Studies have shown that DPDS-loaded-nanocapsules
(DPDS-NCS) have greater bioavailability than free DPDS
in mice, which suggests an increase in drug absorption after
nanoencapsulation.”” However, DPDS-NCS antioxidant
effects and the toxicity in mice remain unknown. Thus,
the present study was designed to evaluate the antioxidant
properties of DPDS-NCS against the generation of reactive
oxygen or nitrogen species (ROS and RNS) in vitro and
ex vivo and the biological effects following 72-hour exposure
of DPDS-NCS exposure in mice.

Materials and methods

Materials

Thiobarbituric acid (TBA), malonldialdehyde (MDA),
O-phthalaldehyde (OPT), N-ethylmaleimide, Tris-HCI,
trichloroacetic acid, and sodium dodecyl sulfate (SDS) were
obtained from Sigma-Aldrich Co. (St Louis, MO, USA).
Fe(II) sulfate, sodium nitroprusside (SNP), and acetic acid
were obtained from Merck (Rio de Janeiro, RJ, Brazil). All
other chemicals were of analytical grade and obtained from
standard commercial suppliers.

Compound

DPDS was prepared following the method previously
described by Paulmier, and the chemical purity of this com-
pound (99.9%) was accessed by hydrogen and carbon nuclear
magnetic resonance and gas chromatography.'*

Preparation of nanocapsules

Nanocapsule suspensions were prepared by the interfacial
deposition of preformed polymer method as described by Fessi
etal.”” Briefly, an organic solution consisted of the oily phase —
canola oil (1.551 g), a low HLB (hydrophilic-lipophilic bal-
ance) surfactant — Span 80 (0.383 g), polymer (polycaprolac-
tone [PCL] with molecular weight 70,000-90,000 Da) (0.5 g),
and acetone (133.5 mL) at 40°C was added under moderated
magnetic stirring to an aqueous solution (266.5 mL of Milli-Q
water) containing a high HLB surfactant—Tween 80" (0.383 g)
at 35°C. DPDS-NCS were prepared by dissolving DPDS in the
organic solution during the preparation of the nanocapsules,
according to the method described by Giordani et al."

Nanocapsules characteristics

The particle size, polydispersity indices, and zeta potential
were determined using Zetasizer Nano Series (Malvern
Instruments, Malvern, UK). The pH values were determined
using a Digimed DM-20 calibrated potentiometer (Digimed,
Sdo Paulo, SP, Brazil). The encapsulation efficiency was
determined by high-performance liquid chromatography as
described by Giordani et al."

Animals

Male adult swiss albino mice (25-30 g) were used. They
were obtained from a local breeding colony. The animals
were maintained on a 12-hour light and 12-hour dark cycle
at a room temperature of 22°C+2°C, with free access to food
and water. The animals were used according to the guidelines
of the Committee on Care and Use of Experimental Animal
Resources. The protocol was approved by the Committee on
the Ethics of Animal Experiments of the Federal University
of Santa Maria, Brazil (permit number 024745/2009).

In vitro experiments

Tissue preparation

The mice were sacrificed by cervical dislocation. The brains
and livers were removed and immediately placed on ice. Both
tissues were homogenized in 10 mM Tris-HCI and centri-
fuged for 10 minutes at 2,000 rpm. The supernatant fraction
(S1) was collected immediately for the in vitro assays.

Lipid peroxidation assay

Lipid peroxidation (LPO) was determined by measuring
TBA-reactive substances as previously described by Ohkawa
et al.'® Aliquots of brain and liver supernatants (100 uL of S1)
were incubated for 60 minutes with freshly prepared Fe(1l)
(10 uM) in the absence or presence of unloaded nanocapsules
(vehicle) and DPDS-NCS (10 uM, 20 uM, 40 uM, 80 uM) in
amedium containing 10 mM Tris-HCI buffer at pH 7.4. The
reaction was stopped by the addition of SDS (8.1%), and LPO
products were measured by the addition of acetic acid/HCI
buffer, pH 3.4 and 0.6% TBA, pH 6.0. The color reaction was
developed by incubating tubes in boiling water for 60 minutes.
TBA-reactive substance levels were measured by spectropho-
tometer at 532 nm using a standard curve of MDA.

ROS production

The substrate 2°-7'-dichlorofluorescein diacetate (DCFH-DA)
was utilized to measure the intracellular formation of ROS,
according to Myhre et al.'” The brain and liver supernatants
(S1) were incubated with unloaded nanocapsules (vehicle)
and DPDS-NCS (10 uM, 20 uM, 40 uM, 80 uM). DCFH-DA
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(1 mM) was added to the medium, and the incubation was
continued for 60 minutes in the dark. The fluorescence was
measured using 488 nm for excitation and 525 nm for emis-
sion. ROS levels were expressed as nanomoles of DCF per
milligram of protein.

In vivo experiments

Lethal dose—response

Male adult Swiss albino mice were treated with an ip injec-
tion of saline (control), unloaded nanocapsules (vehicle),
or DPDS-NCS (10 wmol/kg, 50 pmol/kg, 100 pmol/kg,
500 umol/kg, and 1,000 pmol/kg). According to Nogueira
et al, the death was observed for up to 72 hours to determine
the lethal properties of the DPDS-NCS.’

Ex vivo experiments

Animal treatment

Ex vivo experiments were performed in mice treated with
an ip injection of saline (control), unloaded nanocap-
sules (vehicle), or DPDS-NCS (10 pmol/kg, 50 umol/kg,
100 pmol/kg, 500 pmol/kg, and 1,000 pmol/kg) after
72 hours of exposure. All mice were sacrificed by cervical
dislocation. The brains and livers were removed, weighed,
dissected, and kept on ice until the time of assay. A portion
of both tissues were homogenized in 10 mM Tris-HCI] and
centrifuged for 10 minutes at 2,000 rpm. The supernatant
fraction (S2) was collected immediately for the ex vivo
analysis. The remaining portions of brain and liver were
used for the measurement of reduced (GSH) and oxidized
(GSSG) glutathione levels.

Thiobarbituric acid-reactive substance levels

Aliquots (200 pL) of brain and liver supernatants (S2)
were mixed with 500 uL TBA (0.6%), 200 uL SDS
(8.1%), and 500 uL acetic acid (pH 3.4). The color reac-
tion was developed by incubating tubes in boiling water for
60 minutes.'® TBA-reactive substance levels were measured
at 532 nm using a standard curve of MDA, and the results
were expressed as nanomoles of MDA per milligram of
protein.

Fe(ll) or SNP-induced lipid peroxidation

The end products of LPO were determined in tissue samples
as previously described by Ohkawa et al.'® Aliquots of brain
and liver supernatants (100 pL of S2) were incubated for
60 minutes with freshly prepared Fe(II) (10 uM) or SNP
(5 uM). The assays were carried out as described in section
in vitro experiments, except that the compounds were not
added to the reaction medium.

Measurement of intracellular reactive oxygen species
production

Aliquots (20 pL) of brain and liver supernatants (S2)
were added to a medium containing Tris-HCI buffer
(10 mM; pH 7.4) and DCFH-DA (1 mM). The assay was
conducted as described earlier to the in vitro experiments,
except that the compounds were not added to the reaction
medium."”

Measurement of reduced (GSH) and oxidized
(GSSG) glutathione levels

For the measurement of GSH and GSSG levels, we used a
method previously described by Hissin and Hilf.'* Briefly,
250 mg of brain and liver were homogenized in 3.75 mL
phosphate EDTA buffer (pH 8) plus 1 mL H,PO, (25%).
Homogenates were centrifuged at 4°C at 130,000x g for
30 minutes, and the supernatants (S3) were separated in two
different aliquots of 500 uL each for measurement of GSH
and GSSG. For GSH determination, 100 uL of the supernatant
(S3) was diluted in 1.8 mL of phosphate buffer and 100 uL
of OPT (1 pg/uL). The mixtures were incubated at room
temperature for 15 minutes, and their fluorescent signals were
recorded in the RF-5301PC Shimadzu spectrofluorometer
(Shimadzu Corporation, Kyoto, Japan) at 420 nm of emission
and 350 nm of excitation wavelengths. For the measurement
of GSSG levels, a 250 pL of the supernatant (S3) was incu-
bated at room temperature with 100 gL of N-ethylmaleimide
(0.04 M) for 30 minutes at room temperature, and after that
140 pL of the mixture was added to 1,760 mL of NaOH
(0.1 N) buffer, following the addition of 100 uL OPT and
incubated for 15 minutes, using the above-outlined procedure
for GSH assay.

8-ALA-D activity

The enzymatic activity was assayed according to the method
of Sassa by measuring the rate of porphobilinogen (PBG)
formation.'” The incubation was initiated by adding 200 uL
of brain and liver supernatants (S2). Brain and liver samples
were incubated for 180 minutes and 30 minutes, respec-
tively, at 39°C. The reaction was stopped by the addition
of 10% trichloroacetic acid containing 0.05 mol/L HgClL,,
and the PBG was measured with Ehrlich’s reagent, using
the molar absorption coefficient of 6.1x10* for Ehrlich-
PBG salt. The results were expressed as nmol PBG/h/mg
protein.

Protein quantification
The protein concentration was estimated by the Bradford
method using bovine serum albumin as the standard.?’
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Statistical analysis

All data are expressed as means * standard error of the mean
for each experimental group. Determination of statistical
significance was performed by an one-way analysis of vari-
ance, followed by Newman—Keuls multiple range test when
appropriate. Differences between groups were considered to
be significant when P<<0.05.

Results

In vitro results

Effect of DPDS-NCS on LPO induced by Fe(ll)

in the brains and livers of mice

LPO in mice brain and liver homogenates was induced with
Fe(Il) (10 uM) (Figure 1), and the antioxidant effect of
DPDS-NCS on these homogenates was investigated. The
DPDS-NCS decreased LPO induced by Fe(II) at the highest
concentration tested (80 M) in the brain sample (Figure 1A);
however, no antioxidant effects were observed in the liver
sample (Figure 1B).

Scavenging of normal ROS production

Brains and liver samples were incubated with different
concentrations of DPDS-NCS to test the scavenging of
ROS (Figure 2). All concentrations of DPDS-NCS tested
significantly decreased normal ROS production in the brain
(Figure 2A); however, no effects on the concentration of ROS
were observed in the liver sample (Figure 2B).

In vivo results

The administration of DPDS-NCS at any of the concentration
tested (10 umol/kg, 50 pmol/kg, 100 umol/kg, 500 pmol/kg,
and 1,000 umol/kg) was not lethal after 72 hours of exposure
(data not shown).
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Ex vivo results

Thiobarbituric acid-reactive substance levels

A significant reduction in brain MDA levels was observed
with the administration of 1,000 umol/kg DPDS-NCS
as compared to the control group (Figure 3A); however,
significant decrease in the formation of MDA was not
observed in the liver (Figure 3B). In addition, when LPO
was induced by Fe(Il) (10 uM), the highest dose of DPDS-
NCS led to significant antioxidant activity in both the brain
and liver (Figure 4A and B). When LPO was induced with
SNP (5 uM), the DPDS-NCS (1,000 umol/kg) significantly
reduced MDA formation in the brain (Figure 4C). The
DPDS-NCS did not result in significant MDA reduction at
any dose tested when LPO was induced with SNP in the
liver (Figure 4D).

Quantification ROS production

Figure 5A shows that significantly reduced ROS production
in the brain by DPDS-NCS (1,000 umol/kg); however, expo-
sure to DPDS-NCS did not change normal ROS production
in the liver (Figure 5B).

GSH and GSSG levels

All groups presented similar GSH and GSSG levels in
the brain and liver, indicating that the DPDS-NCS did not
interfere with these parameters after 72 hours of exposure
(data not shown).

8-ALA-D activity

The highest dose of the DPDS-NCS (1,000 umol/kg) led to a
significant decrease in brain 8-ALA-D activity (Figure 6A);
however, none of the doses of DPDS-NCS tested changed
the activity of 8-ALA-D in the liver (Figure 6B).
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Figure | Effect of DPDS-NCS in the TBARS induced by Fe(ll) in vitro in the brain (A) and in the liver (B).
Notes: Data are shown as mean + SEM, n=4. *Represent a significant difference if compared with the induced group by Newman—Keuls test, P<<0.05.
Abbreviations: DPDS-NCS, diphenyl diselenide-loaded nanocapsules; TBARS, thiobarbituric acid-reactive substances; SEM, standard error of the mean; MDA, malonl-

dialdehyde.
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Figure 2 Effect of DPDS-NCS in the ROS production in vitro in the brain (A) and in the liver (B).
Notes: Data are shown as means + SEM, n=4. *Represent a significant difference if compared with the basal group by Newman—Keuls test, P<<0.05.
Abbreviations: DPDS-NCS, diphenyl diselenide-loaded nanocapsules; ROS, reactive oxygen species; SEM, standard error of the mean; DCEF, dichloro-dihydro-

fluorescein.

Discussion

In this study, we performed some antioxidant and toxico-
logical assays to characterize DPDS-NCS in vitro, ex vivo,
and in vivo properties. To the best of our knowledge, this is
the first study that evaluated DPDS-NCS in the mentioned
assays. In addition, DPDS was considering as a promising
therapeutic compound of oxidative stress-induced tissue
damage.”"* However, DPDS has a narrow barrier between
beneficial and the advent of toxicological effect, which is a
limiting factor in their current usage.”?*

Additionally, DPDS-NCS was previously characterized
as macroscopic homogeneous aspect, as well as submicronic
sizes, low polydispersity indices, negative zeta potentials,
and slightly acid or neutral pH values." Giordani et al also
demonstrated that nanoencapsulation improves the DPDS-
NCS pharmacokinetics when compared to the free DPDS.
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In this regard, we evaluated the toxicity in mice, following
exposure to DPDS-NCS, when administered intraperitoneally
in mice. Accordingly, we showed that the administration of
DPDS-NCS in doses fivefold higher than the LD, of free
DPDS were not toxic and did not cause seizures in mice,
indicating that nanoencapsulation reduces the toxicity of
DPDS.

Another important property of DPDS and its analogs
is their antioxidant activity in vitro and ex vivo.?'* In the
most frequently cited mechanisms of organic selenium anti-
oxidant activity, the selenium compound acts as substrate
of the enzyme thioredoxin reductase or mimics glutathione
peroxidase.>2

Similarly, DPDS protected some tissues against the pro-
oxidative effects of ROS and LPO.?**"? In addition, LPO and
ROS were widely associated with several oxidative diseases
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Figure 3 Effect of DPDS-NCS in the TBARS ex vivo in the brain (A) and in the liver (B).
Notes: Data are shown as means + SEM, n=4. *Represent a significant difference if compared with the control group by Newman—Keuls test, P<<0.05.
Abbreviations: DPDS-NCS, dipheny! diselenide-loaded nanocapsules; TBARS, thiobarbituric acid-reactive substances; SEM, standard error of the mean; MDA, malonl-

dialdehyde.
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Figure 5 Effect of DPDS-NCS administration in the ROS production in the brain (A) and in the liver (B).
Notes: Data are shown as means + SEM, n=4. *Represent a significant difference if compared with the control group by Newman-Keuls test, P<<0.05.
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Figure 6 Effect of DPDS-NCS administration in the brain (A) and in the liver (B) 3-ALA-D.
Notes: Data are shown as means + SEM, n=4. *Represent a significant difference if compared with the control group by Newman—Keuls test, P<<0.05.
Abbreviations: DPDS-NCS, diphenyl diselenide-loaded nanocapsules; 3-ALA-D, 8-aminolevulinic acid dehydratase; SEM, standard error of the mean; PBG,

perphobilinogen.

and many types of antioxidants play an important protection
role through the redox mechanism. >

In this regard, we observed a significant in vitro anti-
oxidant activity in the brains of mice, including a reduction
of MDA levels (Figure 1) and ROS production (Figure 2).
Huang and Cols have shown significant in vitro free radical
scavenger activity of nano red elemental selenium, despite
its small particle size.’! Our findings corroborate with the
findings of that study; although DPDS-NCS exhibit a small
particle size, some DPDS in vitro antioxidant activity was
maintained.

Also, the exposure of mice to DPDS-NCS reduced MDA
levels (Figure 3) and ROS production (Figure 5) in the brain,
demonstrating significant antioxidant activity following
72 hours of administration. In this way, we induced ex vivo
LPO by Fe(Il) to produce ROS and by SNP to generate
RNS. We found that the highest dose of DPDS-NCS led to
a significant reduction in the oxidant levels in the brain when
induced by both pro-oxidants (Figure 4A and C). In addition,
the highest DPDS-NCS dose also significantly decreased
liver LPO when induced by Fe(IT) (Figure 4B).

Another important DPDS characteristic is its ability to
interact with and oxidize the sulfhydryl groups of proteins
within biological systems. This is the most likely mechanism
leading to the inhibition of 8-ALA-D.° Several studies have
shown that exposure to DPDS can induce toxicity by oxidiz-
ing cysteinyl residues for important enzymes.**? Thus, our
findings demonstrate that the DPDS-NCS at the highest dose
tested were able to inhibit §-ALA-D in the brain, indicating
that this dose maintained the enzyme inhibition 72 hours after
administration of the DPDS-NCS (Figure 6A). However, we
also verified that exposure to the DPDS-NCS did not inhibit
the liver 8-ALA-D (Figure 6B).

Morcover, DPDS-NCS was absorbed faster than the
free compound, which demonstrated that the metabolism
of DPDS-NCS in the liver can occur earlier than 72 hours
of exposure."?

In addition, our results established that DPDS-NCS in
all tested doses did not present any significant effect on the
GSH and GSSG levels in the brain and liver, indicating that
even if the thiol groups of the compound are oxidized, normal
levels can reestablished.

Conclusion

We developed in vitro, in vivo, and ex vivo assays to evaluate
the antioxidant and the biological effects of DPDS-NCS in mice.
The results of this study have demonstrated that antioxidant
activity of DPDS-NCS can significantly influence the physico-
chemical characteristics of the nanomaterial. Consequently,
DPDS-NCS presented greater in vitro and ex vivo antioxidant
effects in the brain than in the liver. Furthermore, the DPDS-
NCS were not lethal to mice following 72 hours of exposure.
Thus, DPDS exposure is safer after nanoencapsulation. Tn
conclusion, further studies can be beneficial in evaluating the
efficacy of DPDS-NCS as therapeutic option for the treatment
against oxidative stress-associated diseases.
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bt ool

Prof.2 Dr.2 Daniela Bitencourt Rosa Leal

Atenciosamente,

Coordenadora da Comissao de Etica no Uso de Animais- UFSM

Comiss&o de Etica no Uso de Animais - UFSM - Av. Roraima, 1000 — Prédio da Reitoria - 2° andar - Campus Universitaric 97105-900 —

Santa Maria — RS - - Tel: 0 xx 55 3220 9362



82

ANEXO C - COMPROVANTE DE AUTORIZACAO DOS JORNAIS ONDE OS
ARTIGOS ESTAO PUBLICADOS, PARA A REUTILIZACAO DOS DADOS NA
TESE.

damee RightsLink = oo

@ Center
Title: Protective effects of novel Logged in as:
organic selenium compounds Silvio Stefanallo
against oxidative stress in the ———
nematode Caenorhabditis 2000532570
elegans —
Author: Silvio Terra Stefanello,Priscila ~L

Gubert,Bruna Puntel,Caren Rigon
Mizdal Marli Matiko Anraku de
Campos,Syed M. Salman,Luciano
Dornelles,Daiana Silva
Ayila,Michael Aschner,Félix
Alexandre Antunes Soares

Publication: Toxicology Reports

Publisher: Elsevier

Date: 2013

Copyright © 2015 Published by Elsevier Inc.

Creative Commons Attribution-NonCommercial-No Derivatives License (CC BY NC ND)

This article is published under the terms of the Creative Commons Attribution-NonCommercial-Mo
Derivatives License (CC BY NC ND).

For non-commercial purposes you may copy and distribute the article, use portions or extracts from
the article in other works, and text or data mine the article, provided vou do not alter or modify the
article without permission from Elsevier. You may also create adaptations of the article for your own
personal use only, but not distribute these to others. You must give appropriate credit to the original
work, together with a link to the formal publication through the relevant DOI, and a link to the
Creative Commons user license above. If changes are permitted, you must indicate if any changes are
made but not in any way that suggests the licensor endorses yvou or your use of the work.

Permission is not required for this non-commercial use. For commercial use please continue to request

permission via Rightslink.
BACK CLOSE WINDOW

Copyright © 2017 Copyright Clesrance Center, Inc. All Rights Reserved. Privacy statement. Terms and Conditions.
Comments? We would like to hear from you. E-mail us at customercare® copyright.com




83

@ o= RightsLink 3 6 B &

Center

RSC Pu bl | Sh | ng fitle: Etfiffnti:::'li{;Saitsiil:?:\dfhioacetamide— =i T

! ! Silvio Stefanello
induced acute neurological and

- . . . Account =
hepatic failure in mice 2000932570
Author: Silvio Terra Stefanello,Edovando
José Flores da Rosa,Fernando Lol

Dobrachinski,Guilherme Pires
Amaral,Mélson Rodrigues de
Carvalho,S6nia Cristina Almeida
da Luz,Caroline Raguel
Bender,Ricardo 5.
Schwab,Luciano Dornelles,Félix
Alexandre Antunes Soares
Publication: Toxicology Research
Publisher: Roval Society of Chemistry
Date: Jan 12, 2015
Copyright & 2015, Royal Society of Chemistry

This reuse reguest is free of charge. Please review guidelines related to author permissions here:
http://www.rsc.org/&boutUs/Copyright/Permissionreguests.asp

EACK CLOSE WINDOW

Copyright © 2017 Cogvright Clesrance Center. Inc. All Rights Reserved. Privacy statement. Terms and Conditions.
Comments? We would like to hear from you. E-mail us at custemercare@copyright.com

Reproduzido com permissdo da The Royal Society of Chemistry e link para o artigo no site da

Royal Society of Chemistry é:
http://pubs.rsc.org/is/content/articlelanding/2015/tx/c4tx00166d#!divAbstract.



http://pubs.rsc.org/is/content/articlelanding/2015/tx/c4tx00166d#!divAbstract

Copyright
Clearance
@ Center

BIOCHEMICAL

HOLECULAR
TOXICOLOGY

Wi B "

Order Completed

84

RightsLink vome Jf Aicisnt B vos IS

Title: Antioxidant protection by B- Legged in as:
selenoamines against Fhefn S
thioacetamide-induced oxidative
stress and hepatotoxicity in mice 3500932570

Author: Silvio Terra Stefanello,Diane —
Duarte Hartmann,Guilherme SN
Pires Amaral,Aline Alves
Courtes,Martim T. B.

Leite, Thayanara Cruz da
Silva,Débora Farina
Goncalves,Micasla B.
Souza,Pdmela Carvalho da
Rosa,Luciano Dornelles,Félix
Alexandre Antunes Soares

Publication: Journal of Biochemical and
Molecular Toxicology

Publisher: John Wiley and Sons

Date: &ug 11, 2017

© 2017 Wiley Periodicals, Inc.

Thank you for your order.

This Agreement between Silvio T Stefanello ("You"™) and John Wiley and Sons ("John Wiley and Sons")
consists of your license details and the terms and conditions provided by John Wiley and Sons and

Copyright Clearance

Center.

Your confirmation email will contain your erder number for future reference.

printable details

License Number
License date

Licensed Content
Publisher

Licensed Content
Publication

Licensed Content Title

Licensed Content
futhar

Licensed Content Date
Licensed Cortent Pages
Type of use

Reguestor type

Format

Portion

Will you be translating?
Title of your thesis /
dissertation

Expected completion
date

Expected size {number
of pages)

Requestor Location

Fublisher Tax ID
Billing Type
Billing addres=

Total

4200580894318
Qct 02, 2017
John Wiley and Sons

Journal of Biochemical and Molecular Texicelogy

Antioxidant protection by B-selenoamines against thicacetamide-induced oxidative stress and
hepatotoxicity in mice

Silvio Terra Stefanelle,Diane Duarte Hartmann, Guilherme Pires Amaral, Aline Alves Courtes,Martim
T. B, Leite, Thayanara Cruz da Silva,Débora Farinz Gongalves, Micaelz B. Souza,PAmelz Carvalho da
Rosa,Lucizne Dernelles,Félix Alexandre Antunes Secares

Aug 11, 2017

1

Dissertation/Thesis

Authaor of this Wiley article

Print and electronic

Full article

No

Estudo comparativo de f-selencaminas e disselenstos em modelos hepatotéxico e alternativo

Qet 2017
N

Silvio T Stefanello
Av. Redolfe Behr, 1966

S5antz Maria, RS 97105440
Brazil

Attn: Silvie T Stefanelle
EUZ26007151

Inveoice

Silvia T Stefanello

Av. Rodolfo Behr, 1966

Santa Maria, Brazil 97103440
Attn: Silvie T Stefanzlle

Q.00 DS




Cnpyright Welcome, Silvio Log out |™® Cart(0) | Manage | Fesdback | Help |9 Live
Clearance Mot you? Account Help
@ Center

Get Permission / Find Title

Advanced Search Options

85

MNote: Copyright.cem supplies permissions but not the copyrighted content itself,

1 2 3
PAYMENT REVIEW CONFIRMATION
Step 3: Order Confirmation 3 print order information:
includes order confirmation,
|5tart new search =-| |‘u"iew your Order History = terms and conditions, and
citation information
(What's this?

Thank you for your order! & confirmation for your order will be sent to your account email address. If you have questions
about your order, you can call us 24 hrs/day, M-F at +1.855.239.3415 Toll Free, or write to us at info@copyright.com. This is
not an invoice.

Confirmation Number: 11673445 If you paid by credit card, your order will be finalized and your card will
Order Date: 10/02/2017 be charged within 24 hours. If you choose to be invoiced, you can
change or cancel your order until the invoice is generated.

Payment Information

Silvio Stefanello
silviotstefanello@hotmail.com
+55 (32)263045

Payment Method: n/a

Order Details

International journal of nanomedicine

Order detail ID: 70701454
Order License Id: 4200591045308

ISSN: 1178-2013

Permission Status: 0 Granted

Permission type: Republish or display content

o Type of use: Republish in a thesis/dissertation
Publication Type: Journal
Volume: View details
Issue:
Start page:
Publisher: DOVE Medical Press
Mote: This item will be invoiced or charged separately through CCC's RightsLink service. More info $0.00

This is not an invoice.

Total order items: 1 Order Total: 0.00 USD




