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RESUMO

Dissertacao de Mestrado
Programa de Pos-Graduacdo em Bioquimica Toxicolégica
Universidade Federal de Santa Maria

AVALIACAO DOS MECANISMOS DE TOXICIDADE DO
DISSELENETO DE DIFENILA (PhSe), E CLORETO DE
FENILSELENIO ZINCO (PhSezZnCl) EM Saccharomyces cerevisiae
Autor: Leticia Selinger Galant
Orientador: Prof. Dr. Joao Batista Teixeira da Rocha
Data e Local da Apresentacao: Santa Maria, 21 de agosto de 2015.

O selénio (Se) € um microelemento encontrado em diversos tecidos animais na
forma de selenoproteinas, como por exemplo, a glutationa peroxidase (GPXx).
Compostos organicos de selénio, como o disseleneto de difenila (PhSe), e o cloreto
de fenilselénio zinco (PhSezZnCl) tem apresentado atividade mimética a GPx na
degradacdo de peréxidos de hidrogénio. Estes efeitos protetores sdo dependentes
da dose estudada, sendo que altas concentracbes destes compostos podem
proporcionar a oxidacdo de grupos tiol de proteinas e consequentemente aumentar
a producdo de espécies reativas de oxigénio (EROs). Porém, os estudos dos
mecanismos celulares na toxicidade destes compostos ndo foram completamente
compreendidos. Desta forma, este estudo objetivou investigar os mecanismos de
toxicidade do (PhSe), e PhSeznCl, a partir da producdo de EROs e alteracdes
morfologicas na levedura Saccharomyces cerevisiae. As amostras foram incubadas
por 1, 2, 3, 4, 6 e 16 horas com (PhSe),, has concentracfes de 2, 4, 6 e 10 uM. O
PhSeznClI apenas foi incubado por 16 horas nas concentragdes de 4, 8, 12 e 20 uM.
O crescimento celular foi analisado por espectrofotometria. Através da citometria de
fluxo foi analisado a producdo de EROs pela fluorescéncia da diclorofluoresceina
diacetato (DCFH-DA), a permeabilidade da membrana por iodeto de propideo (PI), o
tamanho e a granulosidade celular. O contetdo total de tidis foi analisado pela
reacao colorimétrica com DTNB. O (PhSe), foi capaz de inibir o crescimento celular
a partir de 2 h de incubagcdo em 10 uM seguido por um aumento na permeabilidade
da membrana. O aumento do tamanho e granulosidade celular foram observados
em 3 h de incubacdo. Porém a producao de EROs foi observada apenas em 16 h de
incubacdo na concentragdo de 10 uM. O conteudo total de tidis aumentou apenas
em 6 uM de (PhSe), em 16 h de incubacdo. Quando as leveduras foram tratadas
com PhSezZnCl, este composto apenas apresentou toxicidade na concentracéo de
20 UM em todos os parametros testados. Concluimos que a toxicidade do (PhSe),
nao esta diretamente relacionada a producao de EROs. O PhSezZnCl aparentemente
€ menos toxico que o (PhSe),.

Palavras-chave: Selénio, disseleneto de difenila, cloreto de fenilselénio zinco,
toxicidade, Saccharomyces cerevisiae.
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Selenium (Se) is a microelement present in different animal tissues in the form of
selenoproteins, for example, the glutathione peroxidase (GPx). Organic selenium
compounds, such as diphenyl diselenide (PhSe), and fenilselenium zinc chloride
(PhSeznCl) have presented GPx mimetic activity in the degradation of hydrogen
peroxide. However the protective effects are dependent on the dose evaluated. High
concentrations of these compounds can provide oxidation in protein thiol groups and
leading to increase of reactive oxygen species (ROS) production. However, studies
of cellular mechanisms in the toxicity of these compounds were not completely
understood. Thus, this study aimed to investigate the mechanisms of toxicity (PhSe)»
and PhSeznCl, through the ROS production and morphological alterations in
Saccharomyces cerevisiae. The samples were incubated for 1, 2, 3, 4, 6 and 16
hours with (PhSe), in concentrations of 2, 4, 6 and 10 pM. PhSezZnCl was only
incubated at 16 hours in concentrations of 4, 8, 12 and 20 uM. Cell growth was
analyzed by spectrophotometry. Through flow cytometry was analyzed ROS
production by fluorescence of dichlorofluorescein diacetate (DCFH-DA), cell
membrane permeability by propidium iodide (PI), cells size and granularity. Total thiol
groups were analyzed by the colorimetric reaction with DTNB. (PhSe), was able to
inhibit cell growth after 2 h incubation in 10 uM followed by an increase in cell
membrane permeability. The increase in cell size and granularity was observed after
3 h of incubation. However the ROS production was observed only at 16 h of
incubation in 10 uM. The total of thiol groups increased in 6 uM of (PhSe), after 16 h
of incubation. When yeast cells were treated with PhSezZnCl, this compound showed
toxicity only at concentrations of 20 uM in all parameters tested. We concluded that
the toxicity of (PhSe), is not directly related to production of ROS. PhSeznCl
apparently is less toxic than the (PhSe),.

Key-words: Selenium, diphenyl diselenide, fenilselénium zinc chloride, toxicity,
Saccharomyces cerevisiae.



LISTA DE FIGURAS

INTRODUCAO
Figura 1 - Estrutura quimica do disseleneto de difenila (PhSe)z.........ccccevveiiiiiinnnnen. 16

Figura 2 - Ciclo catalitico do (PhSe), na degradacao de H,O,, acdo mimética a GPx

(NOGUEIRA; ROCHA, 2010).......cuiuieieeeeeeeeeee et eee oo n e en e 16
Figura 3 - Estrutura quimica do PhSeZNCl............oooiiiiiiiiiccicsee e 18
Figura 4 - Ciclo catalitico de PhSeznCl proposto por TIDEI et al., 2012................... 18
Figura 5 - Ciclo catalitico da GPx (NOGUEIRA; ROCHA, 2010).....cccccoeeeiiieeeeiennennn. 20
MANUSCRITO

Fig.1. Inhibitory effect of diphenyl diselenide (PhSe), on cell growth after 1, 2, 3, 4, 6
and 16 h of exposure to (PhSe),. Cell growth was analyzed by measuring the cells
density in relation to the control (relative growth 1) as represented in (A). (B) Average
of optical density values from 1 to 6 h incubation with (PhSe),. (C) Average of optical
density values for 16 h incubation with (PhSe),. Data are expressed as mean + SEM
of ten independent experiments (n=10). (SEM was less than 10% of the respective
means and it was omitted for the sake of clarity). Data were analyzed by two-way
ANOVA followed by Tukey’s post hoctest. * p < 0.01.......covviiiiiiiiiiiiii e 42

Fig.2. - Inhibitory effect of PhSezZnClI on cell growth of S. cerevisiae after 16 hours of
exposure. Cell growth was analyzed by measuring the cells density in relation to the
control (relative growth 1). Values are expressed as mean + SEM of ten independent
experiments (n=10). Data were analyzed by one-way ANOVA followed by Sidak’s
POSt NOC tESE. * P < 0.0L. . e e 43

Fig.3. - Effect of exposure to (PhSe), in the production ROS in S. cerevisiae. After
exposure to (PhSe), cells were incubated with DCFH-DA for 2h and examined by
flow cytometry. Values are expressed as percentage of mean fluorescence intensity
(FL1) of eight independent experiments (n=8) (SEM was less than 10% of the
respective means and it was omitted for the sake of clarity). Data were analyzed by
two-way ANOVA followed by Tukey’s post hoc test. *p < 0.01..........coceiiiiniinann. 44

Fig.4. - Production of ROS in S. cerevisiae exposed to different concentrations of
(PhSe), for 16h. The cell nuclei were stained by DAPI (blue color) and ROS were
stained by DCFH-DA (green color). The images from left to right represent the cells



observed in phase contrast, blue fluorescence (DAPI), green fluorescence (DCrH-
DA) and merge images of blue and green fluorescence. The white bars represent 10

Fig.5. - ROS Production S. cerevisiae exposed to diphenyl diselenide (PhSe), for
different periods. Data are the representative histograms of DCFH fluorescence
intensity (X axis) versus cell number (Y axis) of one typical experiment from 8 (n=8).
The black line corresponds to control, green to 2 uM, blue to 4 uM, orange to 6 uM
and red to 10 puM of (PhSe),. The panels represent the results after time exposure to
(PhSe),in1(A),2(B),3(C),4(D),6(E)and 16 h (F)....ccvvveiiiiiiiiiiiiiieeenannns 46

Fig.6. - Effect of PhSezZnCl in the production ROS in S. cerevisiae. After exposure to
PhSeznCl, cells were incubated with DCFH-DA for 2h and examined by flow
cytometry. Values are expressed as mean + SEM of ten independent experiments
(n=10). Data were analyzed by one-way ANOVA followed by Sidak’s post hoc test. *

Fig.7. - Effect on morphology of cells incubated for different times with the
concentrations of (PhSe),. After exposure to (PhSe), cells were examined by flow
cytometry. The cell size is represented in (A) and cell granularity is demonstrated in
(B). Values are expressed only as mean of ten independent experiments (n=10)
(SEM was less than 10% of the respective means and it was omitted for the sake of
clarity). Data were analyzed by two-way ANOVA followed by Tukey’s post hoc test.*

Fig.8. - Cell size of S. cerevisiae exposed to diphenyl diselenide (PhSe), for different
periods. Data are the representative histograms of size (Forward Scatter, FSC) (X
axis) versus cell number (Y axis) of one typical experiment from 10 (n=10). The black
line corresponds to control, green to 2 uM, blue to 4 uM, orange to 6 uM and red to
10 uM of (PhSe),. The panels represent the results after time exposure to (PhSe); in
1(A),2(B),3(C),4(D),6(E)and 16 h (F)....cciviriiiiiiiiiiii e 49

Fig.9. - Cell granularity of S. cerevisiae exposed to diphenyl diselenide (PhSe), for
different periods. Data are the representative histograms of size (Side Scatte, SSC)
(X axis) versus cell number (Y axis) of one typical experiment from 10 (n=10). The
black line corresponds to control, green to 2 uM, blue to 4 uM, orange to 6 uM and
red to 10 uM of (PhSe),. The panels represent the results after time exposure to
(PhSe)2in1 (A),2(B),3(C),4(D),6 (E)and 16 h (F).....cvoviieiiiiiiiiiiiiiieeen, 50

Fig.10. - Effects on cell morphology of S. cerevisiae after 16h of exposure. Cells were
treated with PhSezZnClI and examined by flow cytometry. The cell size is represented
in (A) and cell granularity is demonstrated in (B). Values are expressed only as mean
+ SEM of ten independent experiments (n=10). Data were analyzed by one-way
ANOVA followed by Sidak’s post hoctest. * p<0.01......c.ccviriiiiiiiiiiiiiiieieenn, 51

Fig.11. - Effect of (PhSe), on cell membrane permeability in S. cerevisiae. After
exposure to different concentrations of (PhSe),, cells were incubated with PI for 1 h
and examined by flow cytometry. Values are expressed only as mean of ten
independent experiments (n=10) (SEM was less than 10% of the respective means
and it was omitted for the sake of clarity). Data were analyzed by two-way ANOVA
followed by Tukey’s post hoc test.* p < 0.01.......coiviiiiiiiiii e 52

Fig.12. - Cell membrane permeability of S. cerevisiae exposed to diphenyl diselenide
(PhSe), for different periods. Data are the representative histograms of Pl
fluorescence intensity (X axis) versus cell number (Y axis) of one typical experiment



from 10 (n=10). After exposure to (PhSe),, cells were incubated with Pl for 1 h. The
black line corresponds to control, green to 2 uM, blue to 4 uM, orange to 6 uM and
red to 10 uM of (PhSe),. The panels represent the results after time exposure to
(PhSe)2in1(A),2(B),3(C),4(D),6(E)and 16 h (F)....cccevviviiiiiiiiiiiiiieinne, 53

Fig.13. - Effect on cell membrane permeability of S. cerevisiae incubated for 16 h
with different concentrations of PhSezZnCl. After exposure to PhSezZnCl, cells were
incubated with PI for 1 h. Values are expressed only as mean = SEM of ten
independent experiments (n=10). Data were analyzed by one-way ANOVA followed
by Sidak’s poSt hoC tesSt. * P < 0.0L.. . e 54

Fig.14. - Determination of total thiols in samples after exposure to different
concentrations of (PhSe), for 16 h. Values are expressed as mean + SEM of ten
independent experiments (n=10). Data were analyzed by one-way ANOVA followed
by Sidak’s poSt hoC teSt. * P < 0.0L. .. e 55

Fig.15. - Determination of total thiols in samples after exposure to different
concentrations of PhSezZnCl for 16 h. Values are expressed as mean = SEM of ten
independent experiments (n=10). Data were analyzed by one-way ANOVA followed
by Sidak’s poSt hoC teSt. * P < 0.0L.. .. e 56



SUMARIO

LN ERT0] 510 07:X 0 IR 12
L0 4T 0] (o T | > TR 12
153 0] oo OO TP 12
Y= =] 1 o TSP 12
[ 153 0] £ ol TP 12
Disponibilidade de selénio N0 ambiente ..............uuuiiiiiiiiiiiiiii e 13
Selénio NOS OrJaNISMOS VIVOS .....uvuruuiiiiiieeeeeeeeeeeieeeeeesetsas s asseaeeaseaaeeeeeaeessnnnnnnnns 14
o) ([od [0 F=To [ o L= T =] =7 oo R PUURRT 14
Compostos OrganiCos de SEIENIO ........cevviiiiiiiiiiici e e 15
Disseleneto de Difenila (PRSE)2 ......ovvviiiiiiii e 15
Cloreto de Fenilselénio ZINCO (PNSEZNCI) .....ovvvveiiiiiiiiieiiee e 17
Espécies Reativas de Oxigénio (EROs) e Estresse Oxidativo ...........cccccvvvvnnne. 18
Defesas Antioxidantes: Sistema Glutationa Peroxidase (GPX) .....ccccccoeeeeeeeeen.n. 19
Levedura Saccharomyces cerevisiae como organismo modelo ....................... 20
JUSTIFICATIV A ot e e e e st e e e e e s st be e e e e e e s anteeeeeeeaans 22
(0 ]S L I Y 1 TP 23
ODJELIVOS GEIAIS ...ciiiiiiiiiee e e e e e e e e e e ettt e e e e e e eaeaeaeeeaeeeeeessnnennnnns 23
ODbjetivoS ESPECITICOS ..o 23
ARTIGO CIENTIFICO ..ottt 24
Y= T U S o o 1 o 24
CONCLUSAD ..ottt e et 57

REFERENCIAS et e e s 58



APRESENTACAO

No item INTRODUCAO esta descrito uma revisdo sucinta sobre os temas
trabalhados nesta dissertacdo. No final deste item estdo apresentados a justificativa

do trabalho e os objetivos geral e especificos.

Os RESULTADOS e DISCUSSAO estdo dispostos na forma de manuscrito
submetido a publicacdo. As secdes Introducdo, Materiais e Métodos, Resultados,
Discusséao e Referéncias Bibliograficas encontram-se no manuscrito e representam a

integra deste estudo.

No item CONCLUSOES s&o apresentadas as conclusdes gerais do presente

trabalho.

As REFERENCIAS BIBLIOGRAFICAS apresentadas no final da tese referem-se

somente as citacbes que aparecem ao item INTRODUCAO.
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1. INTRODUCAO

1.1 Toxicologia
1.1.1 Historico

A historia da toxicologia € acompanhada da histéria da prépria civilizacéo,
desde a pré-historia 0 homem ja conhecia os efeitos téxicos dos venenos de
determinados animais e plantas. Logo o homem comecou a utilizar estas
substancias venenosas como armas de caca. Com o progresso da civilizacdo e
consequentemente as descobertas toxicoldgicas, deu-se inicio a busca por
antidotos. Na antiguidade, por exemplo, 0os experimentos com substancias toxicas e
seus provaveis antidotos eram realizados em escravos.

A toxicologia foi evoluindo de forma muito lenta e até mesmo no século XVIII
seus conhecimentos eram evidenciados empiricamente (OGA, 2003). Ao longo dos
anos, inumeros cientistas contribuiram com métodos cientificos e sistematicos para
o entendimento da toxicologia mecanistica. O século XX é marcado pelo avanco
tecnologico em sintese quimica de farmacos, conservantes, corantes, praguicidas e
herbicidas. Consequentemente, o homem tornou-se mais exposto a agentes
guimicos, ocasionando um aumento nos casos de intoxicacdo. Atualmente a
toxicologia tem ganhado énfase em estudos de carcinogenicidade, genotoxicidade,
teratogenicidade, bem como estudos que buscam compreender o comportamento de
determinada substancia quimica no organismo (FAVERO, et al, 2005;
SAVEGNAGDO, et al., 2006; LIPPMAN, et al., 2009; BUENO, et al., 2013;).

Atualmente, um grande numero de pesquisadores tem direcionado suas
pesquisas aos compostos organicos de selénio, a fim de compreender os efeitos
destes compostos no organismo (NOGUEIRA, et al., 2004; ROSA, et al., 2005;
NOGUEIRA; ROCHA, 2010; BUENO, et al., 2013; BARTOLINI, et al., 2015a).

1.2 Selénio

1.2.1 Histérico
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O elemento quimico selénio foi descoberto pelo quimico sueco Jons Jacob
Berzelius em 1817. Enquanto preparava &cido sulfarico, Berzelius notou a
precipitacdo de um novo residuo o qual ele denominou selene (palavra grega para a
lua) (BOYD, 2011). Desde entdo ocorreu um grande interesse pelas propriedades
quimicas do selénio (Se), descobrindo-se que este elemento compartilha muitas
propriedades quimicas e fisicas com o elemento enxofre. O selénio encontra-se
localizado no grupo 16 da tabela periddica, podendo apresentar quatro formas de
oxidacdo o Se®, 0 Se*®, 0 Se™ e 0 Se™.

Em 1847 foi descrito a sintese do primeiro composto contendo selénio, o
etilselenol (STADTMAN, 1974). Desde entdo, iniUmeros compostos contendo selénio
foram sintetizados. Na década de 30 foram identificadas propriedades téxicas do
selénio em animais que alimentavam-se de plantas que continham grande
guantidade de Se acumulada (OLDFIELD,1987).

Mais de cem anos se passaram entre a descoberta do selénio e o seu
reconhecimento como essencial para funcéo celular na maioria dos mamiferos. Em
1957 o aleméo Klaus Schawarz identificou o selénio como um elemento essencial
para a dieta de ratos, protegendo a degeneracao necrotica do figado (SCHWARTZ,
FOLTZ, 1957).

A primeira constatacdo de que o selénio encontra-se em proteinas, como o
aminodcido selenocisteina, foi em 1978 por Frostrom e colaboradores. Neste estudo,
a glutationa peroxidase (GPx) hepatica foi isolada, mostrando a natureza quimica do
selénio. Posteriormente, foi estabelecido que todas as selenoproteinas de células
animais contém pelo menos um residuo de selenocisteina na sua estrutura (LU;
HOLMGREN, 2009; NOGUEIRA; ROCHA, 2010).

1.2.2 Disponibilidade de selénio no ambiente

Embora na natureza o selénio seja considerado um elemento raro, na crosta
terrestre a maior parte deste elemento esta associado a sulfetos. A presencga ou
auséncia de selénio no solo € dependente da decomposicdo de material organico,
lixiviagdo e processos associados a formacao do solo (SHAMBERGER, 1981).

O selénio é emitido na atmosfera na forma volatil de dimetilseleneto, dioxido
de selénio ou selénio elementar durante a queima de combustiveis fdsseis

(ANDREN, et al.,1975). Em amostras de aguas pluviais, o selenito e o selenato sao
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as formas de selénio mais encontradas (CUTTER; CHURCH, 1986). Na industria, o
selénio pode ser isolado a partir da lama que forma no anodo durante a eletrolitica
refinacdo do cobre. No entanto o maior uso do selénio reside na fabricacéo de vidro,
em que ele é usado como dopante para produzir tons de vermelho. Ainda, o Se é

utilizado na industria elétrica e de borracha (BOYD, 2011).

1.2.3 Selénio nos organismos Vivos

Com o0 avanco do interesse da pesquisa sobre o selénio observou-se 0s seus
efeitos benéficos, sendo este um elemento essencial para o funcionamento
adequado do organismo.

A Junta de Alimentacdo e Nutricdo da Academia de Ciéncias dos Estados
Unidos propds a ingestéo diaria de 50 a 200 pg de selénio para adultos, sendo este
valor livre de efeitos toxicos (FOOD AND NUTRITION BOARD INSTITUTE OF
MEDICINE, 2000). Em muitos paises, carnes, frutos do mar, arroz, macarrao e pao
sdo comuns fontes de selénio na dieta, no Brasil a semente de Bertholletia excelsa
H.B.K., popularmente conhecida como Castanha do Pard, € uma das fontes mais
ricas em selénio (BOYD, 2011).

Nos tecidos animais o selénio esta presente em duas formas, selenocisteina
(SeCys) e selenometionina (SeM). A SeM é obtida através do consumo de vegetais.
Por sua vez, a SeCys, um analogo da cisteina, pode ser sintetizada no organismo ou
ingerida através do consumo de produtos de origem animal. A SeCys é a forma
biologicamente ativa do elemento (HATFIELD et al., 2014; PILLAI et al., 2014).

O residuo de SeCys compde selenoproteinas com atividades biolégicas
importantes como a glutationa peroxidase (GPx), a tioredoxina redutase e a
iodotironina deionidase. Atualmente, sabe-se que os humanos possuem pelo menos
25 selenoproteinas (URSINI et al., 1982; MAY et al., 1998; LU; HOLMGREN, 2009;
HATFIELD et al., 2014; LABUNSKYY et al., 2014; PILLAI et al., 2014; GLADYSHEV,
2011).

Porém, mesmo o Se sendo essencial para o bom funcionamento do
organismo, o risco de contaminacdo ocupacional com este elemento motiva os

estudos toxicologicos.

1.2.4 Toxicidade de Selénio
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As dietas contendo selénio devem ser monitoradas, pois uma alta ou baixa
ingestao de formas de selénio pode gerar graves patologias no organismo.

A deficiéncia de selénio pode causar doencas cardiacas como, por exemplo,
a doenca de Keshan, doengas imunes, diabetes, e cancer em diversos tecidos
(SALONEN et al., 1982; NAVARRO-ALARCON et al., 1998; NAVARRO-ALARCON;
LOPEZ-MARTINEZ, 2000). Por outro lado, o excesso de selénio pode levar a
selenose. Essa doenca foi registrada pela primeira vez em 1961 em partes da
populacdo de Enshi County, provincia de Hubei, China. Os sintomas mais comuns
foram perda de unhas e cabelos, perda da sensacdo de dor na pele, dorméncia dos
membros, tontura e vertigem (ZHENG et al., 1999; FINKELMAN et al., 2007).

Porém a concentracdo de selénio a ser consumida é um fator critico na
atividade biolégica do elemento, sendo que a concentracdo benéfica € muito
proxima da concentracdo que é considerada toxica (NOGUEIRA; ROCHA, 2010).
Alguns estudos demostraram que a toxicidade de compostos que contém selénio
esta na sua capacidade de catalisar a oxidacdo de grupos tidis em proteinas,
gerando espécies reativas de oxigénio e diminuindo as defesas antioxidantes
(BARBOSA et al., 1998; NOGUEIRA et al., 2003; NOGUEIRA et al., 2004; ROSA et
al., 2005; PUNTEL et al., 2013).

1.2.5 Compostos organicos de Selénio:

1.2.5.1 Disseleneto de Difenila (PhSe),

Compostos organicos de selénio, chamados organoselénios, ganharam
grande interesse a partir dos anos 80, quando estudos revelaram que estes
poderiam possuir atividade antioxidante semelhante com a selenoenzima GPXx
(MULLER et al., 1984).

O disseleneto de difenila (PhSe), € um organocalcogénio que contém Se
ligado a um anel aromatico (Figura 1). Muitos estudos mostram efeitos benéficos do
(PhSe),, em mamiferos, apresentando atividade neuroprotetora (FREITAS; ROCHA,
2011), antitlcera (SAVEGNAGO et al., 2006), e hepatoprotetora (BORGES et al.,
2005), atuando também na decomposicdo de peroxidos na presenca de tidis e
reducado da peroxidacéao lipidica (FARINA et al., 2002; SANTOS et al., 2005).
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Figura 1: Estrutura quimica do disseleneto de difenila (PhSe),.

Estes efeitos protetores do (PhSe), estdo associados a acdo antioxidante e
mimética da GPx, ou seja a capacidade de degradar o H,O, (NOGUEIRA et al.,
2004). A interacdo de grupos tiol como, por exemplo, a glutationa (GSH) com
disselenetos pode gerar grupos selenol-selenolato intermediarios. Estes grupos
podem decompor H,O, e peroxidos organicos (Figura 2). Porém, os efeitos
protetores do (PhSe), sdo dependentes da dose estudada, sendo que altas
concentracfes podem causar toxicidade através da inducdo do estresse oxidativo
(NOGUEIRA; ROCHA, 2010).

/ A
/4 /4 ‘\
2 /N —Se—OH 2 <_7—5c—SR

1 |

. /7 2RSH
H‘)O g \ m\ —‘/l\
), - i \ 4 Y
/28 SeH 2RSSR
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Figura 2: Ciclo catalitico do (PhSe), na degradagédo de H,0,, agdo mimética a GPx (NOGUEIRA;
ROCHA, 2010).

Dados da literatura, relatam que o (PhSe), pode agir como um pro-oxidante,
diminuindo a GSH livre, sensibilizando mutantes de S. cerevisiae com defesas
antioxidantes como a superoxido dismutase (SOD) e a GPx além de provocar
genotoxicidade em doses altas (ROSA et al., 2004; ROSA et. al., 2005; BUENO et
al., 2013).
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O efeito toxico do (PhSe), pode estar associado ao fato deste composto
formar selenol e este ser altamente reativo com grupamentos dissulfeto de proteinas
celulares, podendo causar alteracdes conformacionais nestas, e consequentemente
gerar espécies reativas de oxigénio, as quais podem ser danosas para proteinas,
lipideos e &cidos nucleicos. (NOGUEIRA et al., 2004; NOGUEIRA; ROCHA, 2010).
O (PhSe), ainda interage com grupamentos tidis mesmo na auséncia de peroxidos.
Nogueira e Rocha (2010), demostraram a estequiometria desta reacdo, como
representado no Esquema 1. Contudo, a formacdo de quatro moléculas de selenol
pode reduzir oxigénio a agua. Porém dois equivalentes de selenol podem formar a

molécula de H,O, (Esquema 2).

2R'SH + R?SeSeR> ——~ 2R®SeH + R'SSR!
Esquema 1

4R?SeH + 02— 2R*SeSeR? + 2H.0

2R?3SeH + 02 «—— "R?SeSeR? + H202

Esquema 2

1.2.5.2 Cloreto de Fenilselénio Zinco (PhSezZnCl)

O composto nomeado recentemente por cloreto de fenilselénio zinco
(PhSeznCl) (Figura 4), tem despertado curiosidade em estudos bioquimicos (SANTI
et al., 2008) pelo fato de conter selénio em sua estrutura e apresentar acéo
semelhante a selenoproteina GPx na degradacdo de hidroperoxidos e perdxidos
organicos.

Este composto possui uma molécula de zinco que pode desempenhar um
papel ativo no ciclo catalitico do H,O, (Figura 5) (TIDEI et al., 2012). A reacéo de
reducdo de peroxidos forma o intermediario acido selénico (PhSeOH), que reage
com a molécula de GSH formando o sulfeto selenil (PhSeSG). Uma segunda
molécula de GSH reage com a ligacdo Se-S regenerando um selenol ativo e a

producéo da glutationa oxidada (GSSG).
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O/SGZHCI

Figura 3: Estrutura quimica do PhSeZnCl
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Figura 4: Ciclo catalitico de PhSezZnClI proposto por TIDEI et al., 2012.

Estudos recentes tem mostrado que este composto possui alta eficiéncia
catalitica tendo como substratos a GSH e o H;O,. Porém também obteve uma
grande reatividade com grupos tiol, podendo apresentar citotoxicidade em culturas
de células cancerigenas, via aumento da producao de espécies reativas de oxigénio,
deplecdo de grupamentos tiol e inducéo de apoptose (BARTOLINI et al., 2015).

1.3 Espécies Reativas de Oxigénio (EROs) e Estresse Oxidativo

Substancias como o perdxido de hidrogénio (H,O,) e radicais livres como o
anion superoxido (Oz), o radical hidroxila (OH), oxido nitrico (NO) e peroxinitrito
(ONOO) sédo exemplos de espécies reativas de oxigénio, pois estas substancias sao
altamente reativas com outras biomoléculas (DROGE, 2002).

As EROs podem ser produzidas nos organismos, por fontes exdégenas como a
radiacdo, os agrotoxicos, os medicamentos, a poluicdo ambiental, ou por fontes
endogenas como a degradacdo de acidos graxos e a oxidacdo de moléculas entre
outros (HALLIWELL; GUTTERIDGE, 1999). Ao longo da cadeia transportadora de

elétrons, as EROs podem ser geradas por erros no processo de reducdo univalente
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do oxigénio, dentre eles o0 O,, OH e 0 H,0,, as quais sédo altamente prejudiciais as
células (AMES et al., 1993).

O H,O, é considerado um oxidante fraco, porém ele pode oxidar alguns
grupos tiol e amino&cidos. Além de ser reativo com fons de Fe*?, podendo gerar Fe**
e 0 OH™ o qual € um dos radicais mais danosos para as células, esta reacdo €
conhecida como reacdo de Fenton (Fe**+ H,0,—> Fe™ + OH + OH).

As EROs estdo balanceadas com defesas antioxidantes encontradas no
organismo. Essas defesas podem ser enzimas como a superoxido dismutase (SOD),
a catalase (CAT) e a GPx, ou ndo enzimaticas, por exemplo, a GSH, vitamica C,
vitamina E, entre outras. Quando estas enzimas estdo em menor quantidade nos
organismos algumas biomoléculas podem sofrer danos irreparaveis (VALKO et al.,
2006).

As membranas celulares contém grande quantidade de &cidos graxos
insaturados que podem ser alvos de EROs, formando hidro ou lipoperéxidos que séo
altamente reativos e consequentemente levam a uma cascata oxidativa nas células,
podendo ocasionar a perda de algumas caracteristicas, criando fendas ibnicas nas
membranas, alterando a sua permeabilidade e consequentemente levando ao
rompimento e extravasamento do conteudo celular (HALLIWELL; GUTTERIDGE,
1999).

Um distdrbio no balangco entre pro-oxidantes e antioxidantes em favor do
primeiro gera o0 estresse oxidativo, o que pode resultar em adaptacdo ou leséo
celular (HALLIWELL; GUTTERIDGE, 2007).

O estresse oxidativo tem sido implicado em diversas patologias, como o
cancer, diabetes mellitus, envelhecimento, enfisema pulmonar, doencas
neurodegenerativas, (HALLIWELL; GUTTERIDGE, 1999; DROGE, 2002; VALKO,
2006).

Desta forma, o estresse oxidativo € uma condicao celular onde as defesas
antioxidantes encontradas nas células, ndo conseguem remover 0 excesso de
EROs, causando danos as estruturas celulares como lipidios, proteinas e até
mesmo o DNA, podendo causar morte celular (HALLIWELL; GUTTERIDGE, 2007).

1.4 Defesas Antioxidantes: Sistema Glutationa Peroxidase (GPx)
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Com os efeitos danosos das EROs as células possuem enzimas especificas
que atacam diretamente as EROs, formando produtos menos agressivos, as
principais enzimas antioxidantes séo: superoxido dismutase (SOD), catalase (CAT) e
o sistema da glutationa peroxidase (GPx). A SOD converte o O, em H,O, e oxigénio
molecular, enquanto CAT atua juntamente com a GPx ndo permitindo a producao
OH" a partir do peroxido de hidrogénio (MICHIELS et al., 1994).

A GPx é uma selenoenzima, o aminoacido selenocisteina esta localizado no
seu sitio ativo, sendo responsavel por degradar H,O, evitando assim que este reaja
com fons de Fe*? gerando radicais livres pela reacdo de Fenton podendo levar a
danos nas membranas, proteinas e até mesmo ao nucleo celular (FLOHE et al.,
1973; URSINI et al., 1982; HALLIWELL; GUTTERIDGE, 2007).

O sistema de degradacéo de peroxidos pela GPx € um sistema complexo que
depende também do fluxo de glutationa (GSH) livre na célula. A reacdo de
detoxificagdo de peroxidos se inicia quando o sitio ativo da GPx forma o
intermediario selenol (GPx-Se’), este reage com peroxidos reduzindo-o a &alcool,
formando o acido selénico (GPx-Se-OH). O acido selénico reage com uma molécula
de GSH formando o selenosulfeto (GPx-Se-SG) e 4gua, sendo este atacado por
outra molécula de GSH regenerando a forma ativa da enzima e liberando uma
molécula de glutationa oxidada (GSSG) (Figura 1) (NOGUEIRA; ROCHA, 2010).

ROOH ROH

~ 7
e N
GPx—Se™ GPx—Se— OH
GSSG =/ \ ~GsH
Y I
asH — \ /N H,0
GPx—Se—SG

Figura 5: Ciclo catalitico da GPx (NOGUEIRA; ROCHA, 2010).

1.5 Levedura Saccharomyces cerevisiae como organismo modelo

Atualmente a introdugdo de organismos modelos como o Danio rerio (peixe

zebra), Caenorhabditis elegans (verme), Drosophila melanogaster (mosca) e


https://pt.wikipedia.org/wiki/Caenorhabditis_elegans
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Saccharomyces cerevisiae (levedura) tem ganhado grande interesse em estudos
bioguimicos e toxicolégicos (ROSA, et al., 2005; ZAMBERLAN, et al., 2014; JIANG,
et al., 2015; ALARABY, et al., 2015).

A levedura S. cerevisiae € um eucarioto unicelular que possui sistema
aerdbico facultativo, que respiram na presenca de oxigénio, porém podem fazer
fermentacdo em situacdes de anaerobiose. O uso de S. cerevisiae na pesquisa tem
vantagens que a tornam um excelente organismo modelo. Dentre estas, destaca-se:
0 crescimento rapido, tratamentos ocorrem de forma estéril, genoma totalmente
sequenciado, facilitando a modificacdo genética (GOFFEAU et al., 1996). Desta
forma, os genes de interesse podem ser alterados, retirados ou inseridos no genoma
(SHERMAN, 1991).

S. cerevisiae tem sido um organismo modelo muito utilizado para o
entendimento dos mecanismos celulares, como por exemplo, a regulagédo do ciclo
celular, possuindo grande importancia na compreensdo de doengas complexas
como o cancer (HARTWELL, 2002; MATTIAZZI et al., 2012).

Embora o genoma de S. cerevisiae € aproximadamente 200 vezes menor que
0 genoma humano, alguns estudos demostraram que esta espécie de levedura
possui similaridade com a sequéncia de aminoacidos de proteinas de células de
humanos (GOFFEAU et al., 1996; HARTWELL, 2002). Sendo assim é importante o
uso deste organismo modelo para o entendimento de diversos mecanismos
moleculares que ocorrem em células humanas.

Estudos utilizando leveduras tem contribuido para elucidar o papel das EROs
na toxicologia de compostos organoselénios (ROSA et al., 2004; ROSA et al., 2005;
AZAD et al., 2014; ROSSETI et al., 2015).

Rosa e colaboradores (2004; 2005) mostraram que o (PhSe), pode induzir
mutacdo em cepas de leveduras S. cerevisiae, sensibilizar leveduras mutantes de
GSH, bem como causar deplecdo de GSH intracelular possivelmente induzindo o
estresse oxidativo.

Desta forma a levedura S. cerevisiae € um organismo modelo econdmico no
qual podemos explorar o mecanismo celular envolvido na toxicidade de

determinados compostos.
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2. JUSTIFICATIVA

Devido ao grande interesse pelos efeitos farmacoldgicos de compostos que
contem selénio, se faz necessario o entendimento dos mecanismos envolvidos na
toxicidade dos mesmos. Os mecanismos celulares como alteracédo da integridade da
membrana, morfologia e producdo de EROs envolvidos na toxicidade destes
compostos ainda néao foram totalmente elucidados. Desta forma, estas informagdes
podem ajudar na formulacdo de compostos de selénio com acdo menos toxicas na
oxidacdo de biomoléculas.

A utilizacdo de organismos modelos como a levedura S. cerevisiae pode
facilitar este entendimento, visto que € um organismo de facil manipulagdo no
laboratério e seu genoma ja esta totalmente sequenciado sendo possivel
futuramente estudar os genes que estdo ligados a toxicologia de compostos de

selénio.
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3. OBJETIVOS

3.1 Objetivo geral

Investigar a toxicidade do (PhSe), e PhSeZnCl, bem como o envolvimento na
producdo de espécies reativas de oxigénio e sua relacdo temporal com alteracbes

bioguimicas e morfoldégicas em Saccharomyces cerevisiae.

3.2 Objetivos especificos

- Avaliar o efeito do (PhSe), e PhSeZnCl sobre o crescimento de Saccharomyces

cerevisae, por espectrofotdbmetria.

- Avaliar a producéo de espécies reativas de oxigénio em Saccharomyces cerevisiae
expostas ao (PhSe), e PhSeznCl, utilizando diclorofluoresceina diacetato (DCFH-
DA) como marcador de fluorescéncia em citometria de fluxo e microscopia de

fluorescéncia.

- Avaliar a permeabilidade da membrana celular de Saccharomyces cerevisiae
expostas ao (PhSe), e PhSeznCl, utilizando o iodeto de propideo (Pl) como

marcador de fluorescéncia em citometria de fluxo.

- Avaliar o tamanho e granulosidade celular de Saccharomyces cerevisiae expostas

ao (PhSe), e PhSeznCl, por citometria de fluxo.

- Avaliar o conteudo total de tiol em Saccharomyces cerevisiae expostas ao (PhSe),
e PhSeznCl.
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Abstract

Organic selenium compounds such as diphenyl diselenide (PhSe), and
phenylselenium zinc chloride (PhSezZnCl) have antioxidant activity. They can imitate
the catalytic cycle of glutathione peroxidase (GPx). However, at high concentrations
organoselenium can cause toxicity by oxidizing thiol groups of proteins and increase
the production of reactive oxygen species (ROS). Here, we analyzed the toxicity of
(PhSe), and PhSezZnCl in yeast Saccharomyces cerevisiae. Cell growth of S.
cerevisiae after 1, 2, 3, 4, 6 and 16 hours of treatment with 2, 4, 6, and 10uM of
(PhSe),. For comparative purpose, PhSezZnCl was analyzed only at 16 hours of
incubation at equivalent concentrations of selenium (i.e., 4, 8, 12, and 20 uM). ROS
production (DCFH-DA), size, granularity and cell membrane permeability (propidium
iodide) were determined by flow cytometry. Total thiol was analysed by Ellman’s
reaction. (PhSe), inhibited cell growth at 2 h (10 uM) of incubation, followed by
increase in cell membrane permeability. The increase of cell size (10 uM) and
granularity (6 and 10 pM) was observed after 3 h of incubation. However ROS
production occurs only at 16 hours of incubation (10 puM) with (PhSe), indicating that
ROS overproduction is more likely a consequence of (PhSe), toxicity and not its
determinant. All these parameters tested showed that only concentration of 20 uM
induced toxicity in samples incubated with PhSeznCl. In summary, the results
suggests that (PhSe), toxicity in S. cerevisiae is time and concentration dependent,

presenting more toxicity when compared with PhSezZnCl.
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1. INTRODUCTION

The interest in the biochemistry and pharmacology of Selenium (Se) has
increased considerably in the last decades (Mugesh et al. 2001; Nogueira et al.
2004; Nogueira and Rocha, 2011). Selenium is an essential dietary element and it is
found as component of about 25 selenoproteins (Hatfield et al. 2014; Labunskyy, et
al., 2014; Pillai, et al., 2014; Gladyshev, 2011). The majority of selenoproteins have
only one selenocysteine residue as part of their biologically active site, which
normally participates in redox reactions (Hatfield et al. 2014). In contrast to
mammals, fungi do not have selenoproteins in their genome (Kryukov, et al., 2003;
Araie and Shiraiwa, 2009; Hatfield, et al., 2014).

In view of the prominent antioxidant activity, organoseleno compounds have
gained great interest in biochemical studies, which can be in part due to their
versatility to perform “catalytic cycles” similar to glutathione peroxidase (GPx) (Sies,
et. al.,, 1993; Muller, et. al. 1984; Nogueira, et al., 2004; Bartolini, et. al., 2015a;
Nogueira and Rocha, 2010; Rosa, et. al.,, 2007a, 2007b). For instance, diphenyl
diselenide (PhSe), is an organoselenium with a very simple structure. After being
reduced to benzenoselenophenol by different mechanisms (Nogueira and Rocha,
2010; 2011), it can efficiently react with hydrogen peroxide, mimicking the catalytic
cycle of GPx enzyme (Nogueira, et al., 2004; Nogueira and Rocha, 2010; 2011; Santi
et al., 2013). Different laboratories have shown its beneficial effects in mammalian
and non-mammalian models of diseases (Nogueira and Rocha, 2010; Nogueira and
Rocha, 2011; Stefanello, et. al., 2015; Fiuza, et al. 2015; Zamberlan, et. al., 2014;
Mancini, et al., 2014; Dias et al., 2014; Hort, et al.,2014; Dobrachinski, et al., 2014;
Silvestre, et. al., 2014; Godoi, et al.,, 2013; Rupil, et al., 2012; Chanaday, et al.,
2011).

The protective effects of (PhSe), are concentration- or dose-dependent,
wherein exposure to high doses can cause toxicity (Nogueira and Rocha;
2010;2011). High levels of (PhSe), can be pro-oxidant, decreasing the level of non-
protein -SH groups in rodents (Maciel et al., 2000). Similarly, in S. cerevisiae, a few
number of studies have indicated that (PhSe), depleted GSH levels and increased
the sensitivity to oxidative stress of yeasts (Rosa et al., 2004; 2005). Moreover,
genotoxic action of (PhSe), have also been reported in yeast, bacteria and white
human blood cells (Rosa, et al., 2004; 2005; Bueno, et al.,, 2013). In Candida
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albicans, it has been shown that (PhSe), decreased cell growth and enhanced
reactive oxygen species (ROS) production, which was associated with an increase in
plasma membrane permeability (Rosseti, et al., 2015). However, data about whether
cell toxicity, induced by (PhSe),, is the cause or consequence of oxidative stress are
still elusive in the literature. Thus, additional studies are required to understand the
mechanism(s) of toxicity of selenocompounds.

Particularly, the evaluation of role played by oxidative stress in cellular toxicity
of (PhSe), and its analog, phenylselenium zinc chloride (PhSeznCl), is critical to
guide the future of synthesis of new compounds with GPx-like activity and with low
toxicity (Nogueira and Rocha, 2010). The investigation of PhSezZnCl toxicity is of
particular importance because it can be an alternative formulation of diselenide with
less pro-oxidant action against thiol groups of biomolecules (Tidei, et al., 2012;
Bartolini, et al.,, 2015a). This compound has been reported to exhibit GPx mimetic
activity with higher catalytic efficiency than its diselenide analog (Tidei et al. 2012).
However, PhSeZnCl can also oxidize thiol groups and trigger the formation of ROS in
human cell cultures (Bartolini, et al., 2015a; Tidel, et al., 2012; Santi et al., 2008).

Here we evaluated the mechanism(s) of toxicity of two related compounds of
selenium (i.e., (PhSe), and PhSezZnCl) in Saccharomyces cerevisiae. Specifically, we
determined whether oxidative stress preceded or followed cellular toxicity induced by
(PhSe)..
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2. MATERIALS AND METHODS

2.1 Chemicals

The (PhSe),, 2',7'-Dichlorofluorescin diacetate, Diamidino-2-phenylindole,
propidium iodide, 5,5’- dithio-bis (2-nitrobenzoic acid) were obtained from Sigma -
Aldrich Brazil. The PhSezZnCl compound was synthesized as described early (Santi,
et al., 2008; Santi, et al., 2012). Yeast extract bacto-peptone, and bacto-agar were
obtained from Difco Laboratories (Detroit, MI). All other reagents were of analytical

grade.
2.2 Yeast Growth

Stationary yeast cultures were obtained by inoculation of isolated haploid
colony (By4147) in liquid complete medium (YPD) containing 1% yeast extract, 2%
peptone and 2% glucose. The yeast were kept overnight at 30°C with shaking at 250

rpm until the stationary growth phase was reached.
2.3 Treatment with (PhSe), or PhSezZnCl

An aliquot was inoculated in fresh YPD to a final cell density of approximately
~1x10° cells/mL. The cells were then treated with 0.05% of dimethyl sulfoxide
(DMSO), 2, 4, 6 or 10 uM of (PhSe), (dissolved in DMSO) or with 4, 8, 12 e 20 uM of
PhSeznClI (dissolved in distilled water) (Santi et al.,, 2008). The treatments were
performed for 1, 2, 3, 4, 6 or 16 h. Then, cells were harvested and washed twice with
PBS solution. The samples were shaken at 30°C during the treatment periods and
cell density was determined by measuring the absorbance at 600 nm (SHIMADZU
UV-1650 PC spectrophotometer).

2.4 Determination of ROS by flow cytometer and microscope of fluorescence
The ROS generation in yeast was assessed by incubating yeast (~0.7x10’

cells/mL or 0.5 of optical density) with 20 uM of dichlorofluorescein diacetate (DCFH-
DA) in the dark. After 2 h of incubation, the fluorescence of the cells was determined
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in Accuri flow cytometer (Becton-Dickinson, San Jose, USA). The signal from DCFH
was detected with FL1 (530/30) band pass filter, and the events (100,000) were
determined using Cell Quest software (Becton-Dickinsin, San Jose, CA). The size
and granularity cell were expressed in arbitrary units. For cell localization of ROS, an
aliquot of samples was incubated with 10 pg/ml of the nuclear marker, 4'-6-
Diamidino-2-phenylindole (DAPI), for 20 min at room temperature. The microscope
imaging was performed using an IX81 inverted microscope coupled with a charge-
coupled device camera (Olympus, Tokyo, Japan). The DAPI staining was observed
under 340 nm excitation and 488 nm emission, and DCFH-DA staining was viewed
under 480 nm excitation and 510 nm emission at 60 x magnification. The pictures

were captured with Olympus cell Sens (®) software.

2.5 Determination of cell membrane permeability by flow cytometer

The cell membrane permeability was determined by staining with propidium
iodide (PI) 30 pmol/L, for 4°C at room temperature. Using flow cytometer, the events
(100,000) were recorded, and the stained cell were detected with FL2 (585/40) band
pass filter. Since the yeasts in the control group presented a basal Pl staining,
positive Pl cells were considered above 99% of fluorescence of the control group in

order to compare (PhSe),- and PhSezZnCl-treated cells.

2.5 Determination of total thiols

The analysis of total thiol concentration or sulfhydryl groups (SH) was based
on method described by Elmman (ElImman, 1959). Briefly, thiols interact with 5,5'-
dithiobis-(2-nitrobenzoic acid) (DTNB), forming a highly colored anion with maximum
peak at 412 nm. Briefly, the cells were treated with (PhSe), and PhSeznCl
concentration, and after 16 h, the samples were washed twice with 100 mM Tris-
buffered saline (TBS, pH = 8,0). The cell density was adjusted to 10’ cells in all
treatments groups. Cells were lysed with glass beads (0.5 mm), and centrifuged at
3,400 rpm at 4°C for 6 min. The supernatant (100uL) was transferred to 96 well
microplate, and mixed with 100 pL of TBS plus 10 puL of DTNB (10 mM dissolved in
ethanol 100%). Then, the absorbance from thiols interacting with DTNB was read at

412 nm. The concentration of thiol groups was calculated using a curve of cysteine
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and the results were expressed in nmol/L. Finally, the total content of thiols were
normalized by number of estimated cells in according to table of Burke (Burke et al.,
2005).

2.6 Statistical analysis

Statistical results were determined by STATISTICA/w 5.0 software, and
expressed as means + standard error of the mean (SEM). The tests with PhSezZnCl
compound were analyzed by one-way ANOVA with Sidak’s multi comparison. The
tests with (PhSe), were evaluated by two-way ANOVA (compound concentration and
time as factors) following Tukey’s post hoc test. Statistical significance was set at p<
0.05 level.
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3. RESULTS

3.1 Cell growth

After 2 h exposure to 2, 4, 6 and 10 pM diphenyl diselenide (PhSe),, only 10
UM of (PhSe), caused inhibition of cell growth (Fig. 1). At 3, 4 and 6h of incubation
with 4, 6 and 10 pM of (PhSe), occurred a significant inhibitory effect on yeasts.
Exposure to 6 uM and 10 puM of (PhSe), for 16 h caused also significant inhibition of
cell growth. In contrast, the exposure to PhSezZnCl caused cell growth inhibition of S.
cerevisiae only at 20 uM (Fig. 2) in 16 h of incubation. The results demonstrate that
low concentration of (PhSe), inhibited yeast growth in a time-dependent manner.
After 16 h of exposure, the inhibition of cell growth was distinct between (PhSe), and
PhSeznCl, indicating that (PhSe), is more toxic to S. cerevisiae than PhSezZnCI.

3.2 Production of ROS in S. cerevisiae

A significant increase in ROS production was observed after 16h of incubation
with the highest concentration of (PhSe), (10 uM) (Fig. 3, Fig. 4), as can be seen in
the representative histogram of Figure 5. Moreover, the exposure of S. cerevisiae to
20 uM of PhSeznCl for 16 h increased the production of ROS (Fig. 6). All these
results indicate that the cell growth inhibition induced by both compounds was
causally associated to oxidative stress, but these effects were more strongly
promoted by (PhSe),.

3.3 Effect of (PhSe), and PhSezZnCl on morphology of S. cerevisiae determined by
Flow Cytometry.

The exposure of yeasts to (PhSe), caused an increase in size of cells, which
was both time and concentration dependent. After 3 h of incubation, 10 uM (PhSe),
produced a significant increase in cell size. At 6 h of exposure to the chalcogenide,
the increase in cell size was significant at 6 uM and 10 uM. However, after 16 h of
incubation with (PhSe),, only 10 uM caused a significant increase in cell size (Fig.
7A and Fig. 8).
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The cellular granularity of samples incubated with 6 uM and 10 puM (PhSe),
increased from 3 to 6 h of incubation. The exposure to (PhSe), for 16 h caused a
significant increase in cell granularity only in 10 uM (Fig. 7B and Fig. 9). For the case
of PhSeznCl, it was observed an elevation in the cell size and cell granularity after
incubation with 20 pM of PhSezZnClI (Fig 10A and 10B).

3.4 Effect of (PhSe), and PhSezZnCl in cell membrane permeability of S. cerevisiae

The ability of selenium compounds to increase the cell membrane permeability
was analyzed by nuclear staining with propidium iodide (PI) by flow cytometry.
The Figure 11 and 12 depicts that 10 uM of (PhSe), increased the permeability of
cell membrane from 2 to 16 hours of incubation. Similarly, exposure to 6 uM (PhSe),
increased the cell permeability to Pl from 2 to 6 hours of exposure. In contrast, the
treatment of yeasts with PhSeZnCl did increase the permeability of cell membrane to

Pl only after exposure to2 0 uM for 16 h of incubation (Fig. 13).

3.5 Determination of total thiol

To analyze the possible oxidation of total thiol groups from yeast cells by
selenium compounds, the content of —SH was evaluate in samples incubated for 16 h
with different concentrations of (PhSe), and PhSezZnCl. The results were expressed
correcting the total thiols per estimated number of cells (Fig. 14 and 15). The Figure
14 shows that the (PhSe), was able to increase the total thiol concentration after
exposure to 6 UM. The results of samples incubated with PhSezZnCl indicated an
increase in total thiols, but this effect was not significant (Fig. 15). The increase in the
total thiols could be a defense mechanism of samples in order to increase their
antioxidant capacity with enzymes that have thiol groups, leading to scavenger of
excessive production of ROS promoted by selenium compounds. However, in the
highest concentrations of (PhSe), (10 uM) and of PhSezZnCl (20 uM) this cellular
antioxidant capacity is probably exhausted.
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4. DISCUSSION

The biological effects of organic selenium compounds have been extensively
studied in recent decades due to their antioxidant properties (Chanaday, et al., 2011;
Ibrahim,et. al., 2015; Rosa, et al., 2007; Fiuza, et., al., 2015; Machado, et. al., 2009).
However, the cytotoxicity of selenium compounds has been also reported in different
models (Nogueira and Rocha, 2011; Rosa, et al., 2004; 2005; 2007a; Santos, et al.,
2009). (PhSe), is a very simple molecule that has gained great interest in
toxicological studies because this selenium compound can exhibit pro-oxidant
properties. In fact, organoselenium compounds, including diselenides, can trigger the
production of superoxide radicals and hydrogen peroxide. At least in part, the
production of these reactive species can result from the oxidation of selenol
intermediates formed after the reduction of parent compounds by thiols (Yan and
Spallholz, 1993; Spallholz, 1994; Nogueira, et al., 2004; Wallenberg, et al., 2010). In
this regard, mammalian thioredoxin reductase and glutaredoxin reductase have been
demonstrated to metabolize diselenide compounds to selenol intermediates (Zhao
and Holmgren, 2002; Freitas, et al., 2010; Wallenberg, et al., 2010). In H-157 cells,
Wallenberg and collaborators (2010) have demonstrated that selenite and GSSeSG
were cytotoxic tentatively by the selenide (HSe’)- or selenol/selenolate (-SeH/Se)-
mediate induction of superoxide formation.

Overproduction of ROS can promote damage to DNA, proteins and cell
membranes, which can culminate in cell death (Imlay, 2003). Here we have observed
that the cytotoxic effects of (PhSe), in S. cerevisiae depended on the time incubation
and the concentrations tested. Our results indicated that (PhSe) inhibited cell growth
of S. cerevisiae, starting at 6 pM after 16h of incubation. Indeed, S. cerevisiae cells
exposed to (PhSe), exhibited an increase in size and granularity, which was
associated with an elevation in cell membrane permeability. These morphological
and molecular changes caused by (PhSe), occurred at early times of exposures.
Although ROS production tended to increase after 3 and 4 hours of exposure to
(PhSe),, the increase was modest not statistically significantly. Taken together, these
results suggest that changes in cell membrane permeability and morphology
preceded ROS overproduction. Recently, Rosseti and collaborators (2015) have

assessed the effects of (PhSe), in the pathogenic fungus Candida albicans. The
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authors suggested that ROS promoted permanent damage to cell membranes, which
was associated with cell death.

At 16h, cell growth was inhibited by 6 and 10 uM of (PhSe),; however, the
increase in cell size, granularity, cell membrane permeability and ROS levels, were
observed only at 10 uM of (PhSe),. It is interesting to note that cells exposed to 6 uM
of (PhSe), had a significant increase in total content of thiol groups. Similarly,
Barbosa and collaborators (2006) demonstrated an increase in non-protein—SH
groups (NP-SH) in liver, kidney and blood of mice treated with low doses of (PhSe).,
suggesting that the cells developed antioxidant adaptations to counteract ROS
production. This may indicate that surviving cells increased the expression of
antioxidant defenses, such as thiol-containing proteins. For instance, pro-oxidant
condition or exposure to electrophiles have been associated with activation of
transcription factors such as nuclear transcription related factor 2 (Nrf2) (Ehren and
Maher, 2013; De Bem, et al., 2013; Habib, et al., 2015; Bartolini, et al., 2015b), which
may also promote the synthesis of reduced glutathione in mammals cells. Here it is
important to emphasize that (PhSe), can target thiol-containing proteins, particularly
those containing vicinal thiol groups (Rocha et al., 2012) and keap-1, which binds
Nrf2 and impedes its translocation to the nucleus, contains vicinal thiol groups.

However, at high concentrations of (PhSe), (10 pM), these antioxidant
defenses can be exhausted. Accordingly, exposure to high levels of toxic
electrophiles have been reported to modify the expression of Nrf2-related genes and
decrease the levels of thiol groups in different animal models (Huang et al., 2012; Jin,
et al., 2013; Abolaji, et al., 2014; 2015).

PhSeznCl has been reported to exhibit higher efficiency in decomposing
peroxide than (PhSe), (Bartolini, et al., 2015a). However, the PhSezZnCl toxicity has
not yet been studied in detail. Here, we observed that PhSezZnCl inhibited cell growth
and increased ROS production, membrane permeability, cell size and granularity
only when tested at high concentration (20 uM). At 20 uM of PhSezZnCl, which in
terms of selenium corresponds to 10 uM of (PhSe),, the compound was toxic to S.
cerevisiae cells after 16 h incubation. In contrast, at a low concentration (12 uM),
PhSeZnCl did not produce overt signs of toxicity in S. cerevisiae, whereas equivalent
concentrations of (PhSe), (6 uM) were toxic. Accordingly, Bartolini and collaborators
(2015a) have reported that 20 uM of PhSeZnCl inhibited cell viability and increased

ROS production in K562 human erytholeukemia cells and nontumor MEFs cells
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culture. Taken together, these results may indicate that PhSeZnCl can be a safer
source of thiol-peroxidase-like intermediates than the related compound (PhSe),.
However, more studies are needed to support this proposition.

As mentioned above, (PhSe), is a pro-oxidant compound (a relatively weak
electrophile) and it can induce oxidative stress by reacting with thiol groups. Here,
observed that (PhSe), increased oxidative stress (as determined by DCFH
oxidation), but this effect was secondary to changes in cell morphology and
membrane permeability. Together these results suggest that ROS formation can
contribute for (PhSe),-induced cell death in S. cerevisiae, but ROS participation
seems to follow biochemical and morphological modifications caused by oxidation of
thiol groups of target proteins. Here, PhSezZnCl was less toxic than (PhSe), and
these results indicate that PhSeZnCl should be evaluated with more detail in animal

models of toxicity in invertebrates and vertebrates.
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Fig.1. Inhibitory effect of diphenyl diselenide (PhSe), on cell growth after 1, 2, 3, 4, 6
and 16 h of exposure to (PhSe),. Cell growth was analyzed by measuring the cells
density in relation to the control (relative growth 1) as represented in (A). (B) Average
of optical density values from 1 to 6 h incubation with (PhSe),. (C) Average of optical
density values for 16 h incubation with (PhSe),. Data are expressed as mean =+ SEM
of ten independent experiments (n=10). (SEM was less than 10% of the respective
means and it was omitted for the sake of clarity). Data were analyzed by two-way
ANOVA followed by Tukey’s post hoc test. * p < 0.01.
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Fig.2. Inhibitory effect of PhSezZnCl on cell growth of S. cerevisiae after 16 hours of
exposure. Cell growth was analyzed by measuring the cells density in relation to the
control (relative growth 1). Values are expressed as mean + SEM of ten independent
experiments (n=10). Data were analyzed by one-way ANOVA followed by Sidak’s
post hoc test. * p < 0.01.
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Fig.3. Effect of exposure to (PhSe), in the production ROS in S. cerevisiae. After
exposure to (PhSe),, cells were incubated with DCFH-DA for 2h and examined by
flow cytometry. Values are expressed as percentage of mean fluorescence intensity
(FL1) of eight independent experiments (n=8) (SEM was less than 10% of the
respective means and it was omitted for the sake of clarity). Data were analyzed by
two-way ANOVA followed by Tukey’s post hoc test. *p < 0.01.
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Fig.4. Production of ROS in S. cerevisiae exposed to different concentrations of
(PhSe), for 16h. The cell nuclei were stained by DAPI (blue color) and ROS were
stained by DCFH-DA (green color). The images from left to right represent the cells
observed in phase contrast, blue fluorescence (DAPI), green fluorescence (DCFH-
DA) and merge images of blue and green fluorescence. The white bars represent 10

pm.
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Fig.5. ROS Production S. cerevisiae exposed to diphenyl diselenide (PhSe), for
different periods. Data are the representative histograms of DCFH fluorescence
intensity (X axis) versus cell number (Y axis) of one typical experiment from 8 (n=8).
The black line corresponds to control, green to 2 uM, blue to 4 uM, orange to 6 uM
and red to 10 puM of (PhSe),. The panels represent the results after time exposure to
(PhSe), in 1 (A), 2 (B), 3 (C), 4 (D), 6 (E) and 16 h (F).
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Fig.6. Effect of PhSezZnCl in the production ROS in S. cerevisiae. After exposure to
PhSeznCl, cells were incubated with DCFH-DA for 2h and examined by flow
cytometry. Values are expressed as mean + SEM of ten independent experiments
(n=10). Data were analyzed by one-way ANOVA followed by Sidak’s post hoc test. *
p <0.01.
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Fig.7. Effect on morphology of cells incubated for different times with the
concentrations of (PhSe),. After exposure to (PhSe),, cells were examined by flow

cytometry. The cell size is represented in (A) and cell granularity is demonstrated in

(B). Values are expressed only as mean of ten independent experiments (n=10)

(SEM was less than 10% of the respective means and it was omitted for the sake of
clarity). Data were analyzed by two-way ANOVA followed by Tukey’s post hoc test.*

p <0.01.
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Fig.8. Cell size of S. cerevisiae exposed to diphenyl diselenide (PhSe), for different
periods. Data are the representative histograms of size (Forward Scatter, FSC) (X
axis) versus cell number (Y axis) of one typical experiment from 10 (n=10). The black
line corresponds to control, green to 2 uM, blue to 4 uM, orange to 6 uM and red to
10 uM of (PhSe),. The panels represent the results after time exposure to (PhSe), in
1(A), 2 (B),3(C), 4 (D), 6 (E)and 16 h (F).
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Fig.9. Cell granularity of S. cerevisiae exposed to diphenyl diselenide (PhSe), for
different periods. Data are the representative histograms of size (Side Scatte, SSC)
(X axis) versus cell number (Y axis) of one typical experiment from 10 (n=10). The
black line corresponds to control, green to 2 uM, blue to 4 uM, orange to 6 uM and
red to 10 uM of (PhSe),. The panels represent the results after time exposure to
(PhSe), in 1 (A), 2 (B), 3 (C), 4 (D), 6 (E) and 16 h (F).
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Fig.10. Effects on cell morphology of S. cerevisiae after 16h of exposure. Cells were
treated with PhSezZnClI and examined by flow cytometry. The cell size is represented
in (A) and cell granularity is demonstrated in (B). Values are expressed only as mean
+ SEM of ten independent experiments (n=10). Data were analyzed by one-way
ANOVA followed by Sidak’s post hoc test. * p < 0.01.
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Fig.11. Effect of (PhSe), on cell membrane permeability in S. cerevisiae. After
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and examined by flow cytometry. Values are expressed only as mean of ten
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and it was omitted for the sake of clarity). Data were analyzed by two-way ANOVA

followed by Tukey’s post hoc test.* p < 0.01.
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Fig.12. Cell membrane permeability of S. cerevisiae exposed to diphenyl diselenide
(PhSe), for different periods. Data are the representative histograms of PI
fluorescence intensity (X axis) versus cell number (Y axis) of one typical experiment
from 10 (n=10). After exposure to (PhSe),, cells were incubated with PI for 1 h. The
black line corresponds to control, green to 2 uM, blue to 4 uM, orange to 6 uM and
red to 10 uM of (PhSe),. The panels represent the results after time exposure to
(PhSe),; in 1 (A), 2 (B), 3(C), 4 (D), 6 (E) and 16 h (F).
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Fig.13. Effect on cell membrane permeability of S. cerevisiae incubated for 16 h with
different concentrations of PhSezZnCl. After exposure to PhSezZnCl, cells were
incubated with Pl for 1 h. Values are expressed only as mean = SEM of ten
independent experiments (n=10). Data were analyzed by one-way ANOVA followed
by Sidak’s post hoc test. * p < 0.01.
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Fig.14. Determination of total thiols in samples after exposure to different
concentrations of (PhSe), for 16 h. Values are expressed as mean + SEM of ten
independent experiments (n=10). Data were analyzed by one-way ANOVA followed
by Sidak’s post hoc test. * p < 0.01.
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Fig.15. Determination of total thiols in samples after exposure to different
concentrations of PhSezZnCl for 16 h. Values are expressed as mean + SEM of ten
independent experiments (n=10). Data were analyzed by one-way ANOVA followed
by Sidak’s post hoc test. * p < 0.01.
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5. CONCLUSAO

A partir dos resultados expostos nesta dissertacéo, podemos concluir:

O (PhSe), inibe o crescimento celular de leveduras S. cerevisiae depois de 2
horas de incubacéo;

A inibicdo do crescimento celular € acompanhada pelo aumento da
permeabilidade da membrana, tamanho e granulosidade celular;

O (PhSe), apenas aumenta a producdo de EROs em 16 horas de incubacao
na concentracdo mais alta (10 uM);

O (PhSe), é capaz de aumentar o conteldo total de tidis na concentracdo de
6 UM em 16 horas de incubacéo;

O PhSezZnCl apresentou toxicidade inibindo o crescimento celular,
aumentando a producdo de EROs, permeabilidade da membrana, tamanho e
granulosidade celular na concentracdo de 20 uM, em amostras incubadas por
16 horas.
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