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RESUMO

EFEITOS DA DIETA SUPLEMENTADA COM DISSELENETO DE
DIFENILA SOBRE A TOXICIDADE INDUZIDA POR MERCURIO EM
CAMUNDONGOS E PEIXES

AUTORA: TIAGO DA LUZ FIUZA
ORIENTADOR: VANIA LUCIA LORO

Com o aumento de atividades industriais e agricolas, diversos contaminantes sdo
liberados no meio ambiente. Contaminantes como o mercdrio (Hg) podem ser provenientes do
uso das préticas agricolas, queima de combustiveis fdsseis e atividades de mineracdo, sendo
que esta atividade se destaca no Brasil. Uma vez liberado no meio ambiente o Hg atinge os
ambientes aquaticos e terrestres e consequentemente os organismos que ali habitam. Com o
objetivo de minimizar possiveis efeitos toxicos em organismos vivos, 0 uso de aditivos
alimentares com propriedades antioxidantes pode representar uma boa alternativa. O
disseleneto de difenila (PhSe), é um composto organico de selénio com propriedades
antioxidantes, e possui efeitos benéficos na terapéutica de animais expostos a metais pesados.
Dessa forma, o objetivo deste trabalho foi avaliar o efeito de uma dieta suplementada com
(PhSe), sobre a toxicidade induzida pelo cloreto de mercurio (HgCl,). Jundias adultos (40 -
50g) e camundongos Swiss albinos (25-30g) foram tratados durante 30 dias consecutivos com
racdo suplementada com (PhSe), ou ragdo controle. Apds 25 dias de tratamento 0s animais
receberam uma dose diaria de solucdo de HgCl, (1,7mg/kg, peixes, 5,0mg/kg camundongos)
durante 5 dias. Os animais foram eutanasiados 24h ap6s a Gltima administracdo de HgCl, e os
tecidos sanguineo, renal e hepéatico foram coletados para analise da atividade da enzima 6-
aminolevulinato desidratase (8-ALA-D). Foram avaliados parametros de toxicidade hepatica
(aspartato aminotransferase AST e alanina aminotrasferase ALT), renal (uréia e creatinina) e
parametros oxidativos (TBARS, tidis totais e ndo proteicos e espécies reativas de oxigénio).
Os peixes expostos ao Hg apresentaram inibi¢ao da atividade da 3-ALA-D do rim e sangue,
aumento nos niveis de creatinina sérica e diminui¢do dos niveis de TBARS, tidis totais e tidis
ndo protéicos de rim. O Hg acumulou-se no figado e nos rins dos peixes causando alteracdo
na homeostase do zinco (Zn) nos tecidos hepético e sanguineo. A alimentacdo com (PhSe),
preveniu parcialmente a inibi¢ao da 3-ALA-D renal, elevacdo dos niveis de creatinina sérica,
diminuicdo dos niveis de TBARS e tiois ndo proteicos, bem como a alteragdo na homeostase
do Zn no sangue. Os camundongos expostos ao Hg apresentaram inibigdo da atividade da o-
ALA-D sanguinea e ALT sérica, aumento nos niveis de ureia e creatinina, diminuigdo dos
niveis de TBARS e tidis total renal e aumento nos niveis de tiois ndo proteicos no rim. O Hg
acumulou-se no figado e no rim dos camundongos e causou alteracdo na homeostase do Zn
nos rins. O (PhSe), preveniu totalmente a inibi¢do da 5-ALA-D de sangue, 0 aumento na ureia
e creatinina e a diminuicdo dos tiois totais de rim e parcialmente a inibicdo da ALT sérica.
Considerando os resultados, acredita-se que o (PhSe), pode vir a ser um aditivo em potencial
contra a intoxicagdo por Hg tanto para peixes como para mamiferos.

Palavras-chave: Disseleneto de Difenila. Mercurio. d-Aminolevulinato Desidratase. Estresse
Oxidativo.



ABSTRACT

EFFECTS OF DIET SUPPLEMENTED WITH DIPHENYL DISSELLENE ON
MERCURY-INDUCED TOXICITY IN MICE AND FISH

AUTHOR: TIAGO DA LUZ FIUZA
ADVISOR: VANIA LUCIA LORO

With the increase of industrial and agricultural activities, several contaminants are released
into the environment. Contaminants such as mercury (Hg) can come from the use of
agricultural practices, burning of fossil fuels and mining activities, and this is highlighted in
Brazil. Once released into the environment Hg reaches the aquatic and terrestrial
environments and consequently the organisms that live there. In order to minimize possible
toxic effects on non-target organisms, the use of food additives with antioxidant properties
may be a good alternative. Diphenyl diselenide (PhSe),, is an organic compound of selenium
with antioxidant properties, and has beneficial effects in the treatment of animals exposed to
heavy metals. Thus, the objective of this work was to evaluate the effect of a diet
supplemented with (PhSe), on mercury chloride (HgCl,) -induced toxicity. Adult jundias (40-
50g) and albino Swiss mice (25-30g) were used which were treated for 30 consecutive days
with feed supplemented with (PhSe), or control ration. After 25 days of treatment the animals
received a daily dose of HgCl, solution (1.7mg / kg, fish, 5.0mg / kg mice) for 5 days. The
animals were euthanized 24 hours after the last administration of HgCl2 and blood, renal and
hepatic tissues were collected for analysis of the activity of the enzyme &-aminolevulinate
dehydratase (3-ALA-D). Hepatic toxicity parameters (aspartate aminotransferase AST and
alanine aminotransferase ALT), renal (urea and creatinine) and oxidative parameters
(TBARS, total and non-protein thiols and reactive oxygen species) were evaluated. Fish
exposed to Hg showed inhibition of 6-ALA-D activity of kidney and blood, increase in serum
creatinine levels and decrease of TBARS, total thiols and non-protein thiols of kidney. Hg
accumulated in the liver and kidneys of the fish causing alteration in zinc (Zn) homeostasis in
the liver and blood tissues. Feeding with (PhSe), partially prevented the inhibition of renal d-
ALA-D, elevated serum creatinine levels, decreased levels of TBARS and non-protein thiols,
as well as alteration in blood Zn homeostasis. Mice exposed to Hg showed inhibition of blood
8-ALA-D and serum ALT activity, increased urea and creatinine levels, decreased levels of
TBARS and total renal thiols and increased levels of non-protein thiols in the kidney. Hg
accumulated in the liver and kidney of mice and caused alteration in kidney Zn homeostasis.
O (PhSe), completely prevented inhibition of blood 6-ALA-D, increase in urea and creatinine,
and decrease of total kidney thiols and partially inhibition of serum ALT. Considering the
results, it is believed that (PhSe), may prove to be a potential additive against Hg poisoning
for both fish and mammals.

Keywords: Diphenyl diselenide. Mercury. 8-Aminolevulinate Dehydratase. Oxidative stress



LISTA DE ABREVIATURAS

ALT: alanina aminotransferase

AST: aspartato aminotransferase

ANOVA: analise de variancia (analysis of variance)
°C: grau Celsius

DNA: &cido desoxirribonucléico

8-ALA-D: delta-aminolevulinato desidratase
EO: estresse oxidativo

ERO: espécies reativas de oxigénio

GPx: glutationa peroxidase

Gr: glutationa redutase

GSH: glutationa reduzida

h: hora

Hg: mercdrio

Hg°: mercurio metélico; mercdrio elementar
m: mili

M: molar

K micro

min: minuto

n: nimero de repeticdes

NPSH: tidis ndo protéicos

p: nivel de significancia

PBG: porfobilinogénio

pH: potencial hidrogenidnico

rpm: rotagdes por minuto

s.c.: subcutanea; subcutdneamente



S.E.M.: standard error of mean ( erro padrdo da média )
SH: grupos sulfidrilicos

SOD: superoxido dismutase

TCA: &cido tricloroacético

TSH: tiois totais

U: unidades

v/v: volume/volume

Zn: zinco
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1. APRESENTACAO

Esta Tese aborda assuntos relacionados aos efeitos mediados de uma dieta
suplementada com (PhSe), sobre a toxicidade induzida pelo cloreto de mercurio (HgCl,) em
pardmetros toxicidade, utilizando jundias adultos (Rhamdia quelen) e camundongos Swiss
albinos como organismos modelos. Ela encontra-se estruturada da seguinte forma:

INTRODUGCAOQO: Revisdo da literatura com caracterizacdo dos temas abordados na
tese.

RESULTADOS: Serdo apresentados na forma de artigo cientifico e manuscrito.

DISCUSSAOQ: serdo apresentados as interpretacdes e comentarios gerais sobre o artigo
e 0 manuscrito cientifico.

CONCLUSAO: Comentarios gerais sobre os resultados obtidos no trabalho.

REFERENCIAS: Lista as referéncias utilizadas na introducio e discussdo da Tese.



2. INTRODUCAO

2.1 Contaminacao ambiental

O aumento das atividades industriais e agricolas, bem como o crescimento
populacional observado nas UGltimas décadas, desencadeia a liberacdo de uma série de
contaminantes e poluentes no meio ambiente, principalmente no ecossistema aquéatico
(HANSDA; KUMAR; USMANI, 2014; SROGI, 2008). Além disso, areas com intensa
atividade industrial contribuem para a liberacdo de substancias toxicas, incluindo metais
pesados, cuja acdo afeta os organismos em seu habitat natural (GBEM et al., 2001,
WOODLING; BRINKMAN; HORN, 2001). Os metais sdo um dos muitos tipos de
contaminantes encontrados no meio ambiente, dentre eles, podemos citar o cadmio, chumbo e
0 mercurio, conhecidos por exercer efeitos toxicos uma vez que possuem facilidade em
acumular-se no organismo (PRATUSH; KUMAR; HU, 2018). As agdes de origem
antropogénicas sao responsaveis por adi¢des de até 1,16 milhGes de toneladas de metais por
ano em ecossistemas terrestres e aquaticos no mundo (STREETS et al., 2017). No Brasil, a
mineracdo de niquel, ouro, ferro e de outros metais de interesse comercial tem contribuido
com a liberacao de rejeitos, constituindo uma das principais formas de contaminacgéo do solo e
da agua por metais pesados (GUILHERME et al., 2005).

A utilizacdo industrial de produtos contendo esses elementos tem gerado preocupagdes
a respeito dos principais efeitos adversos causados ao meio ambiente, bem como para a salde
humana. Estudos tém demonstrado que a exposicdo de animais a esses compostos pode
induzir danos em diversos tecidos, bem como alteragcdes no metabolismo (FIUZA et al., 2015;
MORAES-SILVA et al., 2012; OLIVEIRA et al., 2014, 2015). O acumulo de metais nos
ecossistemas aquaticos tem despertado grande interesse em pesquisas cientificas cujo objetivo
é investigar os efeitos desses contaminantes nas cadeias alimentares, no comportamento de
animais, e na ciclagem biogeoquimica (LA COLLA; BOTTE; MARCOVECCHIO, 2019). A
cadeia de contaminacdo de metais quase sempre segue a ordem ciclica, partindo da industria
seguindo na atmosfera, solo, agua, fitoplancton, zooplancton, peixes e finalizando nos seres
humanos (KADAR; KONCZ; FEKETE, 2000). A absorcdo de metais em peixes pode ocorrer
através da superficie do corpo e através das branquias (via respiracdo e/ou troca iénica com a
agua), bem como pelo trato digestivo (HEATH, 1995). Além disso, é importante ressaltar que

de acordo com Orgdos de saude, 90% da ingestdo de metais pesados ocorre por meio da
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ingestdo de alimentos, como por exemplo, consumo de peixes expostos a esses metais
(VIRGA; GERALDO; SANTOS, 2007).

2.2 Mercurio

O mercurio (Hg) é um metal divalente pertencente a familia 2B, ou familia do Zinco
(Zn), da tabela periodica. Este metal ndo essencial, ou seja, sem funcdo bioldgica, encontra-se
no estado liquido mesmo em temperatura ambiente. O Hg pode ser encontrado em duas
formas quimicas: inorganica (Hg® — elementar; Hg®" - sais de mercrio) e organica (MeHg —
metilmercurio), sendo que as amalgamas dentérias, agua de beber e 0 consumo de peixes séo
as principais formas de exposicéo a este metal. Todas as formas de Hg sdo tdxicas para 0s
diferentes organismos vivos, contudo, os efeitos toxicos, distribuicdo e toxicocinética
dependem da forma quimica, nivel e tempo em que o organismo foi exposto. Por exemplo, o
cloreto de mercario (HgCly) é nefrotoxico, enquanto o metil merclrio é hepatotéxico e
neurotdxico (CLARKSON, 1997; COUNTER; BUCHANAN, 2004; FARINA; ASCHNER;
ROCHA, 2011; GRAEME; POLLACK, 1998; WHO, 2003).

Como ja descrito anteriormente, regides com intensa atividade industrial e mineracédo
tornam-se foco de liberacdo de Hg para o meio ambiente, dessa forma o Hg torna-se um
poluente ambiental através dessas agdes de origem antropogénica. Entretanto, a liberacdo de
Hg para o meio ambiente também provém de regibes que apresentam intensas atividade
vulcanicas e geotermais, porém estas caracterizam as formas naturais de liberacdo desse metal
para a biosfera (LI et al., 2009; WHO, 1991). Na atmosfera, o0 Hg metalico é oxidado pelo
0zo6nio, formando o cloreto de mercdrio. Este sal de mercurio inorganico deposita-se na agua
e no solo, onde pode ser metilado por bactérias anaerdbicas, formando metilmercurio, ou se
volatilizar, retornando ao ambiente (BISINOTI; JARDIM, 2004). As emissGes de origem
antropogénica representam 70% de todo o Hg liberado no meio ambiente e contribuem para o
aumento da contaminacdo por Hg em escala local, regional e global. No entanto, diversas
agéncias nacionais e internacionais ja apontam este metal para um possivel controle de
emissdes. Este agente esta presente em combustiveis energéticos e em lixos municipais, sendo
um dos metais que apresentam menor eficacia de retencdo em processos de controle de
emissdo (AZEVEDO; NASCIMENTO; CHASIN, 2001; PIRRONE et al., 2010, 2010).

No Brasil, o principal foco de contaminacdo ocorre na Amazoénia, onde a préatica do
garimpo € intensa, sendo que o Hg é jogado nos rios para amalgamar o ouro durante o
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processo de extracdo, seguido pelo uso na agricultura e industria (BERZAS NEVADO et al.,
2010; PALHETA; TAYLOR, 1995). Populag®es ribeirinhas s&o alvos potenciais do mercurio,
pois habitam locais onde as &guas e fauna aquatica estdo contaminadas pelos rejeitos
derivados da atividade de extracdo de ouro. A baixa renda dessas populacdes agrava a
exposicdo ao Hg, uma vez que a principal fonte alimentar proteica provém do consumo de
peixes originarios do ambiente contaminado (CASTILHOS et al., 2006; CHAN et al., 2003;
LEBEL et al., 1996; RENZONI; ZINO; FRANCHI, 1998). Além disso, o incidente ocorrido
no municipio de Mariana — MG, onde uma barragem de rejeitos da producao de minério de
ferro rompeu, controlada pela Samarco Mineragéo S.A, langou cerca de 60 milhdes de metros
cubicos de rejeitos em forma de lama, ocasionando a devastacdo da regido e contaminando o
Rio Doce, principal recurso hidrico do estado de MG. O Servico Auténomo de Agua e Esgoto
(SAAE) de Baixo Guandu — ES, em laudos preliminares, confirmou a presenca de metais
como chumbo, mercurio, arsénio e ferro nas aguas do Rio Doce (LACAZ; PORTO;
PINHEIRO, 2016). A bacia hidrogréafica do Rio Doce abrange 230 municipios dos estados de
Minas Gerais e Espirito Santo e a lama que chegou ao rio impactou muitas dessas populacgdes,

gue eram abastecidas por suas aguas.

2.3 Mercurio Inorganico

Cloreto de mercurio (HgCly) é a principal forma inorganica do mercario, possui o
estado de oxidacdo Hg®" e é altamente hidrofilico, o que faz com que seja nessa forma que o
Hg desencadeie sérios danos ao sistema renal. Além disso, a eliminacdo urinaria é a principal
via de eliminacdo de metais toxicos, o que faz com que 0s rins estejam constantemente
expostos a agentes toxicos (AU, 2004; FOWLER, 1993). A ligacdo deste metal com
grupamentos SH de proteinas, peptideos e aminoacidos leva a necrose do epitélio renal,
acompanhado de proteindria e glomerulonefrite (GOYER R.; KLAASSEN; WALLKES M.P,
1995). Este metal também promove estresse oxidativo (EO), peroxidacéo lipidica e disfuncao
mitocondrial (ZALUPS, 2000). Estudos realizados em nosso laboratorio ja demonstraram que
0 HgCl;, pode induzir o aumento nos niveis de ureia e creatinina, bem como alteracGes no
perfil oxidativo, o que evidencia danos ao tecido renal (DA LUZ FIUZA et al., 2018; FIUZA
etal., 2015; MESQUITA et al., 2016; OLIVEIRA et al., 2015).

A forma inorganica tem sido alvo de indmeras pesquisas cientificas, além de sua

toxicidade intrinseca € atribuida a ela a toxicidade do mercurio elementar e, parcialmente, a
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do metilmercario, uma vez que, por oxidagdo e desmetilacdo, respectivamente, ambas as
formas sdo convertidas em Hg”* (COUNTER; BUCHANAN, 2004). Portanto, mesmo que 0
sistema renal seja o alvo principal do Hg inorganico, o tecido hepatico também é prejudicado
por esta forma do metal (BERLIN; ZALUPS; FOWLER, 2007). A hepatotoxicidade dessa
forma de mercurio ainda nédo estd totalmente elucidada, no entanto, assim como nos rins,
acredita-se que ocorra a interacdo do metal com estruturas organicas, permitindo ao metal
transpor a membrana dos hepatocitos mais facilmente (BERLIN; ZALUPS; FOWLER, 2007;
ROONEY, 2007).

A toxicidade do HgCI, pode ser atribuida a sua alta afinidade com grupamentos
sulfidrilicos (-SH), contudo, esse metal pode causar uma mudanga estrutural em enzimas e por
consequéncia dificultar a ligacdo de grupos prostéticos, ou até mesmo, bloquear os sitios
ativos dessas enzimas (GUNNAR et al., 2007). A 3-aminolevulinato desidratase (6-ALA-D) é
um exemplo de enzima que possui grupamentos -SH em seu sitio ativo e é geralmente
utilizada como um marcador de exposicdo a metais divalentes (BERNARD; LAUWERYS,
1987). Estudos realizados em nosso laboratorio demonstraram que ratos expostos ao HgCl,
apresentaram uma diminuic¢do na atividade da enzima 3-ALA-D em tecidos como rim, figado
e cérebro (DA LUZ FIUZA et al., 2018; FIUZA et al., 2015; MESQUITA et al., 2016;
MORAES-SILVA etal., 2012; OLIVEIRA et al., 2014, 2015).

Estudos sugerem que um importante mecanismo envolvido no dano renal induzido
pela forma inorganica do mercurio envolve a inducdo do estresse oxidativo (AGARWAL et
al., 2010). A alta afinidade do mercario com grupamentos SH nos componentes celulares
induz a diminuicdo de outros grupamentos SH (especialmente GSH) do interior da célula,
dessa forma, aumentando a predisposicdo das ceélulas tubulares proximais ao estresse
oxidativo (FUKINO et al., 1984). Agarwal e colaboradores (2010) demonstraram que ratos
expostos ao Hg apresentaram uma diminuicdo na atividade das enzimas de defesa
antioxidante: superoxido dismutase (SOD), catalase (CAT), glutationa peroxidase (GPx) e
glutationa redutase (GR), em tecido hepatico, renal e cerebral.

2.4 Selénio

O selénio (Se) é um elemento quimico que pertence a familia 16 da tabela periddica
(calcogénios) sido descoberto em 1817 pelo quimico sueco Jons Jacob Berzelius. Esse
elemento quimico apresenta-se em 4 estados de oxidagdo: Selenato (Se+6), selenito (Se+4),
selénio elementar (Se0) e seleneto (Se-2) (STADTMAN, 1980). Diferentemente do mercdrio
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o0 selénio é um elemento traco essencial para os sistemas biologicos de mamiferos e de peixes.
Possui acdo antioxidante devido ao fato de fazer parte do sitio ativo de diversas enzimas.
Dentre essas enzimas, podemos citar a glutationa peroxidase e tioredoxina redutase, que
atuam protegendo as membranas celulares dos danos causados pelo processo de oxidacao
(HAMILTON, 2004). Considerando a importancia deste micronutriente, a suplementacéo de
dietas com selénio, tanto para animais quanto para humanos, tem sido aceita pela comunidade
cientifica. Para humanos, a Junta de Alimentacdo e Nutricdo da Academia de Ciéncias dos
Estados Unidos propde uma ingestdo diaria de 50-200 mg de selénio, a qual é considerada
segura e saudavel para adultos. Este elemento pode ser encontrado em alimentos como
castanha-do-pard, alho, cebola, brécolis, cogumelos, cereais, pescados, ovos e carnes
(DUMONT; VANHAECKE; CORNELIS, 2006).

Considerando a importancia do Se como um micronutriente essencial para o
organismo, principalmente como antioxidante, seu uso como agente terapéutico tem
despertado o interesse de pesquisadores (PAPP et al., 2007). Contudo, sabe-se que o Se
possui efeito na distribui¢cdo do Hg no organismo, podendo reduzir a toxicidade causada por
este metal (GOYER R.; KLAASSEN; WALLKES M.P, 1995). Assim, ndo apenas 0 Se na
sua forma elementar, mas também os compostos organicos de selénio tem despertado grande
interesse, tanto na sua importancia como intermediarios em sintese organica, bem como por
apresentarem propriedades farmacoldgicas em diferentes modelos experimentais (BARBOSA
et al., 2008; NOGUEIRA; ROCHA, 2010; NOGUEIRA; ZENI; ROCHA, 2004).

Inicialmente os organocalcogénios foram alvos de interesse para os quimicos devido
as suas aplicagdes como intermediarios para a sintese organica (PETRAGNANI;
RODRIGUES; COMASSETO, 1976). Posteriormente as pesquisas se voltaram para a busca
de organocalcogénios com atividade bioldgica, visando sua utilizagdo como compostos com
atividades farmacologicas, destacando, dessa forma, os compostos organicos de selénio
(NOGUEIRA; ZENI; ROCHA, 2004; PARNHAM; GRAF, 1991). Diversos estudos
demostraram a capacidade de compostos organicos ou inorganicos de Se em reverter a
toxicidade causada pelo Hg. No entanto, 0s compostos organicos possuem menor toxicidade
guando comparados aos inorganicos (FARINA et al., 2003; PEROTTONI et al., 2004;
SASAKURA; SUZUKI, 1998).
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2.5 Disseleneto de difenila (PhSe),

O disseleneto de difenila (PhSe), é um composto orgénico de Se lipofilico. Possui
propriedades farmacoldgicas, cuja acdo antioxidante se destaca, uma vez que o (PhSe), possui
atividade semelhante a enzima glutationa peroxidase (NOGUEIRA; ZENI; ROCHA, 2004).
Além disso, estudos em animais de laboratério indicam que o (PhSe), possui atividade
protetora contra danos induzidos por diferentes xenobidticos, incluido o Hg e outros metais
pesados. Contudo, estudos demonstraram que o (PhSe), apresentou atividade protetora contra
0 estresse oxidativo induzido pelo herbicida Quinclorac em peixes (CAVALHEIRO DE
MENEZES et al., 2012). Em adi¢do, o (PhSe), também demostrou ser eficaz em reverter 0s
danos oxidativo induzidos pelo cddmio em figado, rim, sangue e cérebro de camundongos
(SANTOS et al., 2004). Além disso, dados da literatura demonstram que o pré-tratamento
com (PhSe), foi efetivo em proteger contra as alteracbes hematoldgicas causadas pelo HgCl,
(BRANDAO et al., 2008). Experimentos ex vivo demonstraram que o (PhSe), protege contra
os danos renais induzidos pelo cloreto de mercuUrio tanto em peixes como em mamiferos. Essa
protecdo foi confirmada pela reducdo dos niveis de ureia e creatinina, além de alterar a
distribuicdo do Hg entre os tecidos dos animais que receberam (PhSe), e foram expostos ao
Hg, sugerindo um efeito benéfico deste organocalcogénio no tecido renal (BRANDAO et al.,
2006; DA LUZ FIUZA et al, 2018; FIUZA et al., 2015). Entre outras atividades
farmacoldgicas que o (PhSe), possui, podemos citar a acdo antidepressiva e ansiolitica
(SAVEGNAGO et al.,, 2008), anti-inflamatéria (NOGUEIRA; ZENI; ROCHA, 2004),
antitlcera (SAVEGNAGO et al., 2006), efeito neuroprotetor (GHISLENI et al., 2003),
hepato-protetora (BORGES et al., 2005, 2006), anti-hiperglicémica (BARBOSA et al., 2006)
e possivel retardo no desenvolvimento de cancer (BARBOSA et al., 2008). Contudo, poucos
estudos demonstrando os beneficios de uma alimentagdo suplementada com (PhSe), contra 0s

efeitos toxicos do Hg sdo encontrados na literatura, principalmente em peixes.
2.6 A utilizacdo de modelos animais na pesquisa

Os peixes possuem um importante papel na cadeia alimentar, portanto avaliar 0s
efeitos toxicos e a acumulacdo Hg em peixes é importante para a avaliagdo de efeitos adversos
destes contaminantes principalmente para a sadde humana. O jundia (Rhamdia quelen) é uma
espeécie nativa da América do Sul e Central e tem despertado grande interesse no sul do Brasil
devido suas caracteristicas, tais como resisténcia a0 manejo, crescimento rapido, boa
eficiéncia alimentar e carne saborosa (BARCELLOS; KREUTZ; QUEVEDO, 2004,

CARNEIRO; MIKOS, 2005). Além disso, o jundid apresenta boa aceitagdo pelo mercado
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consumidor, tanto para a pesca quanto para a alimentacdo, sendo uma espécie com excelentes

caracteristicas para o processamento (CARNEIRO, 2004).

A

Fonte: https://www.planetcatfish.com/common/species.php?species_id=872 (Acessado e

adaptado em janeiro de 2019).

Além disso, pesquisas com o camundongo Swiss albino também sdo importantes, uma
vez que possuem alto grau de similaridade com os seres humanos (+85%), podendo ser (til
para elucidar os efeitos contaminantes por metais na acdo comportamental e bioquimica em
mamiferos. Essa espécie de animal de laboratorio tem sua origem no continente Asiatico e é a
mais utilizada em pesquisas cientificas na area biomédica. Dentre suas vantagens em
pesquisas laboratoriais podemos citar o seu pequeno tamanho, alta proliferacdo, periodo de
gestacdo curto, facil domesticacdo e manutencdo. Por essas caracteristicas, tornou-se um dos
mamiferos mais usados na experimentacdo mundial. Além disso, gracas a sua uniformidade
genética, todos os individuos reagem praticamente da mesma maneira a uma determinada
situacdo experimental, ou seja, a variancia dos resultados experimentais € muito pequena.
Dessa forma, o pesquisador pode utilizar um ndmero menor de animais, extremamente
relevante do ponto de vista econémico e uma das principais recomendac@es do ponto de vista
da ética no uso de animais na pesquisa (ANDRADE; PINTO; OLIVEIRA, 2002;
MAGALHAES, 2012).
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Fonte: https://www.taconic.com/mouse-model/nmri (Acessado em Janeiro de 2019).

2.7 Pardmetros de Toxicidade

A ureia e a creatinina sdo os principais indicadores de dano agudo ao tecido renal,
sendo muito utilizados na prética clinica (EDELSTEIN, 2008). A amdnia, excretada pelos
peixes, é resultante do catabolismo das proteinas. Nos mamiferos a amonia é convertida em
ureia, que é mais hidrossoltvel e menos toxica, sendo este residuo o principal produto de
excrecdo de material nitrogenado em mamiferos. A creatinina, por sua vez, é formada pelo
metabolismo normal da musculatura devido a degradacdo da fosfocreatinina. Ambos 0s
metabdlitos sdo excretados pelos rins, portanto, 0 aumento de seus niveis no sangue indica
falha na funcéo renal (RAVEL, 1997). Alguns estudos tém relacionado a toxicidade renal
causada pelo mercurio com o aumento sanguineo de ureia/aménia e creatinina em roedores e
peixes (AGARWAL et al.,, 2010; DA LUZ FIUZA et al., 2018; FIUZA et al.,, 2015;
PEIXOTO; PEREIRA, 2007).

A alanina aminotransferase (ALT) é uma enzima localizada no citosol e encontra-se
em tecidos como rins e coragdo, porem sua localizacdo ocorre principalmente no tecido
hepéatico. A aspartato aminotransferase (AST) é uma enzima mitocondrial e esta distribuida
em diversos tecidos do organismo como o coragdo, musculo esquelético, rins, cérebro e
pulmdes, o que diminui a sua especificidade para a lesdo hepatica. A ALT plasmatica é
considerada o marcador com maior sensibilidade e relativamente mais especifico para
hepatotoxicidade (ANTOINE et al., 2009; OZER et al., 2008; WHITEHEAD et al., 1999).

O HgCl, altera a atividade da ALT possibilitando a utilizacdo dessa enzima como
marcador de hepatotoxicidade (VEDAVATHI; GIRISH; KUMAR, 2004). Recentemente
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verificou-se uma inibicdo da ALT sérica de ratos jovens expostos ao HgCl,, onde foi sugerido
uma provavel relacdo do metal com grupamentos sulfidrilicos presentes na estrutura da
enzima (FIUZA et al., 2015; FRANCISCATO et al., 2011; MORAES-SILVA et al., 2012;
PEIXOTO et al., 2007). Outro exemplo de enzima que possui grupamentos -SH em seu sitio
ativo ¢ a d-aminolevulinato desidratase (3-ALA-D). Esta enzima esta presente na maioria dos
tecidos, tem como substrato o acido delta aminolevulinico e catalisa a condensacdo de duas
moléculas assimetricas deste acido para formar o composto monopirrélico porfobilinogénio
(Figura 3), participando assim da rota da sintese do heme (SASSA, 1982). A inibi¢do dessa
enzima pode levar ao acimulo do acido d-aminolevulinico, que possui efeito pré-oxidante,
levando a geracdo de radicais livres e, consequentemente, aumenta o dano oxidativo nos
componentes celulares (BECHARA, 1996).
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Figura 3. Sintese de porfobilinogénio (PBG) a partir de duas moléculas do acido 5-
aminolevulinico (3-ALA) (adaptado de Rocha et al. 2012).

Em mamiferos, esta enzima requer o zinco (Zn) como co-fator no seu sitio ativo, o
qual possui um Unico sitio de ligacdo do zinco com trés residuos de cisteina (GODWIN, 2001;
JAFFE, 1995). Estes grupamentos sulfidrilicos estdo envolvidos na coordenagdo essencial do
ion Zn, e a proximidade entre eles torna a enzima particularmente sensivel a oxidacdo. O ion
Zn esta envolvido também na estabilizagcdo destes grupos sulfidrilicos e a sua remoc¢édo pode
acelerar o processo de auto-oxidacdo da enzima perdendo assim sua capacidade catalitica.
Devido a proximidade entre os grupamentos SH presentes no sitio ativo, a 3-ALA-D torna-se
bastante sensivel a oxidagdo por metais divalentes como o Hg ou o Pb, por exemplo, pois
esses metais possuem a capacidade de remover 0 Zn presente no sitio ativo e ligarem-se aos
grupamentos sulfidrilicos, fazendo com que esta perca sua atividade catalitica (MARKHAM

etal., 1993; SARAIVA et al., 2012).
19



Durante muito tempo a enzima 3-ALA-D foi considerada um marcador importante de
exposicao ao chumbo em humanos, uma vez que ele é um inibidor classico da enzima 3-ALA-
D. Contudo, a inibicdo desta enzima por outros metais divalentes torna-a um marcador
inespecifico de toxicidade para diferentes metais. Como o Hg € um metal ndo essencial, a
enzima 0-ALA-D pode ser utilizada com um marcador de exposi¢do para este metal (ROELS
et al., 1976; THOMPSON; JONES; BEASLEY, 1977). Dados na literatura j& mostram que
tanto animais jovens (PEIXOTO et al., 2007) como adultos (OLIVEIRA et al., 2014), quando

expostos ao Hg apresentam uma inibigao da atividade da enzima 3-ALA-D.

Portanto, conhecendo os efeitos que a contaminacdo com Hg desencadeia, tanto em
meio ambiente aquético, quanto em solos e em diferentes espécies de animais, incluindo seres
humanos, acredita-se que avaliar os efeitos protetores do (PhSe), sob os efeitos toxicos desse
metal em diferentes espécies de animais seja importante para uma possivel estratégia

terapéutica contra os efeitos toxicos provenientes da exposi¢ao ao mercdrio.
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3. OBJETIVOS

3.1 Objetivo geral

Avaliar os efeitos de uma suplementacdo alimentar com o (PhSe), sobre os efeitos
toxicos do HgCl,, bem como sua distribuicdo entre os 6rgaos de peixes e camundongos e

fazer um comparativo entre os modelos experimentais.

3.2 Objetivos especificos

Avaliar o efeito da suplementacdo com (PhSe), na dieta de jundias e camundongos sobre a
toxicidade do HgCl,, através:

» da atividade da (6-ALA-D) em figado, rins e sangue de camundongos e peixes, sendo
este parametro utilizado como marcador de exposicdo ao Hg;

» da analise dos niveis séricos de ureia e creatinina, como marcadores da fungéo renal;

» da atividade da alanina aminotranferase (ALT) e aspartato aminotransferase (AST)
séricas como marcadores da funcéo hepatica;

» de parametros oxidativos ndo enzimaticos como tiois totais e ndo proteicos e TBARS
de figado e rim;

» da mensuracdo dos niveis de Hg e Zn em rins, figado e sangue, para avaliar a

distribuicdo desses elementos no organismo.
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Abstract

This work investigated the preventive effect of diphenyl diselenide [(PhSe),] against the toxic
effects of mercury in silver catfish (Rhamdia quelen). The animals were treated during thirty
consecutive days with a (PhSe), supplemented feed (3.0 mg/kg™) or commercial feed. During
the last five days the animals received a daily intraperitoneal dose of HgCl, (1.7 mg/kg™) or
Saline (0.9%). Twenty-four hours after the last HgCl, injection, the animals were euthanized
by spinal cord section to biological material obtainment. Hepatic (AST and ALT) and renal
(ammonia and creatinine) toxicity biomarkers, 6-ALA-D activity, TBARS, total and non-
protein thiols levels and hepatic, renal and blood mercury (Hg) and zinc (Zn) content were
evaluated. Considering renal parameters, HgCl, exposition increased serum creatinine levels
and decreased 6-ALA-D activity, total and non-protein thiols and TBARS levels. HgCl,
exposure also decreased blood 3-ALA-D activity. With exception of blood 6-ALA-D activity
and total thiols levels, (PhSe), supplementation partially prevented mercury induced
alterations. Animals exposed to HgCl, presented an increase in liver and kidney Hg content
and a decrease in liver and blood Zn content. The alteration in blood Zn content was partially
prevented with (PhSe), supplementation. With the exception of mercury and zinc content, no
effects of HgCl, exposure on hepatic tissue were observed. These results show that (PhSe),
supplementation can represent a promising alternative to prevent the toxic effects presented

by Hg exposure.

Keywords: 8-ALA-D. Fish. Nefrotoxicity. Suplemented Diet. Mercury. Selenium

24



Introduction

Increase of industrial and agricultural activities results in several pollutants released to
the environment, mainly to the aquatic ecosystem [1]. Heavy metals are among these
pollutants commonly found in the environment. Many of these heavy metals induce toxic
effects and easily accumulate in the tissues. Mercury is released in the environment by natural
or anthropogenic activities being the latter responsible for 70% of the mercury presented in
the environment [2-3]. Mercury can be found in organic and inorganic form and both are toxic
to different living organisms, whose primary target are the central nervous and renal systems,
respectively [4]. The Hg toxicity can be attributed to its great affinity to sulfhydryl group; its
binding to biomolecules containing this radical results in reduction of antioxidant defenses
and unbalance between pro and antioxidants. Mercury also binds competitively with the
body’s essential elements, such as zinc and selenium, leading to their elimination, disturbing
several physiological and regulatory functions [5-6]. Selenium (Se) is an essential trace
element important for the antioxidant system, once it is required in the active site of the
enzyme glutathione peroxidase as a cofactor for its enzymatic activity. Due to its important
role in the body's antioxidant defense, there is a growing research to understand its biological
role, in particular, its use as a therapeutic agent [7-8]. Several studies using trace elements
such as Se and Zn were conducted and the results demonstrate that they have the ability to
prevent the toxicity caused by Hg [9-10]. However, the use of fish as an animal model in this
kind of study is still scarce in the literature.

Diphenyl diselenide (PhSe), is a simple synthetic organic selenium compound, which
has been considered a potential pharmacological agent in several experimental models [11-
12]. This organic selenium compound reduces lipid peroxidation by increasing antioxidant
defenses in fish [13]. In addition, (PhSe), protects renal tissue from the damage induced by

Hg and also alters the distribution of this metal in tissues of rodents [9].
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Several studies use fish as an indicator of substances toxicity [14-15-16]. The silver
catfish (Rhamdia quelen) is a fish species with an extensive geographic distribution, occurring
from Southern Mexico to central Argentina. Its features, such as tolerance to management,
omnivorous feeding behavior, ability to grow throughout the winter, and high yield, place it in
a prominent position among the native species of commercial interest [17].

Therefore, considering that Hg contamination may reach aquatic environments, this
work aimed to evaluate the efficacy of a diet supplemented with (PhSe), against the damage
caused by mercury chloride exposure. Hepatic, renal and blood tissues alterations as well as
mercury accumulation and zinc homeostasis was evaluated using silver catfish as an

experimental model.

Materials and Methods

Chemicals

Reagents were obtained from Sigma Chemical Co. (St. Louis, MO) and standard commercial
suppliers. Biochemical dosages were performed with commercial kits obtained from Kovalent
do Brasil Ltda (Rio de Janeiro, Brazil) and Labtest Diagndstica S.A. (Minas Gerais, Brazil).
Hg and Zn standards (99.5% purity) were purchased from Merck (Darmstadt, Germany).
(PhSe), (99.9% chemical purity) was synthesized according to the method described by

Paulmier [18].

Animals

Female and male adults silver catfish (Rhamdia quelen) weighing 50 — 60 g were obtained

from EMATER (RS, Brazil) and transferred to our experimental laboratory. They were kept
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on a 12 h light/dark cycle, a 20+ 2°C room temperature, fed twice a day. The control and
supplemented feed [(PhSe)2] were formulated with ingredients to satisfy known nutrient
requirements of fish development. The experiment was in accordance with the Committee on
Care and Use of Experimental Animals from the Federal University of Santa Maria, Brazil
under protocol number: (2067170815), which authorizes the use of male and female silver
catfish (Rhamdia quelen) to the execution of the present study as well as all the biochemical

tests performed.
Experimental protocol and feed preparation

Animals were initially distributed in two experimental groups: the animals were fed during
thirty days with control or (PhSe), (3.0 mg/kg™) supplemented feed. In the last five days, the
animals of each group were redistributed in other two groups: treated daily with HgCl,
(1.7mg/kg™) or saline (vehicle) by intra peritoneal injection (i.p.); thus resulting in four
experimental groups: Control-saline (control group), (PhSe).,—saline (Se group), Control-Hg
(Hg group) and (PhSe),—Hg (Se-Hg group). Twenty-four hours after the last HgCl, or saline
administration, animals were euthanized by spinal cord section. Blood, renal and hepatic
tissues samples were collected and processed according to described in “tissue preparation”.
Diets with selenium were prepared according to Menezes et al. [16] that uses previous
tested concentrations of (PhSe), for Rhamdia quelen. Briefly, supplemented diphenyl
diselenide (3.0 mg/Kg™) was added to special vitamin mineral premix prepared without
selenium. All the ingredients were mixed and pelletized adding distilled water (40%—-60% of
ingredient weight) before further homogenizations. Pellets of approximately 5 mm of
diameter were formed by grinding the mixture through a meat grinder. Control feed was
prepared with the same ingredients but without (PhSe), addition. After forming the pellets,

control and (PhSe)2 supplemented feed ration were stored at 4°C until they were used. To
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maintain homogeneity of feeding process, the feed pellets were released slowly into the tank
until satiety of all animals. This procedure was performed twice daily throughout the

experimental period.

Tissue preparation

Tubes containing heparin anticoagulant were used for the packaging of the blood samples (1
mL approximately): one part was used for the blood 6-ALA-D activity assay (200 uL) and
other (300 pL) was centrifuged at 2000 x g for 10 min at room temperature to obtain the
plasm. Plasm was used to determine ammonia and creatinine levels, aspartate (AST) and
alanine aminotransferase (ALT) activities. For the 6-ALA-D activity assay, blood samples
were transferred to a recipient with distilled water, in 1:4 (v/v) proportion, under constant
agitation on ice bath for 10 min to full hemolysis. Kidneys and liver were quickly removed,
placed on ice and homogenized in 5 and 7 volumes, respectively, of Tris—HCI buffer (10 mM,
pH 7.4) to obtain the homogenate. The homogenates were centrifuged at 8000 x g during 30
min at 4°C. The low-speed supernatants (S1) were separated and used for 6-ALA-D activity,
total thiols, non-protein thiols and TBARS levels determination. Furthermore, 500 pL of
blood, kidney and liver (0.1 g) were removed and frozen at —20°C until Hg and Zn level

determination.

0-ALA-D activity

0-ALA-D activity was determined across the rate of product formation
(porphobilinogen, PBG). The incubation system containing 100 uM of phosphate buffer (pH
7.4) and the substrate 6-aminolevulinic acid was previously pipetted. After addition of 100 uL
of hepatic S1 or 200 pL of blood hemolyzed or renal S1, the incubation was initiated and
carried out for 30, 60 and 90 min for liver, blood and kidney, respectively, at 39°C. The

reaction was stopped by the addition of trichloroacetic acid (TCA) 10% containing HgCl,
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0.05 M. The PBG formation was measured with Ehrlich’s reagent (4-dimethylamino
benzaldehyde), using the molar absorption coefficient of 6.1x10* for Ehrlich-PBG salt. The
absorbance was determined spectrophotometrically at 555 nm and nmol PBG/h/mg protein

was the unit used to express the specific enzymatic activity according to Sassa 1982 [19].
Serum ALT and AST activity

ALT and AST activities were determined using a commercial kit in a medium
containing Tris—HCI buffer 55.8 mM pH 7.14, L-alanine 500 mM, 2-oxoglutarate 15 mM and
NADH 0.18 mM, with 50 pL of serum. The absorbance was determined at 340 nm and the
enzymatic activity were expressed in U/L. The technical procedures were previously

described by Thomas 1998 [20].
Serum ammonia levels

Ammonia levels were determined using Labtest commercial kit. The ammonium ions
react with salicylate and sodium hypochlorite under the catalytic action of sodium
nitroprusside in alkaline medium to form the color compound indophenol blue. 10 pL of
serum sample was added to a medium containing phosphate buffer (19.34 mM pH 6.9),
sodium salicylate (58.84 mM), sodium nitroprusside (3.17 mM), sodium hydroxide (0.07 M),
sodium hypochlorite (3.01 mM) and incubated for 10 min at 39°C for color development. The
absorbance was measured spectrophotometrically at 600 nm. The results were expressed in

mg of ammonia per dL of serum.
Serum creatinine levels

Creatinine levels were determined using a Labtest commercial kit. The estimation of
creatinine serum levels was carried by measuring the quantity of creatine formed by the
creatinine aminohydrolase, and using creatinine as standard. 50 pL of serum sample was
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added to a medium containing picric acid (20.2 mM) and NaOH (145.4 mM) and incubated at
37°C. The absorbance was measured spectrophotometrically at 510 nm. The results were

expressed in mg of creatinine per dL of serum.

TBARS assays

The lipid peroxidation was determined according to the method described by Ohkawa
et al. 1979 [21], through the measurement of the thiobarbituric acid-reactive species
(TBARS). 200 pL of renal or hepatic S1 were incubated with 300 pL of thiobarbituric acid
(TBA) (0.8%), 200 pL of SDS (8.1%) and 500 pL of acetic acid buffer (2.5 M, pH 3.4) for 2
h at 95°C. The absorbance was measured spectrophotometrically at 532 nm. A MDA standard
curve (0, 0.15, 0.3, 0.6, 1.2 and 1.5 nmol MDA) was constructed to express the results as

nmol MDA/mg protein.

Total thiol and non-protein thiol (NPSH) level determination

Liver and kidney thiol (SH) levels were determined in S1 as previously described by
Ellman 1959 [22]. The protein fraction contained in S1 was precipitated using TCA 4% in 1/1
proportion, followed by centrifugation at 2000 x g during 10 min. The S2 obtained was used
for analysis. The absorbance was determined at 412 nm. To calculate SH in tissue samples, a
curve was constructed using glutathione as standard. The thiol levels were expressed as nmol

SH/mg protein.

Hg and Zn content determination

Hg and Zn content was determinate by inductively coupled plasma atomic emission
(ICPE-9000 Shimadzu Scientific Instruments). About 0.2 g of kidney and liver and 0.5 ml of
blood were placed in vials and frozen at — 20°C for digestion. The digestion was performed as
described in Ineu et al. 2013 [23] using distilled HNOj3. The analytical Hg and Zn standard
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(Merck®) was used to construct the standard curve (0, 50, 150, 300, 600, 1200 ppb) (r =

0.99334) and (0, 10, 30, 60, 120, 240 ppb) (r = 0.99614), respectively.
Protein determination

Protein content was determined according Bradford 1976 [24], using bovine serum

albumin as a standard.
Statistical analysis

Results were analyzed by one-way ANOVA followed by Duncan’s multiple range test
when appropriate. Results were considered significant when p < 0.05. Groups statistically
equal are represented by the same letters, and groups statistically different are represented by

different letters.
Results
0-ALA-D activity

Hepatic, renal and blood 6-ALA-D activity are shown in Figure 1. The (PhSe);
supplementation and mercury chloride exposure did not cause any alteration in liver 6-ALA-D
enzyme activity (Fig.1A). Mercury chloride exposure induced a 6-ALA-D activity inhibition
in kidney (Fig. 1B) and blood (Fig. 1C). Supplementation with (PhSe), partially prevented the
kidney o-ALA-D inhibition, but not blood o6-ALA-D inhibition (Duncan p < 0.05).
Supplementation with (PhSe), alone (Se Group) did not cause any significant alteration in -

ALA-D enzyme activity.

Hepatic and renal Toxicity Parameters

Serum ALT and AST Activities, serum ammonia and creatinine levels
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Hepatic toxicity biomarker ALT and AST activity and the renal toxicity biomarkers
ammonia and creatinine levels are shown in Table 1. The ALT and AST activity was not
affected by (PhSe), supplementation and Hg treatment. Ammonia levels were not altered by
treatment with mercury chloride or (PhSe), supplementation. Alteration in creatinine levels
was observed: Hg increased creatinine levels when compared to the control and Se groups,
which was partially prevented by (PhSe), supplementation (Duncan p < 0.05). (PhSe),

supplementation per se did not affect creatinine levels.

Oxidative Parameters Assays

TBARS Levels

Hepatic and renal TBARS levels are shown in Figure 2. Liver TBARS levels (Fig. 2A)
was not affected by treatment with (PhSe), and mercury chloride exposure. Mercury chloride
exposure decreased TBARS levels in renal tissue (Fig. 2B). This alteration in renal TBARS
levels was partially prevented by (PhSe), supplementation (Duncan p < 0.05). No significant

alterations in kidney TBARS levels was observed with (PhSe), per se.

Total (TT) and non-protein thiols (NPSH) determinations

The levels of TT and NPSH in liver and kidney are shown in Figure 3 and 4,
respectively. The (PhSe), supplementation and mercury chloride exposure did not cause any
alteration in TT and NPSH levels from liver (Fig. 3A and 4A, respectively). Mercury chloride
exposure decreased TT and NPSH levels from kidney. (PhSe), supplementation had no effect
in kidney TT levels decrease but partially avoided the kidney NPSH levels decrease caused by

mercury chloride exposure (Fig. 4B) (Duncan p < 0.05). The (PhSe), supplementation per se
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did not cause any significant alteration in TT and NPSH levels from kidney and liver tissues

when compared to the control group.

Hg and Zn content determination

Hg Content

The Hg content in liver, kidney and blood are shown in Table 2. Liver and kidneys
from animals of the two groups exposed to mercury presented an increase of Hg content.
Nevertheless, no measurable Hg content was found in the blood of any animal including those
that belonged to groups exposed to mercury. Supplementation with (PhSe), did not cause any

change in the distribution of Hg between tissues.

Zn Content

The Zn content in liver, kidney and blood are shown in Table 2. Mercury chloride
exposure induced depletion in the hepatic and blood Zn content. Only in blood Zn content
alteration was partially prevented by the (PhSe), supplementation. However, Hg exposure and

(PhSe), supplementation did not cause any alteration in Zn content in kidney.

Discussion

Mercury contamination in environmental is a real problem around the world, thus this
study was conducted in order to evaluate the effects of the diet supplemented with (PhSe)2 on
silver catfish (Rhamdia quelen) exposed to mercury. In line with toxicity effects, the 5-ALA-
D activity was inhibited in blood and kidney exposed to mercury. The effects of mercury on
d-ALA-D is probably due to its ability to bind with the sulfhydryl groups present in active site

of enzyme. Mercury also displace the zinc which is necessary for its catalytic activity. Some
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authors showed similar effects on 6-ALA-D considering mercury interference [25-26-27].
Santos et al. 2016 [15] injected lead (Pb) in a sub-lethal dosage in Nile tilapia and verified a
blood and liver 6-ALA-D inhibition, corroborating the hypothesis that metals affect
negatively this enzyme. Unlike mercury which has a predilection for the renal tissue, Pb tends
to settle more in the liver. (PhSe), supplementation was effective in prevent the kidney 6-
ALA-D inhibition, however, the same was not observed in blood 3-ALA-D activity. Studies
considering different experimental models including fish have demonstrated the (PhSe),
ability to prevent the 6-ALA-D inhibition against the pro-oxidant effects caused by pollutants
as metals and pesticides [9-16-28].

Lipid peroxidation caused by mercury exposure can be evaluated by the TBARS
formation [29-30]. In our work, a decrease in kidney TBARS levels caused by mercury
exposure was observed and this can be attributed to a physiological response due the sub-
lethal mercury concentration used in the present study. These results are in agreement with
previous studies of our research group, where reduced TBARS levels were observed after
mercury and zinc exposure respectively [9, 31]. Pollack et al. (2012) [32] evaluated healthy
premenopausal women with low serum levels of cadmium, lead, and mercury and showed that
TBARS levels in this population had decreased. Similar results concerning TBARS levels
were showed by Zeng et al. 2016 [33] who used a sub-lethal mercury concentration, and
observed a decrease in TBARS levels in the liver of large yellow croaker Pseudosciaena
crocea. The authors attributed this alteration to the significantly increase in the antioxidant
enzymes catalase, GR and GST, as an adaptive response. Nevertheless, the exact mechanism
that mercury induces oxidative damage is not well understood, but it could be related to
alterations in activities of antioxidant enzymes. Furthermore, low levels of mercury can
promote a decrease on TBARS levels as showed in literature and in the present study. Thus,

the (PhSe), preventive effect observed against mercury toxicity may indicate that this
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compound acts as an antioxidant. In agreement with this observation, Wilhelm et al. 2009
[34] demonstrated that (PhSe), compound has the capacity to reduce ROS generation.

Total thiol and NPSH are the sulfhydryl compounds evaluated in our study. In fact, we
observed a decrease in kidney total thiols and NPSH levels in fish exposed to mercury [26].
The ability of mercury to forming complexes with sulfur, thiol, and nitrogen containing
ligands frequently is related to the enzyme depletion or inactivation [35]. The (PhSe)2
supplementation not was able to prevent the kidney total thiols depletion. Considering that
GSH is the most abundant endogenous non-protein thiol present in all tissues, the non-protein
thiol depletion observed in our results can be due to the ability of Hg to bind to GSH. The
formation of Hg—GSH complexes is showed in several studies [36-37-38-39].

Ammonia is an important form of nitrogenous waste in Rhamdia quelen by renal
pathway responsible for 50-84% of the total nitrogen waste excreted [40-41-42]. Mercury
exposure did not affect serum ammonia levels, but caused an increase in creatinine levels. The
absence of increased ammonia levels could be due to other forms of nitrogen excretion, as
through the gills, as described by [43]. The group that received supplemented feeding with
(PhSe)2 showed a decrease in creatinine levels indicating better renal condition when
compared to the group exposed to mercury chloride and received commercial ration.

In fact, mercury affect renal function, and in the present study, this was not
different. We could observe that the kidney had a greater content of Hg compared to the liver.
Zn content, also analyzed in this study, has a function in the organism. Animals exposed to
Hg presented a decrease of 38.97% in hepatic Zn content and 57.92% in blood Zn content
when compared to the control group. Decrease in Zn affects some enzymes activities as d-
ALA-D and could be the reason of inhibition observed. Living organisms have developed
homeostatic mechanisms both to ensure the minimum levels required for normal metabolism

and to avoid Zn*" intoxication [27-44]. The evident change in Zn homeostasis between the
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organs caused by Hg exposure may be responsible for the toxic effects observed, since this
balance in the Zn content in the tissues is necessary for the correct functioning of the
organism. It is known that Zn®* induces metallothionein synthesis [45-46], and this protein
binds to mercury, reducing its availability and toxic effects [47]. The (PhSe), supplementation
was partially effective to restore Zn homeostasis only in blood tissue. However, this effect
was not strong enough to restore the 6-ALA-D enzymatic activity. According to literature, the
§-ALA-D activity depends on the Zn®* presence in its active site [48-49].

In summary, the results demonstrate the ability of Hg to generate nephrotoxic effects
in silver catfish, a native species from southern Brazil with a great commercial appeal. The
nephrotoxic effects mentioned can be evidenced by the increase in creatinine levels and also
by the inhibition of the kidney 8-ALA-D activity. The (PhSe), supplementation was able to
ameliorate creatinine, which we attributed to the antioxidant effects of this compound.
Changes in oxidative parameters, such as total thiols, NPSH and TBARS caused by exposure
to Hg were observed in our study. The changes in the oxidative parameters can be the result
of the zinc homeostasis alteration between the tissues, since this metal is responsible for the
activation of several routes of the antioxidant system in the organisms.

The relation between nephrotoxicity in fish and exposure to Hg remain poorly
discussed in the literature. According to the data obtained in this work, damage to renal
tissues can occur due to a change in the content of elements such as zinc, which is essential
for the body's antioxidant defenses, as well as through the direct interaction of mercury with
components of the tissues. The partial but not total prevention obtained by (PhSe),
supplementation in renal biomarkers can be attributed to the experimental model used which
resembles acute mercury intoxication. In fact, 24 hours after the last administration of
mercury chloride may be not a sufficient time to occur a greater prevention/recovery of the

injured tissues.
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Thus, supplementation with (PhSe), may be a promising alternative of fish farmers as
a preventive agent against the toxic effects of exposure to Hg. However, further investigations

are necessary to elucidate the precise mechanism regarding this prevention.
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Subtitles

Fig. 1. Liver (A), kidney (B) and blood (C) 5-ALA-D activity. Female and male silver catfish
were treated with (PhSe), supplemented feed (3.0 mg/kg/day) or commercial feed during
thirty days, and exposed to HgCl, (1.7 mg/kg/day, i.p.) or saline in the last five days. The
results are expressed as mean + S.E.M. Duncan’s multiple range test: groups statistically
equals are represented by the same letters and groups statistically different are represented by

different letters (p < 0.05; n = 6-8).

Fig. 2. Liver (A) and kidney (B) TBARS levels from silver catfish treated as described in Fig.
1. The results are expressed as mean + S.E.M. Duncan’s multiple range test: groups
statistically equals are represented by the same letters, and groups statistically different are

represented by different letters (p < 0.05; n = 6-8).

Fig. 3. Liver (A) and kidney (B) total thiols levels from silver catfish treated as described in
Fig. 1. The results are expressed as mean £ S.E.M. Duncan’s multiple range test: groups
statistically equals are represented by the same letters, and groups statistically different are

represented by different letters (p < 0.05; n = 6-8).

Fig. 4. Liver (A) and kidney (B) NPSH levels from silver catfish treated as described in Fig.
1. The results are expressed as mean = S.E.M. Duncan’s multiple range test: groups
statistically equals are represented by the same letters, and groups statistically different are

represented by different letters (p < 0.05; n = 6-8).
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Table 1

Plasmatic hepatic (AST and ALT) and renal (Ammonia and Creatinine) toxicity parameters from silver catfish
treated during thirty days with (PhSe), supplemented feed (3.0 mg/kg) or control feed and exposed (i.p) to HgCl,

(1.7 mg/kg) or Saline (0.9% ) for 5 days.

Group ALT (U/L) AST (U/L) Ammonia (mg/dL) Creatinine (mg/dL)
Control 70.57+14.29 31.90+6.22 15.19+1.27 0.083+0.007*

Se 80.18+12.87 36.49+8.47 18.15+1.72 0.077+0.025

Hg 65.50+13.72 30.98+6.43 17.95+1.41 0.16+0.016"
Se-Hg 74.48+12.87 38.05+6.55 16.29+1.53 0.11+0.026

Data are expressed as mean + S.E.M. (n = 6 - 8) and the values accompanied by different letters in the same
column are statistically different (p < 0.05).
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Table 2

Hg and Zn levels in liver, kidney and blood from silver catfish treated during thirty days with (PhSe),
supplemented feed (3.0 mg/kg) or control feed and exposed (i.p) to HgCl, (1.7 mg/kg) or Saline (0.9%) for 5 days.

Group Liver Kidney Blood

Hg levels (ug Hg/g tissue)
Control 0.42+0.04% 0.19+0.07% nd
Se 0.08+0.02° 0.33+0.08° nd
Hg 7.49+1.61° 10.69+1.13° nd
Se-Hg 5.51+2.18° 10.60+1.63°  nd

Zn levels (ug Zn/g tissue)
Control 17.9620.84°  20.15+0.56 3.85+0.72%
Se 20.18+1.69°  24.18+3.50 3.17+0.33%
Hg 10.96+0.87°  17.95+4.95 1.62+0.18"
Se-Hg 13.410.76° 19.65+1.99 2.62+0.53%

Data are expressed as mean + S.E.M. (n = 4) and the values accompanied by different letters in the same column are
statistically different (p < 0.05). The sample whose mercury concentration was below the detectable limit of the

technique are represented by nd (non-detected).
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Abstract

This work investigated the effects of diet containing diphenyl diselenide [(PhSe),] against the
toxic effects of mercury in mice (Swiss Albino). The animals were treated during 30
consecutive days with a (PhSe), supplemented diet (3.0 mg kg™) or commercial diet. During
the last 5 days the animals received a daily subcutaneous injection of HgCl, (5.0 mg kg™) or
Saline (0.9%). Twenty-four hours after the last HgCl, injection, the animals were euthanized
by cardiac puncture and tissues collected. Hepatic (AST and ALT) and renal (urea and
creatinine) markers, 3-ALA-D activity, TBARS, total and non-protein thiols levels as well as
hepatic, renal and blood mercury (Hg) and zinc (Zn) content were evaluated. Considering
renal parameters, HgCl, exposure increased serum urea and creatinine levels and non-protein
thiols levels. There was a TBARS and total thiols levels decrease. HgCl, exposure also
decreased blood 8-ALA-D activity. The (PhSe), supplementation totally prevented mercury
induced alterations in blood 3-ALA-D activity, urea and creatinine levels and total thiols
levels. Animals exposed to HgCl, presented an increase in liver and kidney Hg content and an
increase in kidney Zn content. The kidney accumulated more compared with liver. The
(PhSe), supplementation did not statistically alter Hg tissue distribution. No effects of HgCl,
exposure on hepatic tissue were observed. These results show that the nephrotoxic effects
presented by Hg exposure can be prevented by (PhSe), diet supplementation in mice.

Keywords: Nephrotoxicity; Inorganic mercury; Selenium;
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Introduction

The toxicity of mercury (Hg) and toxicological risks have been extensively
investigated and debated. Coming from natural sources and/or anthropogenic this metal can
be found in terrestrial, aquatic and atmospheric ecosystems (Streets et al., 2011; (Carocci et
al., 2014; Sheehan et al., 2014). Hg can be found in elemental, organic and inorganic forms
and is a non essential element for living organisms (Li et al., 2009; WHO, 2003). The
mercury toxicity is closely linked to the form of this metal. Nephrotoxicity being related to
the inorganic form of this metal while damage to the central nervous system (CNS) and
hepatic tissue related to the organic form (Counter and Buchanan, 2004; Graeme and Pollack,
1998). In addition, studies have shown that rats exposed to inorganic mercury (mercury
chloride - HgCl,) had renal dysfunction evidenced by elevated levels of urea and creatinine,
once, this metal has high affinity for -SH groups of endogenous biomolecules (Clarkson,
1997; Peixoto and Pereira, 2007). Therefore, essential enzyme systems, for example the
sulthydryl 6-ALA-D enzyme may have their activities inhibited by the action of Hg
(Emanuelli et al., 1996; Rocha et al., 1995). Several studies have been carried out looking for
alternatives to reducing Hg damage (Agarwal et al., 2010; Rooney, 2007). In this way,
organic elements as selenium could be a good alternative. Fish poisoning with mercury

chloride and feeding before with diet containing diphenyl diselenide show a better.

Selenium (Se) is a chemical element belonging to group 16 of the periodic table and
also recognized as an essential micronutrient for the human body. Considering the beneficial
effects previously described about the Se atom, researchers turned their attention to
organoselenium compounds synthesis looking for an innovative proposals focusing on their
therapeutic use (Ferreira et al., 2018). The most recognized roles of selenium in metabolism is
your presence in the active site of the enzyme glutathione peroxidase (GPx) thus making it an
important element for the antioxidant system. Selenium also display a protective properties
against Hg toxicity (Barbosa et al., 2017; Barceloux, 1999; Kura$ et al., 2018). Diphenyl
diselenide (PhSe), is an organic Se compound with antioxidant properties, probably due to
ability to mimetizing the GPx enzyme (Meotti et al., 2004; Silvestre et al., 2014). In addition,
(PhSe), protects against hematological changes and renal damage caused by Hg exposure in
mice, as well as alters the distribution of this metal in tissues of rodents (Brandao et al., 2008;
Fiuza et al., 2015). The antioxidant activity of (PhSe), in the body can be attributed to its

52



ability to induce the synthesis of endogenous antioxidants such as metallothioneins and
glutathione (GSH) (de Bem et al., 2013; Brandé&o et al., 2006).

Therefore, considering the Hg risks for living organisms and the mechanisms involved
to its toxicity, this work aimed to evaluate the preventive effects of a (PhSe), supplemented
diet against the damage caused by mercury chloride exposure. Hepatic, renal and blood
toxicity markers were evaluated as well as mercury and zinc tissue distribution using rodents

as experimental model.
Materials and Methods
Chemicals

The (PhSe), used in present study was obtained by synthesis in accordance with
Paulmier (1986). (PhSe), chemical purity (99.9%) was determined by GC/HPLC. Mercury
chloride (99.5% chemical purity) was purchased from Merck (Darmstadt, Germany). The
commercial kits used to determine the AST, ALT, Urea and creatinine levels were obtained
from Labtest Diagnostica S.A (Lagoa Santa, MG Brazil).

Animals

Animals used in our experiment were obtained from the breeder at the Federal
University of Santa Maria. Adult male Swiss mice weighing 20 — 25g were transferred to our
laboratory and kept for one week to acclimatization. During the experimental period the
animals were maintained on 12 hours of light/dark cycle, 22°+2°C temperature and free
access to water and control or supplemented feed depending on the experimental group. The
animals were used according to the guidelines of the Committee on Care and Use of
Experimental Animal Resources, the Federal University of Santa Maria, Brazil (Process
number: 2067170815). All efforts were made to minimize the number of animals used and

their suffering.
Experimental protocol

Animals were treated during 30 consecutive dais with control or (PhSe), (3.0mg/kg)
supplemented ration. After 25 days of treatment the animals received one dose daily of HgCl,
(5.0 mg/Kg) or saline (0.9% NaCl) by subcutaneous injection during the last five days of

treatment. Animals were distributed in four experimental groups: Control (control feed +
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saline); Selenium ((PhSe), supplemented feed + saline); Mercury (Control feed + HgCly);
Selenium-Mercury ((PhSe), supplemented feed + HQCl,). Twenty four hours after the last
administration of HgCl, or saline injection, animals were euthanized by cardiac puncture and

blood, renal and hepatic tissues samples were collected for subsequent biochemical analysis.
Tissues preparation

Blood samples without anticoagulant were collected and centrifuged at 3000 rpm to
obtain the serum for alanine aminotrasferase (ALT), aspartate aminotrasferase, urea and
creatinine determination. Another part of blood samples containing anticoagulant was diluted
in distilled water in 1:5 proportions under constant agitation in ice bath during 10 min to
obtain the samples for blood 3-ALA-D determination. Kidney and liver samples were quickly
removed and placed in ice to subsequent homogenization in 5 and 7 volumes respectively of
Tris-HCI buffer (10mM, pH 7.4) with 10 up-and-down strokes at 1200 rpm in a Teflon-glass
homogenizer. The homogenate obtained was centrifuged at 3000 x g at 4 -C for 20 min and
the supernatant fraction (S1) was used in the kidney and liver 6-ALA-D and oxidative
parameter determination. Furthermore, approximately 500 mg of kidney and liver, 500uL of

blood were kept at -20° until the Hg and Zn determination.
0-ALA-D activity determination

The determination of 6-ALA-D was performed as described by Peixoto et al., (2003)
and Sassa, (1982). The incubation at 39°C was performed during 30, 60 and 90 min for liver,
blood and kidney respectively using 100 pl of S1 for liver and 200 pl for blood or kidney.
Trichloroacetic acid 10% (TCA) containing HgCl, 0.05M was used to stop the enzymatic
reaction and the final product of the reaction porphobilinogen (PBG) was determined
spectrophotometrically at 555nm through the addiction of Ehrlich’s reagent using the molar
absorption coefficient of the Ehrlich-PBG salt (6.1X104). The specific enzymatic activity was

expressed as nmol PBG/h/mg protein.
ALT and AST activity determination

The determination of ALT and AST activity was carried out similarly with only
difference in the substrate used, 83.3 mM L-alanine acid for ALT and 83.3 mM L-aspartic
acid for AST such as previously described in Thomas (1998). The incubation medium
containing Tris-HCI buffer 55.8 mM pH 7.15, -ketoglutaric acid 1.67 mM, sodium azide 12.8
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mM was obtained from Kovalent commercial kit and used to determine both enzyme
activities and the specific enzymatic activity was expressed in U/L.

Urea Levels

To urea levels determination. 10 pL of serum sample was added to a medium
containing phosphate buffer (19.34 mM pH 6.9), sodium salicylate (58.84 mM), sodium
nitroprusside (3.17 mM), and urease (>12.63 UK/L) for 5 min at 39 °C. The reaction was
stopped by adding oxidant solution (final concentrations: NaOH 0.07 M and sodium
hypochlorite 3.01 mM) and incubated for another 5 min. The urea hydrolyzed by the urease
enzyme produces ammonium ions and CO,. The ammonium ions react in alkaline medium
with salicylate and hypochlorite under the catalytic action of sodium nitroprusside to form the
indophenol blue (a colored product). The color intensity determined spectrophotometrically at

600 nm is proportional to urea levels (mg/dL) in the sample.
Creatinine Levels

Serum sample was added to an incubation medium containing picric acid (20.2 mM)
and NaOH (145.4 mM) and incubated at 37°C. Creatinine picrate is formed when creatinine
react with picric acid and spectrophotometrically determined at 510 nm. The results were

expressed in mg of creatinine per dL of serum.
Lipid peroxidation measurement

Lipid peroxidation was determined through thiobarbituric acid-reactive species
(TBARS) technique described by Ohkawa et al. (1979). Hepatic and renal S1 were incubated
at 95°C in an incubation medium containing thiobarbituric acid (TBA) (0.8%), sodium
dodecyl sulfate SDS (8.1%) and acetic acid buffer (2.5 M, pH 3.4) during 2 hours. A curve
using malondialdehyde (MDA) (0, 0.15, 0.3, 0.6, 1.2 and 1.5 nmol MDA) as standard was
constructed in order to express the results in nmol MDA/mg protein and the absorbance was

measured spectrophotometrically at 532 nm.
Total thiols and non-protein thiols levels determination

Kidney and liver S1 were used for total thiols levels determination using the DTNB
10mM as a chromogen (Ellman, 1959). Liver and kidney S1 were added to TCA 4% ina 1:1

proportion and centrifuged at 2000 x g for 10 min to obtain the S2 precipitate which was used
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to determinate the non-protein thiols levels. A standard curve using glutathione was
constructed in order to calculate the SH in the tissue samples. The thiol levels were expressed

as nmol SH/mg protein.
Metal levels determination

Coupled plasma atomic emission (ICPE-9000 Shimadzu Scientific Instruments) was
used for metal levels determination. Liver, kidney and blood samples were collected and
transferred to individual vials and kept at -20°C for subsequent digestion. The digestion was
performed using distilled HNO?® (12.5 ml/1 g of tissue) in boiling water bath (100°C) until no
solid particles of tissue were observed (8 hours approximately). The analytical Hg and Zn
standard (Merck®) was used to construct the standard curve (0, 50, 150, 300, 600, 1200 ppb)
(r=0.99334) and (0, 10, 30, 60, 120, 240 ppb) (r = 0.99614), respectively.

Protein content determination

The protein content was determined using Coomassie blue according to Bradford
(1976) using bovine serum albumin as a standard.

Statistical analysis

The data obtained were analyzed by one-way ANOVA followed by Duncan’s multiple
range test to obtain the differences among groups. The significant difference among groups

was established when p<0.05 and are represented in the graphics by different letters.
Results
0-ALA-D Activity

Liver, kidney and blood are shown in figure 1. 3-ALA-D activity from renal and
hepatic tissues was not affected by (PhSe), or mercury treatment. A decrease in blood ALA-D
activity was observed. Animals exposed to mercury presented a significant blood ALA-D
activity inhibition and this alteration in blood ALA-D activity was totally prevented by
(PhSe); feed supplementation (Duncan p<0.05).
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Serum urea and creatinine levels

Urea and Creatinine levels are shown in figure 2. Mercury exposures increase
significantly serum urea and creatinine levels. (PhSe), feed supplementation was effective to

protect against this increase (Duncan p<0.05).
AST and ALT activity

AST and ALT activity are shown in figure 3. AST activity was not affected by (PhSe),
supplementation and mercury exposure. One way ANOVA revealed a significant alteration in
ALT activity caused by mercury exposure. A significant decrease in ALT activity was
observed in the mercury group compared to control group (Duncan p<0.05). The (PhSe),
supplementation partially prevented the observed ALT activity alteration.

Total thiols and non-protein thiols levels

Liver and kidney total and non-protein thiols levels are shown in figure 4. Animal that
received mercury treatment presented a significant decrease in kidney total thiols levels but
the same not was observed on the total thiols from liver. Animals that received the
combination of (PhSe), supplementation and mercury presented a significant increase in liver
total thiols levels and a protection against the mercury effects in kidney. One way ANOVA
reveal an alteration in kidney non-protein thiols levels caused by mercury exposure, however
liver non-protein thiols levels were not affected by mercury exposure. A significant increase
in kidney non-protein thiols levels was observed in animals exposed to mercury. (PhSe),
supplementation was not effective to protect against the increase in kidney non-protein thiols

levels (Duncan p<0.05).
TBARS levels

Liver (A), kidney (B) TBARS levels are shown in figure 5. One way revealed a
significant decrease in kidney TBARS levels in animals exposed to mercury, and (PhSe),
supplemented feed was not effective in protecting against this decrease. Liver TBARS levels
not were affected by any treatment realized. (PhSe), supplemented feed alone did not cause

any change in kidney and liver TBARS levels.
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Hg and Zn levels

The groups exposed to Hg presented an increase in Hg levels in kidney and liver
(Duncan p<0.05). The kidneys from animals of both groups exposed to Hg presented a higher
Hg concentration when compared with the liver of the same animals. Animals than received
(PhSe), supplemented feed presented a tendency, but not statistically significant, to reduce the
kidney and liver Hg levels. The both groups exposed to Hg did not alter in blood and liver Zn
content. A statistically significant increase in kidney Zn content was observed in both groups
exposed to Hg and the (PhSe), supplementation not was effective to protect against this
alteration. (PhSe), supplementation per se did not cause any alteration in Zn content of all

tissues evaluated.
Discussion

This study investigate the feed (PhSe), supplementation effects against Hg exposure
evaluating toxicity markers in different tissues (6-ALA-D), hepatic and renal damage
markers, oxidative parameters besides Hg and Zn levels to evaluate the metal homeostasis
through the organs. The Hg toxicity is related with its —SH radical affinity, thereby an
important finding of in our study is the blood ALA-D activity inhibition because this enzyme
is dependent of the -SH stabilization in your active site. Besides not significant, a reduction in
kidney ALA-D activity was observed in our study which can evidenced the Hg presence in
this organ. Previous studies conducted by our research group demonstrated Hg ability to
inhibit blood and kidney ALA-D activity in different animal models as mammals and fish
(Fiuza et al., 2015; Oliveira et al., 2014; Oliveira et al., 2015; Mesquista et al., 2016; da Luz
Fiuza et al., 2018). Diphenyl diselenide in the present study could be a potential antioxidant.
In fact we observed an improvement in blood ALA-D activity in the mice that received the
(PhSe), supplementation and were exposed to Hg. These observed results are in agreement
with other studies using (PhSe), as a protector agent against the toxic effects of different
inhibitors of the ALA-D activity, including Hg (Menezes et al., 2012; Fiuza et al., 2015; da
Luz Fiuza et al., 2018). We attributed the protective effects to (PhSe), antioxidant effects

previously mentioned.

TBARS is a general marker of tissue injury. The decrease in kidney TBARS levels
observed in our study does not represent a tissue lesion but a possible adaptive response

caused by a change in the antioxidant system which is responsible for the xenobiotics
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elimination. Administration of 1.0 mg / kg of mercury chloride in mice for two weeks, unlike
our study, the authors observed an increase in TBARS levels (Brand&o et al., 2009). However,
the results found in the present study are in agreement with other results found by our study
group (Fiuza et al., 2015; Leitemperger et al., 2016; da Luz Fiuza et al., 2018). This difference
between results demonstrates that the ability of mercury chloride to induce tissue damage
depends not only the presence of this metal in the body but also depends on the dose
administered and time of exposure. As mentioned before Hg have a great sulphydryl affinity.
Low-molecular-weight thiols such as cysteine, homocysteine (Hcy), and glutathione (GSH)
are metabolites of the sulfur cycle in biological systems (Meister, 1988). NPSH in the body
(95%) also represents an important pathway in the cellular defense system due to its
reducing/antioxidant properties and toxic compound inactivation (Lu, 2013; Meister, 1988;
Rooney, 2007). The increase in NPSH levels observed in present work could be related with
the ability of low or non-toxic inorganic Hg dose in stimulate increase GSH synthesis as
showed by Zalups, 2000. The treatment with (PhSe), supplementation was effective to
increase NPSH levels that represents a good alternative against mercury toxicity. The
decrease in kidney total thiols levels observed in the present study are in accordance with
results already described (Oliveira et al., 2015) and can be explained due to the fact that Hg
cause renal injury, such as cell detachment, tubular necrosis and cell vacuolation and these
damages in the renal cells lead to intense proteinuria (Hazelhoff et al., 2018). However the
group that received (PhSe), supplementation presented an total protection against the decrease

in kidney total thiols levels.

It is know that the inorganic mercury cause renal damage which can lead to renal
dysfunction (Brandao et al., 2010; Moraes-Silva et al., 2012a; Peixoto et al., 2007). Several
studies conducted by our research group demonstrated Hg nephrotoxicity in different animal
species, poisoning model, administration route, different doses and exposure time (Fiuza et
al., 2015; da Luz Fiuza et al., 2018; Mesquita et al., 2016; Moraes-Silva et al., 2012a; Oliveira
et al., 2014, 2015; Peixoto et al., 2007). The increase in the markers creatinine and urea levels
observed in present study indicates renal impairment, which was totally prevented by (PhSe),
supplementation. The (PhSe), protection against the toxic effects of Hg in renal and other
tissue are in accordance with literature (Brand&o et al., 2008; Fiuza et al., 2015; da Luz Fiuza
et al., 2018). Another toxic-markers evaluated in our study were AST and ALT activities.
(PhSe), supplementation was effective to protect against ALT activity inhibition observed in
the present study. The observed inhibition is related to the direct interaction between Hg and
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sulfhydryl groups present in the ALT structure. Our research group reported in other studies
the inhibition of ALT activity caused by exposure to Hg (Fiuza et al., 2015; Franciscato et al.,
2011; Peixoto and Pereira, 2007).

Concerning organs that accumulated Hg the kidney was the organ that presented the
highest levels of this metal (4.8 folds more than liver). Kidney classically is the organ that
accumulates more inorganic Hg. These results are in agreement with previous works from our
research group (Favero et al., 2014; Fiuza et al., 2015; Franciscato et al., 2011; da Luz Fiuza
et al., 2018; Mesquita et al., 2016; Oliveira et al., 2014; Peixoto et al., 2003). However, in the
present study Hg accumulation in kidneys was not prevented by (PhSe), supplementation.
Different of mercury, zinc had several functions in the body, being one of these functions its
ability to induce metallothionein synthesis. Both groups exposed to Hg presented an increase
in kidney Zn content, suggesting a possible try to improve the metallothionein syntheses in

kidney to eliminate Hg or make it inactive.

In this research, we demonstrated the ability of a supplementation with (PhSe), in
protecting against inhibition in blood 5-ALA-D and ALT activities. The mechanism involved
in 6-ALA-D and ALT activities improvement can be attributed to the ability of (PhSe)2 to
induce the kidney metalothionein synthesis as reported previously by Brandao et al. (2006).
Thus, the metalothionein synthesized can react with circulating Hg in the bloodstream and
conduce Hg to renal elimination. Another important point observed in our study was the
improvement in renal status of the animals that received (PhSe), in the diet and were exposed
to Hg. This improvement in renal function may be noted by the return of the urea and
creatinine to control levels and also by the increase of total thiols levels of the kidneys, which
indicates lower loss of protein content through the kidneys. The results obtained show that
dietary supplementation with (PhSe), could be a promising alternative to protect against
kidney damage caused by mercury exposure due to ability of this selenium compound to
enhance antioxidant defenses. In addition, other studies considering other toxic agents with
mercury-like toxicity can be carried out further exploring the possible protective effect of

(PhSe), against the toxicity of environmental pollutants.
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Subtitles

Fig. 1. Liver (A), kidney (B) and blood (C) 8-ALA-D activity. Male Swiss albino mice were
treated during thirty consecutive days with (PhSe)2 supplemented feed (3.0 mg/kg/day) or
commercial feed, and exposed to HgCI2 (5.0 mg/kg/day, s.c.) or saline in the last five days.
The results are expressed as mean + S.E.M. Duncan’s multiple range test: groups statistically
equals are accompanied of the same letters and groups statistically different are accompanied
by different letters (p < 0.05; n = 6-8).

Fig. 2. Urea (A) and creatinine (B) levels from male Swiss albino mice treated as described in
Fig. 1. The results are expressed as mean = S.E.M. Duncan’s multiple range test: groups
statistically equals are accompanied by the same letters, and groups statistically different are

accompanied by different letters (p < 0.05; n =6-8).

Fig. 3. AST (A) and ALT (B) activity from male Swiss albino mice treated as described in
Fig. 1. The results are expressed as mean = S.E.M. Duncan’s multiple range test: groups
statistically equals are accompanied by the same letters, and groups statistically different are

accompanied by different letters (p < 0.05; n =6-8).

Fig. 4. Liver (A-C) total and non-protein thiols levels and kidney (B-D) total and non-protein
thiols levels from Swiss albino mice treated as described in Fig. 1. The results are expressed
as mean = S.E.M. Duncan’s multiple range test: groups statistically equals are accompanied
by the same letters, and groups statistically different are accompanied by different letters (p <
0.05;n=6-8).

Fig. 5. Liver (A), kidney (B) TBARS levels from male Swiss albino mice treated as described
in Fig. 1. The results are expressed as mean = S.E.M. Duncan’s multiple range test: groups
statistically equals are accompanied by the same letters, and groups statistically different are

accompanied by different letters (p < 0.05; n =6-8).
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Table 1

Hg and Zn levels in liver, kidney and blood from male Swiss albino mice treated during thirty days with (PhSe),
supplemented feed (3.0 mg / kg) or control feed and exposed (s.c) to HgCl, (5.0 mg / kg) or Saline (0.9% ) for 5

days.
Group Liver Kidney Blood
Hg levels (g Hag/g tissue)
Control 0.213+0.00% 0.21+0.00? nd
Se 0.215+0.00% 0.19+0.00? nd
Hg 0.398+0.03° 1.906+0.14° nd
Se-Hg 0.300+0.02° 1.517+0.20° nd
Zn levels (ug Zn/g tissue)
Control 2.437+0.11 1.454+0.01% 0.307+0.00
Se 2.225+0.11 1.354+0.01% 0.293+0.01
Hg 2.662+0.10 1.818+0.08" 0.258+0.00
Se-Hg 3.366+0.92 1.862+0.13" 0.301+0.02

Data are expressed as mean = S.E.M. (n = 3) and the values accompanied by different letters in the same column
are statistically different (p < 0.05). The sample whose mercury concentration were below the detectable limit of
the technique are represented by nd (hon-detected).
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6. DISCUSSAO

A utilizacdo do mercuario em diferentes setores faz com que o contato com seres humanos e
outros organismos, seja frequente e dificilmente evitavel (ZALUPS, 2000). Sabe-se que o mercurio
inorganico sofre alquilacdo, processo que torna esse elemento mais lipossolavel, facilitando, dessa
forma, o seu transporte através das membranas celulares, e por consequéncia, fazendo com que a
bioacumulacdo nos tecidos do organismo seja possivel. Esse fendmeno ocorre com invertebrados,
peixes e mamiferos, sendo também possivel ocorrer em plantas aquaticas (WHO, 1991). Por ser um
metal toxico e exercer efeitos nocivos para diferentes organismos, é importante encontrar
alternativas com o objetivo de combater ou pelo menos reduzir os efeitos toxicos causados pelo
mercurio. Sendo assim, esse estudo buscou demonstrar a acdo do mercurio, quanto aos seus efeitos
toxicos, em peixes e mamiferos, duas espécies diferentes, mas com igual importancia ao se avaliar
os impactos do metal no meio ambiente. Além disso, essa pesquisa teve como proposito buscar
alternativas de prevencao contra a intoxicacdo por Hg, utilizando um composto com selénio, que é
um micronutriente essencial para o desenvolvimento e também para as defesas do organismo.

Este estudo demonstrou que a exposi¢cdo ao cloreto de mercirio causou alteracBes na
atividade da enzima 6-ALA-D de todos 0s animais expostos e em ambos os modelos experimentais
testados. Durante 5 dias consecutivos recebendo uma dose diéria de cloreto de mercdrio (1,7 mg/kg
de HgCl,) os jundiés (artigo) apresentaram uma inibi¢do na atividade da enzima 8-ALA-D nos
tecidos sanguineos e renal (aproximadamente 40% em ambos os tecidos). No experimento
utilizando os camundongos a exposicdo diaria (5,0mg/kg de HgCl,) durante 5 dias, provocou uma
inibicdo estatisticamente significativa (aproximadamente 70%) apenas na 6-ALA-D sanguinea
(manuscrito). Contudo, pode-se observar uma pequena redugio na atividade da 6-ALA-D renal dos
camundongos expostos ao Hg (aproximadamente 18%) (manuscrito). Essa enzima é de grande
importancia para o metabolismo aerdbico, uma vez que ela possui a funcdo de catalisar a
condensacdo de duas moléculas do &cido 6-aminolevulinico para formar o composto monopirrélico
porfobilinogénio, sendo este o produto do segundo passo para a biossintese do heme. Além da sua
importancia para o metabolismo, a enzima 6-ALA-D vem sendo utilizada como um marcador de
exposicdo a produtos toxicos tanto em animais em laboratorio (FIUZA et al., 2015;
LEITEMPERGER et al., 2016; MENEZES et al., 2016; MESQUITA et al., 2016; OLIVEIRA et al.,
2015; PEIXOTO et al., 2007) como em animais selvagens para monitoramento de contaminacao
ambiental (COMPANY et al., 2011; ESPIN et al., 2015). Por esse motivo, elegemos a enzima 6-
ALA-D como marcador de efeito tdxico, e como demonstrado nos resultados de ambos os

experimentos, os animais expostos ao Hg apresentaram inibi¢cdo da 6-ALA-D em pelo menos um
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dos tecidos avaliados. A auséncia de efeitos sobre a atividade da 6-ALA-D hepética, tanto em
peixes como em camundongos, se d& devido a forma inorgéanica do Hg utilizada para o estudo, a
qual possui como alvo principal o tecido renal.

O mecanismo pelo qual o Hg € transportado pelo organismo e conduzido até o tecido renal
envolve uma caracteristica do Hg?*, que é a sua afinidade por grupamentos sulfidrilicos (-SH)
(BERLIN; ZALUPS; FOWLER, 2007; LI et al., 2009; MAGOS; CLARKSON, 2006; ROCHA et
al., 1995; ROONEY, 2007). Zalups (2000) afirma ainda que a grande afinidade entre esses dois
compostos possibilita a formacdo de complexos de Hg com a cisteina (Cys) (aminoécido que
contém SH em sua estrutura), que resultam em uma molécula chamada dicisteinilmercuario (Cys-
Hg-Cys). A membrana citoplasmética dos tlbulos proximais renais possui um sistema de transporte
que envolve a absorcdo da cisteina. Dessa forma, o mercurio na forma de dicisteinilmercurio
consegue chegar até o interior das células dos tabulos proximais, onde pode se tornar novamente
Hg?* e encontrar a enzima 8-ALA-D, fazendo com que ocorra uma inibicdo de sua atividade
catalitica.

Conforme observado no experimento com peixes, podemos observar que 0s animais
que foram expostos ao Hg apresentaram uma diminuicdo nos niveis de TBARS, tiois totais e tiois
ndo proteicos no rim (artigo). Quando analisados os rins dos camundongos expostos ao Hg, estes
apresentaram uma diminuicdo nos niveis de TBARS e tidis totais. Diferentemente dos resultados
obtidos no artigo, o tecido renal dos camundongos que receberam mercario apresentou um aumento
nos niveis de tiois ndo proteicos (manuscrito). Sabe-se que a exposi¢cdo ao mercdrio pode induzir
ao dano oxidativo nas membranas celulares dos diferentes tecidos, podendo ser observado pela
formacdo de espécies reativas ao &cido tiobarbiturico (TBARS). Isso ocorre devido a formacdo de
espécies reativas de oxigénio (ROS) e esses eventos conduzem a um aumento nos niveis de TBARS
em varios tecidos, o que pode levar a um distdrbio na funcéo fisiolégica normal de peixes e
mamiferos (FUKINO et al., 1984; HUSSAIN et al., 1999). A diminui¢cdo nos niveis de TBARS
pode ser explicada pelo fato de que foram utilizadas doses de HgCl, que s&o sub letais, 1,7mg/kg
(artigo) e 5,0 mg/kg (manuscrito). O mesmo ja foi observado em outros trabalhos realizados pelo
nosso grupo de pesquisa, e acreditamos que essa diminui¢do nos niveis de TBARS sdo devido a
exposicdo do organismo a doses baixas de xenobidticos, no entanto, suficientes para causar
alteracdes nos sistemas de defesa, 0 que representa uma resposta adaptativa do organismo devido a
exposicéo ao agente toxico (FIUZA et al., 2015; LEITEMPERGER et al., 2016).

A nefrotoxicidade do mercurio se manifesta principalmente por faléncia renal aguda

em seres humanos e animais experimentais, caracterizada por necrose do epitélio renal,
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principalmente dos tubulos proximais, acompanhado de glomérulo nefrite e proteindria
(CLARKSON, 1997; GOYER R.; KLAASSEN; WALLKES M.P, 1995; ZALUPS, 2000). A
diminuicdo nos niveis de tiois totais observada em ambos 0s experimentos pode ter ocorrido devido
aos danos na estrutura e na funcdo renal, o que conduz ao aumento da eliminacéo de proteinas na
urina. O aumento da excrecdo de proteinas e o aumento da atividade de algumas enzimas na urina
podem ser indicativos de tubulopatia na disfuncdo renal em individuos expostos ao Hg
(BARREGARD et al., 1988; KOBAL et al., 2000). Quando avaliados os niveis de tiois ndo
proteicos de rim, houve uma diferenca entre os resultados obtidos entre os dois experimentos.
Enquanto no experimento realizado com peixes 0s niveis de TNP reduziram (artigo), no
experimento com camundongos os niveis de TNP aumentaram (manuscrito). O tripeptideo
glutationa (GSH) representa o TNP enddgeno mais abundante presente em todos tecidos e
desempenha um papel importante na protecdo de células (ROONEY, 2007). Resultados
controversos tém sido obtidos com relacdo aos efeitos do mercdrio nos niveis de GSH. Zalups
(2000) demonstrou que baixas doses de mercdrio podem aumentar os niveis de GSH renal,
enguanto que altas doses deste metal podem reduzir os niveis de GSH renal. Acredita-se que essa
diferenca entre resultados, observada nos experimentos, ocorra devido a via de administracdo do
HgCl, utilizada em cada um deles, visto que nos peixes 0 Hg foi administrado via intraperitoneal
(artigo), considerada uma via com mais rapida de absorcdo e consequentemente uma quantidade
maior de mercdrio entra em contato com os diferentes tecidos, enquanto a via sub cutdnea
(manuscrito), utilizada para administracdo de Hg nos camundongos, é uma via cuja absorcao do
Hg ocorre de forma mais lenta, com isso 0 organismo tem um tempo maior para criar mecanismos

para proteger os 6rgaos dos efeitos toxicos do Hg.

Devido ao seu grande fluxo sanguineo (25% do débito cardiaco) e intensa atividade
enzimética na execucdo de suas funcGes, além de desempenhar importante papel na excrecdo de
xenobidticos, o rim é o oOrgdo-alvo preferencial da maioria destas substancias (PASSOW,;
ROTHSTEIN; CLARKSON, 1961; VAN VLEET; SCHNELLMANN, 2003; ZALUPS, 1993). No
presente estudo foi observada nefrotoxicidade causada pela exposi¢cdo ao Hg em ambas as espécies
analisadas. O dano ao tecido renal foi confirmado devido ao aumento nos niveis de creatinina sérica
dos peixes expostos ao Hg, contudo os niveis de amoénia ndo foram alterados (artigo). Como
observado no experimento utilizando camundongos, os niveis de ureia e creatinina apresentaram-se
elevados (manuscrito). O aumento dos niveis de ureia/amdnia e creatinina ¢ um efeito comumente

associado a exposicdo ao mercurio inorganico devido a sua acdo nefrotoxica (ZALUPS; LASH,
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1994). A ureia € produto do catabolismo de proteinas, sendo a principal forma pela qual os
mamiferos excretam o excesso de nitrogénio, no entanto a creatinina é o produto da degradacédo da
fosfocreatina (BAUM; DICHOSO; CARLTON, 1975; CHAMPE; HARVEY; FERRIER, 2006).
Assim como nos mamiferos, os peixes também excretam creatinina, contudo a principal forma de
excrecdo de conteudo nitrogenado é através da excre¢cdo de amoénia, o que ocorre em torno de 50 a
84% (ALTINOK; GRIZZLE, 2004; KAJIMURA et al., 2004; LAM; JUSOH; LAW, 2008). Quando
0s rins se encontram saudaveis, estes metabdlitos sdo transportados para o 6rgdo e excretados
através da urina. O aumento do nivel serico destes metabolitos € um indicativo de dano renal severo
(BAUM; DICHOSO; CARLTON, 1975). Sendo assim, é evidente que a exposi¢dao ao HgCl, induz
danos ao tecido renal em ambos 0os modelos experimentais estudados.

No presente estudo, foi observado um aumento nos niveis de mercurio no figado e no rim dos
animais expostos ao HgCl, em ambos os experimentos realizados. Os resultados obtidos no
experimento com peixes (artigo) e com camundongos (manuscrito) apresentaram concordancia do
Hg apresentar uma acumulacdo maior nos rins que no figado (aproximadamente 2X e 5X
respectivamente). Com poucas horas apds a exposicdo, 0 mercurio inorganico acumula-se
rapidamente no tecido renal, chegando até 50% de uma dose ndo toxica (ZALUPS, 1993). O Hg
tende a se acumular nas células epiteliais do tubulo proximal, no entanto, alguns efeitos da
exposicdo ao Hg podem ser notados nos demais segmentos tubulares (ZALUPS, 2000). Os
mecanismos pelo qual o Hg atravessa a membrana citoplasmética, acumulando-se nos tubulos
proximais, ocorrem principalmente com a participacdo de transportadores de aminoacidos, como
por exemplo a cisteina, dessa forma, o Hg na forma de dicisteinilmercurio tem o seu transporte para
o0 interior dos rins facilitado pelos mesmos transportadores. Com isso, desencadeia a toxicidade
desse metal no sistema renal.

Os niveis de zinco (Zn), um elemento essencial requerido para 0 crescimento e
desenvolvimento (KREBS, 1999), também foram medidos no sangue, nos rins e no figado dos
peixes e camundongos. De acordo com nossos dados, a exposicdo ao Hg causou alteracfes na
homeostase do Zn no tecido hepatico e sanguineo dos peixes (artigo) enquanto nos camundongos a
exposicdo ao Hg alterou apenas a homeostase renal do Zn (manuscrito). Mais uma vez, acredita-se
que a diferenca entre os resultados esteja relacionada com a via de administragdo do Hg utilizada
nos experimentos. Uma vez que por via subcutdnea (manuscrito) o Hg é absorvido mais
lentamente, em menor quantidade e em tempo suficiente para conjugar os grupamentos -SH,
posteriormente eliminados pelos rins, os efeitos toxicos desse metal reduziriam nos tecidos

hepéticos e sanguineo. Embora tenham sido detectados niveis de Hg no tecido hepético, em ambos
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0S experimentos, os parametros de toxicidade ndo se mostraram alterados, com excegdo da
homeostase do Zn no figado observada nos peixes (artigo). Além disso, o Unico parametro
relacionado a toxicidade hepética, apds a exposicdo ao Hg, foi a inibicdo na atividade da enzima
alanina aminotransferase (ALT) em camundongos (manuscrito). Contudo, o efeito do Hg
apresentado nesta enzima ndo caracteriza dano hepatico, mas uma interagdo entre o Hg e os
grupamentos —SH presentes no sitio ativo na ALT (VEDAVATHI; GIRISH; KUMAR, 2004).

Nos ultimos anos, estudos foram realizados para compreender os mecanismos envolvidos na
toxicidade do Hg e seus efeitos sobre as defesas enddgenas do organismo. A exposicdo ao Hg pode
causar uma diminuicdo no sistema endogeno de defesa antioxidante, inibindo a atividade das
enzimas superéxido dismutase (SOD), catalase (CAT), glutationa peroxidase (GPx) e glutationa
redutase (GR), em tecido hepatico, renal e cerebral de ratos (AGARWAL et al., 2010). Além do
sistema antioxidante enzimatico, diversas substancias, tais como as vitaminas C e E, flavonoides e o
tripeptideo glutationa (GSH), representam o grupo ndo enzimatico de substancias com atividade
antioxidante (REISCHL et al., 2007). As defesas enddgenas do organismo também exercem agao
contra os ataques que as celulas estdo expostas frequentemente. Nos Ultimos anos varios estudos
testaram substancias que pudessem proteger e ampliar a longevidade celular. Neste sentido, este
estudo demonstra o efeito do (PhSe),, administrado na alimentacdo dos animais (3,0 mg/kg de
racdo) contra os efeitos do Hg. A ragdo suplementada com (PhSe), per se, ndo causou alteracéo
significativa nos parametros analisados em ambos os modelos animais testado. No entanto, quando
analisada a acdo do (PhSe), nos peixes sobre os efeitos do Hg, esta se mostrou benéfica, mesmo que
apresentando protecdo parcial sobre a elevacdo dos niveis de creatinina, diminuicdo dos niveis
renais de TBARS e tidis ndo proteicos, além da homeostase sanguinea do Zn. Porém, a atividade da
d-ALA-D foi protegida totalmente pelo tratamento com (PhSe), (artigo). Com base nesses
resultados, acreditamos que a alimentagdo de 30 dias consecutivos com (PhSe), possa ser efetiva
para proteger contra a nefrotoxicidade induzida pelo Hg, uma vez que que os niveis de creatinina
dos animais expostos ao Hg e alimentados com (PhSe), foram parcialmente restabelecidos, bem
como pela protecao contra a inibicdo da enzima o-ALA-D.

Assim como no modelo utilizando peixes, os camundongos também apresentaram resultados
gue indicam que o (PhSe), na dieta pode ser uma alternativa promissora contra os efeitos toxicos do
Hg, com énfase nos efeitos sobre o tecido renal. Além disso o (PhSe), protegeu totalmente a
inibigdo da 8-ALA-D renal e sanguinea, a elevacdo dos niveis de ureia e creatinina e diminui¢édo dos
niveis de tiois totais de rim, do mesmo modo que protegeu parcialmente a inibicdo da ALT sérica.
Porém, a redistribuicdo do Hg entre os tecidos e a homeostase do Zn ndo foi alterada pela dieta com
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(PhSe), (manuscrito). Com base nesses resultados, concluimos que os camundongos expostos ao
HgCl, e alimentados com (PhSe), apresentam uma condic¢do renal melhor que os que receberam
apenas o HgCl,. Contudo, os niveis dos marcadores de toxicidade renal apresentaram-se iguais
estatisticamente aos do controle, além dos niveis de tiois totais renais que foram mantidos, o que
representa uma menor perda do conteldo proteico do Orgdo. Acreditamos que 0 mecanismo
envolvido na protecdo do (PhSe), esteja relacionado com a capacidade do composto aumentar 0s
sistemas de defesa antioxidante, como por exemplo, o aumento da sintese de GSH (de BEM et al.,
2013), e sintese de metalotioneinas (MT) (BRANDAO et al., 2006), moléculas das quais que
contem grupamentos —SH e possuem atividade “scavenger” no organismo. Devido a afinidade do
Hg por grupos SH, supde-se uma interagdo entre essas moléculas e o Hg, de forma que se forme um
complexo inerte (GSH/MT-Hg), impedindo a interacdo do Hg com outras biomoléculas, até que o

Hg possa ser eliminado.
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6. CONCLUSOES
A partir dos resultados desse estudo, podemos concluir que:

1. Peixes e camundongos sdo sensiveis aos efeitos toxicos do Hg em ambos os modelos
experimentais testados:

» Em ambos o0s experimentos, 0s animais apresentaram evidéncias
classicas da intoxicacdo pela forma inorganica do Hg, sendo que o
tecido renal foi o mais afetado.

» Peixes e camundongos respondem de maneira semelhante no que diz
respeito a acumulacdo e distribuicdo do Hg entre os tecidos, conforme
observado com o maior acimulo de Hg no tecido renal.

» A via de administragdo do Hg pode ter sido responsavel pela
discordancia entre alguns resultados, uma vez que a velocidade de
absorcdo Hg mostra ser diferente entre as vias, sendo, portanto, um
fator a ser considerado quando se determina um modelo experimental.

» Néo foi evidenciado dano hepéatico causado pela exposicdo ao HgCl,
em ambos os modelos experimentais.

» A enzima 3-ALA-D pode ser usada como marcador de exposi¢do ao
Hg.

2. A alimentacdo com (PhSe), pode ser uma alternativa promissora para prevenir 0s
efeitos da exposicéo ao Hg, tendo em vista que:

» Houve uma melhora nos niveis dos marcadores de toxicidade renal,
bem como uma prote¢do contra a inibigdo da enzima 3-ALA-D dos

tecidos renal e sanguineo.
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