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RESUMO

Tese de Doutorado
Programa de Pés-Graduagao em Bioquimica Toxicologica
Universidade Federal de Santa Maria, RS, Brasil

EFEITO DO DISSELENETO DE DIFENILA SOBRE A TOXICIDADE INDUZIDA POR
CLORETO DE MERCURIO EM CAMUNDONGOS
AUTOR: Ricardo Brandao
ORIENTADORA: Cristina Wayne Nogueira
DATA E LOCAL DA DEFESA: Santa Maria, dezembro de 2008.

O mercurio (Hg) é um elemento ainda sem fungédo fisiolégica no organismo
humano, sendo téxico aos seres vivos. Este metal possui ampla aplicagao na industria
sendo, portanto, bastante importante na exposicdo ocupacional e ambiental. A
toxicidade do mercurio depende da forma deste metal e pode afetar inumeros 6rgaos,
tais como o cérebro, os rins e o figado e, ainda, causar alteracbes hematologicas e
imunoldgicas. O estresse oxidativo parece estar envolvido na toxicidade induzida pelo
mercurio, uma vez que este metal pode causar um aumento na producao de espécies
reativas de oxigénio (EROs) e disturbios nos sistemas de defesa antioxidante
enzimaticos e ndo-enzimaticos. Desta forma, além das terapias convencionais por meio
de agentes quelantes, terapias utilizando agentes antioxidantes sdo testadas na
tentativa de reduzir os efeitos toxicos deste metal. Considerando que o composto
disseleneto de difenila (PhSe), possui inumeras propriedades farmacologicas, dentre as
quais destaca-se a sua acao antioxidante, o nosso objetivo foi verificar o efeito deste
composto em diferentes modelos de exposicdo ao cloreto de mercurio (HgClz) em
camundongos. As utilizacbes de outro agente antioxidante, a N-acetilcisteina (NAC), e
de um agente quelante de referéncia, o acido 2,3-dimercapto-1-propanosulfénico
(DMPS), também foram avaliadas. Os resultados obtidos demonstraram que quando o
HgCl, foi administrado de forma aguda e a utilizagdo dos agentes terapéuticos testados
ocorreu de forma concomitante, efeitos toxicos decorrentes destas interacdes foram
observados. De fato, a administracdo de NAC e DMPS, em animais expostos ao HgClo,
causou toxicidade renal nos camundongos, o que foi evidenciado através de um
aumento nos niveis de uréia e creatinina e através da reducao na atividade da enzima
Na®, K'-ATPase renal. Esta toxicidade foi devida a uma possivel formacdo de
complexos toxicos entre o metal e estes agentes. A administragado de (PhSe), causou
100% de morte nos animais expostos ao HgCl,. Os efeitos toxicos decorrentes desta
associacao afetam o tecido hepatico e, principalmente, o tecido renal. O dano hepatico
foi caracterizado pelo aumento nos niveis de peroxidacdo lipidica e reducdo na
atividade da enzima catalase nos animais do grupo HgCl, + (PhSe),. O dano renal foi
caracterizado através de marcadores bioquimicos no plasma e na urina dos
camundongos. Além disso, os camundongos expostos a associagao entre o HgCl, e o
(PhSe), apresentaram inibicbes na atividade das enzimas glutationa S-transferase
(GST) e Na*, K*-ATPase renal. O dano oxidativo no tecido renal foi evidenciado através
do aumento nos niveis de peroxidacao lipidica e aumento na concentracao de acido
ascorbico nos camundongos expostos ao HgCl, e ao (PhSe),, de forma concomitante.
Elevados valores de hemoglobina e hematdcrito também foram observados nos



camundongos do grupo HgCl, + (PhSe), e o dano renal parece estar envolvido neste
efeito. A formacdo de um complexo entre o HgCl, e o (PhSe),, o qual apresenta
atividades pré-oxidantes, é a hipétese mais provavel para explicar esta toxicidade. Foi
observado também que a terapia preventiva com o (PhSe), foi efetiva em proteger
contra os danos nos sistemas hematologico e imunoldgico induzidos de forma
subcrénica pelo HgCl,. De fato, a exposicdo ao HgCl, causou anemia nos
camundongos, o que foi observado através da redugdo nos niveis de hemoglobina,
contagem de eritrécitos e no hematocrito. Além disso, os niveis de leucocitos e
plaquetas também foram reduzidos pela exposicdo ao metal. As alteracdes
imunologicas foram evidenciadas pelo aumento nos niveis de imunoglobulinas. Todas
estas alteragdes, hematoldgicas e imunoldgicas, foram reduzidas pelo pré-tratamento
com o (PhSe).. A agao antioxidante deste composto de selénio parece estar envolvida
neste mecanismo de protecdo, bem como a formacdo de um complexo ternario inerte
entre 0 mercurio, o selénio e a selenoproteina P. O (PhSe), também foi tdo efetivo
quanto o DMPS em reverter os danos renal e hematologico observados apds a
exposicao subcrénica ao HgCl,. As alteragdes hematoldgicas (diminuigdo nos niveis de
eritrocitos, leucécitos e plaquetas) e as alteragdes no tecido renal, observadas através
do aumento nos niveis de uréia, creatinina e acido urico plasmaticos e através da
peroxidacgao lipidica renal, induzidos pela exposi¢gao ao HgCl,, foram revertidas pelas
administragdes individuais de (PhSe), e DMPS. Entretanto, a utilizagcdo do (PhSe), de
forma associada ao DMPS n&o apresentou bons resultados, uma vez que as
administragdes individuais destes dois agentes foram mais eficazes do que a
administracdo combinada. Com base nos resultados obtidos, nés podemos concluir que
a utilizacdo do (PhSe), em intoxicagbes pelo HgCl, deve ser ainda mais estudada, ja
que, dependendo do modelo experimental utilizado, os resultados podem ser benéficos
ou pode haver uma potencializacao dos efeitos toxicos do mercurio.

Palavras-chave: selénio, mercurio, disseleneto de difenila, N-acetilcisteina, DMPS,
dano renal.
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Mercury is a metal without physiological functions in human body and is toxic to
human beings. This metal has many applications in industry and, therefore it is very
important in occupational and environmental exposure. The toxicity of mercury depends
on the form of the metal and can affect several organs, such as brain, kidney and liver.
In addition, mercury can cause alteration in hematological and immunological systems.
The oxidative stress seems to be involved in toxicity induced by mercury, since this
metal may cause an increase in the production of reactive oxygen species (ROS) and
disturbances in enzymatic and non-enzymatic antioxidant defense systems. Thus, in
addition to conventional therapies using chelating agents, therapies using antioxidants
are tested in an attempt to reduce the toxic effects of this metal. Since diphenyl
diselenide (PhSe), has several pharmacological properties, including antioxidant action,
our goal was to verify the effect of this compound in different models of exposure to
mercuric chloride (HgCly) in mice. The use of another antioxidant agent, N-
acetylcysteine (NAC), and a chelating agent of reference, 2,3-dimercapto-1-
propanosulfonato (DMPS), were also evaluated. The results showed that the
concomitant and acute exposure to HgCl, and therapeutic agents tested presented toxic
effects. In fact, the administration of DMPS and NAC, in animals exposed to HgCly,
caused renal toxicity in mice, which was evidenced by an increase in the urea and
creatinine levels and by reduction on renal Na*, K'-ATPase activity. This can be
explained by a possible formation of complexes between the metal and these agents.
The administration of (PhSe), caused 100% of death in animals exposed to HgCl,. The
toxic effects of HgCl, + (PhSe), association affects the hepatic tissue and especially the
renal tissue. Hepatic damage was characterized by an increase in the lipid peroxidation
levels and reduction in catalase activity from animals of HgCl, + (PhSe), group. Renal
damage was characterized by biochemical markers in plasma and urine of mice.
Moreover, mice exposed to the association between HgCl, and (PhSe), showed
inhibitions in renal glutathione S-transferase (GST) and Na®, K*-ATPase activities. The
oxidative damage in renal tissue was evidenced by increase in the lipid peroxidation
levels and increase in ascorbic acid concentration in mice exposed to HgClL + (PhSe),
group. Increased levels of hemoglobin and hematocrit were also observed in mice of
HgCl, + (PhSe), group and renal damage seems to be involved in this effect. The
formation of a complex between HgCl, and (PhSe),, which displays pro-oxidant activity,
is the most probably hypothesis to explain this toxicity. We observed also that the
preventive therapy with (PhSe), was effective in protecting against immunological and
hematological alterations induced by subchronic HgCl, exposure. In fact, exposure to



HgCl, caused anemia in mice, which was observed by reducing in the hemoglobin,
erythrocytes and hematocrit levels. Moreover, levels of leukocytes and platelets were
also reduced by exposure to HgCl,. The immunological changes were evidenced by
increase in immunoglobulins levels. All these changes, hematological and
immunological, were reduced by (PhSe), pre-treatment. The antioxidant activity of this
selenium compound seems to be involved in this mechanism of protection, as well as
the formation of a inactive ternary complex between mercury, selenium and
selenoprotein P. (PhSe), also presented similar effects when compared to DMPS in
restored renal and hematological damage observed after subchronic exposure to HgCls,.
The hematological changes (decrease in erythrocytes, leukocytes and platelets levels)
and changes in renal tissue, observed by increase in the plasmatic urea, creatinine, and
uric acid levels and renal lipid peroxidation, induced by exposure to HgCl;, were
reversed by (PhSe), and DMPS, individually administered. However, the combined use
of (PhSe), and DMPS did not present good results, since the individual therapies with
these two agents were more effective than the combined administration. Based on these
results, we can conclude that the use of (PhSe), against the HgCl, toxicity should be
further studied, since, depending on the experimental model, the results can be
beneficial or there may be a potentiation of the toxic effects of mercury.

Key-words: selenium, mercury, diphenyl diselenide, N-acetylcysteine, DMPS, renal
damage.
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1. INTRODUGAO

Os metais pesados sdo alguns dos principais contaminantes encontrados no
meio ambiente. Estes metais tém amplo emprego industrial, constituindo uma das
principais formas de intoxicagdo ocupacional e ambiental (Salgado, 1996). Dentre os
metais de maior preocupacido estdo o chumbo, o mercurio, o arsénio € o cadmio
(Klaassen, 1996). O mecanismo molecular envolvido na toxicidade destes metais esta
relacionado com a producéo de estresse oxidativo, seja através da reducao de defesas
antioxidantes ou pela geragcédo de espécies reativas de oxigénio (EROs) (Hussain et al.,
1999; Wang et al., 2004).

O mercurio (Hg) é um elemento mineral metalico ainda sem fungao fisiologica no
organismo humano, sendo téxico aos seres vivos (Esquerda et al.,1989). Este metal
possui ampla aplicagdo na industria, podendo, dessa forma, atingir trabalhadores e a
populagdo em geral (Boischio e Henshel, 1996; Klaassen, 1996). Sabe-se que o
mercurio pode causar diversos prejuizos ao organismo, afetando principalmente os
sistemas nervoso, gastrintestinal, renal e hepatico (Larini et al., 1997). O estresse
oxidativo parece estar envolvido na toxicidade induzida pelo mercurio, uma vez que
este metal pode causar um aumento na producdo de EROs, ocasionando danos em
lipidios, proteinas e no acido desoxirribonucléico (DNA) (Goering et al., 2002). Além
disso, os sistemas de defesa antioxidante enzimaticos e nao-enzimaticos podem ser
reduzidos pela exposi¢gado ao mercurio (Hussain et al., 1999).

A forma mais efetiva de tratamento contra intoxicagées por metais consiste na
utilizacdo de agentes quelantes (Vamnes et al., 2003). S0 exemplos de agentes
quelantes, o acido 2,3-dimercapto-1-propanosulfénico (DMPS, Dimaval®) e o acido
meso-2,3-dimercaptosuccinico (DMSA, Succimer®), os quais sdo menos toxicos e,
possivelmente, mais efetivos do que outros agentes quelantes no tratamento destas
intoxicagdes (Faria, 2003).

Acredita-se que, além da terapia convencional por meio de agentes quelantes, a
terapia utilizando agentes antioxidantes possa ser efetiva em proteger contra os danos
causados pelo mercurio. Sdo diversos os antioxidantes utilizados na tentativa de

reverter os danos teciduais devido ao estresse oxidativo induzido pelo mercurio. A N-
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acetilcisteina (NAC), a qual contém grupos tidis em sua estrutura, € um antioxidante
bastante utilizado em condi¢cbdes de estresse oxidativo (Cortijo et al., 2001). Além disso,
0 nosso grupo de pesquisa tem demonstrado que o composto disseleneto de difenila
(PhSe),, um composto organico de selénio, possui inumeras propriedades
farmacologicas (Nogueira et al., 2003a; 2004; Borges et al., 2005a; 2006; Barbosa et
al., 2006; Savegnago et al., 2006; 2007), dentre as quais se destaca a sua agao
antioxidante (Meotti et al., 2004). Considerando os aspectos acima mencionados, é de
grande relevancia a avaliagdo do efeito do (PhSe);, bem como de outros agentes
terapéuticos, frente a toxicidade induzida pelo cloreto de mercurio (HgClL) em

camundongos.
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2. OBJETIVOS

Objetivo Geral

Os efeitos toxicos provocados por metais pesados, como o0 mercurio, tém
recebido bastante atencdo dos pesquisadores. Muitos estudos tém sido realizados com
o0 objetivo de verificar as alteragbes causadas por este metal no organismo de
mamiferos, bem como novas formas de terapia contra estas intoxicagdes. A interacéo
entre o mercurio e o selénio tem sido bastante estudada e os resultados s&o
controversos. Entretanto, poucos estudos envolvendo o papel do (PhSe), na toxicidade
induzida pelo HgCl, sdo encontrados na literatura. Desta forma, este trabalho visa
elucidar o efeito do (PhSe), frente ao dano induzido pelo HgCl, em camundongos, seja

por meio de intoxicagdes agudas ou subcrénicas.

Objetivos Especificos

- Verificar os efeitos do (PhSe),, bem como de outros possiveis agentes
terapéuticos (NAC e DMPS), na toxicidade aguda induzida pelo HgCl, em
camundongos.

- Ampliar prévios estudos do grupo, com o objetivo de elucidar a toxicidade da
interacdo HgCl, + (PhSe),, administrados de forma aguda em camundongos.

- Verificar o papel do pré-tratamento com (PhSe), na toxicidade sub-cronica
induzida pelo HgCl, em camundongos.

- Verificar o papel do (PhSe),;, em comparagdo com o DMPS, na tentativa de
reversao dos danos causados pela administragcdo sub-cronica de HgCl, em

camundongos.
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3. REVISAO BIBLIOGRAFICA

3.1. Toxicologia dos metais

3.1.1. Aspectos gerais

Sabe-se que diversos metais s&o nutrientes requeridos pelo organismo, sendo
considerados metais essenciais. O ferro, o zinco, 0 magneésio, 0 manganés e o selénio
sao exemplos destes metais. Entretanto, os metais essenciais, dependendo de suas
concentragdes, podem apresentar efeitos tdxicos em determinados organismos
(Kabata-Pendias e Pendias, 1993). Outros metais, considerados metais pesados, como
0 mercurio, o aluminio, o chumbo e o cadmio, ndo sdo essenciais para 0s seres Vivos,
podendo causar efeitos tdxicos nos organismos expostos a estes elementos (Bruins et
al., 2000). Estes metais sdo amplamente encontrados em nosso ambiente e os seres
humanos séo expostos a tais metais a partir de inumeras fontes, incluindo o ar, a agua,
o solo e os alimentos (Miller, 1998).

Inimeras definicbes sdo encontradas na literatura para o termo “metal pesado”.
Algumas destas teorias baseiam-se na densidade atdmica, no peso ou numero atdémico
ou ainda nas propriedades quimicas destes elementos. Constantemente este termo é
empregado a um grupo de elementos que esta associado a problemas de poluicéo e
toxicidade. Em uma das definicbes descritas por Alloway e Aires (1993) o termo refere-
se ao grupo de metais e metaldides com densidade atémica maior que 6 g/cm®.

Em 2002, Duffs publicou um artigo argumentando contra o uso do termo “metal
pesado”, relatando mais de 25 diferentes definicbes descritas na literatura para o termo.
O autor concluiu que a terminologia ndo deve ser usada, sugerindo nova definigdo
baseada na avaliagdo da toxicidade potencial dos elementos metalicos e de seus
componentes. Apesar disso, neste estudo o termo “metal pesado” sera utilizado, uma
vez que ainda ndo existe um consenso sobre o assunto e uma terminologia adequada

para ser empregada.
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Os metais pesados talvez sejam os agentes tdxicos mais conhecidos do
homem. Ha 2000 a.C., quando abundantes quantidades de chumbo eram obtidas de
minérios, provavelmente, tenha sido o inicio da utilizacdo deste metal pelo homem.
Arsénio e mercurio foram citados por Teofrastos de Erebus (387-372 a.C.) e por Plinio,
o Velho (23-79 d.C.). Mais tarde, em 1815, o cadmio foi descoberto em minérios
contendo carbonato e zinco (Salgado, 1996).

O acumulo de metais pesados no organismo humano representa um risco
significativo para a saude, levando a uma grande variedade de patologias, como a
anemia, o cancer, a insuficiéncia renal crbénica, a hipertensdo, a gota, a infertilidade
masculina, a gengivite, entre outros (Miller, 1998). Os mecanismos moleculares pelos
quais os metais toxicos causam seus efeitos ainda nao estédo totalmente esclarecidos.
Porém, sabe-se que a elevada toxicidade dos metais pesados esta associada, ao
menos em parte, aos seus efeitos pro-oxidantes e, consequentemente, as suas
capacidades de contribuirem para a geragdo de EROs, como o radical hidroxil (OH"), o
anion superoxido (O27) e o perdxido de hidrogénio (H,0,). O aumento da produgao de
EROs pode resultar na extensiva diminuicdo das defesas antioxidantes, resultando em
uma condicdo conhecida como estresse oxidativo (Quig, 1998). Além disso, a
toxicidade decorrente da exposicdo a metais pesados pode ser devida ao
deslocamento de metais essenciais de seus sitios de ligagdo ou devida a interagdes
quimicas com biomoléculas enddgenas, como os grupos sulfidrilas (-SH). Os efeitos
toxicos geralmente resultam na alteragdo da estrutura de lipidios, proteinas e acidos
nucléicos (Goering et al., 2002) e ainda interferéncia com o processo de fosforilacdo
oxidativa e balango osmatico (Hughes e Poole, 1989).

A terapia com agentes quelantes € a forma mais efetiva de tratamento para
intoxicagdes com metais pesados (Vamnes et al., 2003). Além disso, como a exposi¢ao
aos metais pesados resulta em estresse oxidativo, a utilizacdo de agentes com agao
antioxidante é bastante estudada (Sharma et al., 2005). Além das terapias exdgenas,
através de agentes quelantes e/ou agentes antioxidantes, o organismo também possui
mecanismos de defesa enddégenos, como por exemplo, as metalotioneinas (MT).

As MT foram primeiramente isoladas em 1957, ligadas ao cadmio, em rim de

cavalo (Margoshes et al., 1957). As MT sao proteinas citosodlicas de baixo peso
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molecular, que se ligam a varios metais essenciais (zinco, cobre, etc.) e metais
pesados (mercurio, arsénio e cadmio) (Foulkes, 1982). O papel biolégico das MT tem
sido relacionado ao controle homeostatico do metabolismo do zinco e do cobre e com o
processo de detoxificacdo de cadmio e mercurio (Cousin, 1983). O mecanismo de
protecdo das MT na toxicidade induzida por metais pesados deve-se ao fato de que
estas proteinas possuem grupos -SH em sua estrutura e podem se complexar com os
metais através destes grupos (Miles et al., 2000). De fato, Suzuki et al. (1998) relataram
que as MT podem proteger contra a toxicidade induzida por metais pelo sequestro
destes através dos grupos -SH da proteina. Outra hipétese € que as MT podem
proteger os tecidos contra o dano oxidativo (Patrick, 2003). Os residuos de cisteina das
MT sao facilmente oxidados, agindo como “scavengers” de radicais de oxigénio
(Palmiter, 1998). Além disso, as MT tém importante fungdo no Sistema Nervoso Central
(SNC), protegendo-o contra os danos induzidos por interleucinas (Giralt et al., 2002a),

acido cainico (Carrasco et al., 2000), injuria fisica (Giralt et al., 2002b), entre outros.

3.1.2. Mercurio

3.1.2.1. Historico

O mercurio € um metal liquido a temperatura ambiente, conhecido desde os
tempos da Grécia Antiga. Seu nome homenageia o deus romano Mercurio, que era o
mensageiro dos deuses. Essa homenagem € devida a fluidez do metal. O simbolo Hg

vem do latim "hydrargyrum" que significa prata liquida (Azevedo, 2003).

O mercurio ja é conhecido e usado pela humanidade ha pelo menos 3500 anos.
Em 2700 a.C., a utilizagdo do mercurio no processo de amalgamagao do ouro ja era
conhecida pelos fenicios. Também se sabe que este metal era usado como
medicamento e afrodisiaco na China e na india por volta de 500 a.C. (Azevedo, 2003).

Na Idade Média, o mercurio foi amplamente utilizado na producdo de
amalgamas (ligas de metal), especialmente de prata e de ouro, mas a principal

aplicagao foi na alquimia. O uso do mercurio e seus compostos para fins terapéuticos
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persistiu até o século XVI no tratamento de quase todas as doencas até entdo
conhecidas. Em meados do século XVII, o mercurio elementar foi o primeiro elemento
quimico a ter controle de sua utilizagdo devido a incidéncia de sintomas apresentados
por mineradores (Azevedo, 2003). No Brasil, houve mineragdo de mercurio na regido
de Ouro Preto até fins do século XVII. Estas antigas lavras subterraneas encontram-se
hoje exauridas e abandonadas.

Nos dias atuais, o mercurio tem ampla aplicagdo no setor industrial, como na
metalurgica, petroquimica e producédo de lampadas. O mercurio também é utilizado
atualmente nas areas de garimpo para extracdo de ouro, especialmente na regido da
Amazobnia (Malm, 1991).

3.1.2.2. Propriedades do mercurio

O mercurio € um metal obtido principalmente a partir do minério cinabrio (sulfeto
de mercurio). Este metal ocorre naturalmente no meio ambiente e existe em um grande
numero de espécies quimicas. As principais espécies de mercurio sdo: mercurio
elementar (ou vapor de mercurio ou mercurio metalico), mercurio organico e mercurio
inorganico. Essas diferentes espécies apresentam solubilidade, reatividade e toxicidade
diferentes e, consequentemente, comportam-se de diferentes modos no meio ambiente,
provocando distintos impactos nos ecossistemas e na saude. As diferentes espécies do
metal também influenciam no transporte do mercurio dentro dos compartimentos
ambientais (UNEP, 2002). As principais espécies de mercurio presentes em amostras

ambientais e biologicas sao apresentadas na Tabela 1.

Tabela 1: Principais espécies quimicas de mercurio em amostras ambientais e

biolégicas



24

Mercurio elementar Hg"
Espécie organica Metilmercurio CHsHg*
Etilmercurio CzHsHg"
Fenilmercurio CeHsHg"
Dimetilmercurio (CHs)2Hg
Espécie inorganica ion mercurico Hg**
ion mercuroso Hg"
Sulfeto de mercurio HgS

Fonte: Morita et al. (1998)

O mercurio elementar possui estado de oxidagéo zero (Hg°) e é um liquido de
elevada tensao superficial, inodoro e de coloracao prateada. Este metal é pertencente
ao Grupo IIB da tabela periédica com numero atémico 80, massa atomica 200,59 e
densidade 13.6 g/ml. Os pontos de fusdo e ebuligdo sdo -38°C e 357°C,
respectivamente (Salgado et al., 1996). O Hg® é capaz de dissolver o ouro, a prata, o
chumbo e os metais alcalinos, formando ligas relativamente consistentes (amalgamas)
(UNEP, 2002; Azevedo, 2003; Olivares, 2003).

Quando se liga ao carbono, através de ligacédo covalente C-Hg, o mercurio forma
compostos organicos chamados organomercuriais que sdo encontrados principalmente
no solo e na agua. Os compostos organomercuriais possuem atomos de carbono
ligados ao mercurio, formando compostos do tipo RHgX e RHgR'. R e R’ s&o radicais
alquilas, como por exemplo metil, etil e propil; e o X corresponde a uma variedade de
anions, como cloreto, acetato, cianeto, iodeto e fosfato (Salgado, 1996). A ligagao
carbono-mercurio € quimicamente estavel, ndo sendo rompida em agua e nem por
acidos ou bases fracas (UNEP, 2002; Azevedo, 2003). Estes compostos sdo, em sua
maioria, representados pelo metilmercurio, que € a espécie mais toxica do mercurio.

Compostos inorganicos de mercurio, também chamados de sais de mercurio,

sao formados a partir da combinag&o dos ions Hg(l) e Hg(ll) com elementos como cloro,
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enxofre e oxigénio, e se apresentam, em sua maioria, em forma de p6 ou cristal branco,
com excecgao do sulfeto de mercurio (HgS), que € vermelho e fica preto quando exposto
a luz. Os sais de mercurio sdo suficientemente volateis para existirem como gas, porém
sua solubilidade e reatividade levam a uma deposi¢cdo mais rapida que o elemento
mercurio. Suas propriedades fisico-quimicas estdo relacionadas ao anion ao qual o
metal esta ligado. O sulfato de mercurio, por exemplo, possui elevada solubilidade em
agua, enquanto o cloreto de mercurio & bastante soluvel em solventes orgénicos
(UNEP, 2002; Azevedo, 2003).

3.1.2.3. Fontes de Exposicao

O mercurio na sua forma natural surge da degradacao da crosta terrestre a partir
de vulcdes, solos, florestas, lagos e oceanos abertos (Mason et al., 1994). Patra e
Sharma (2000) relataram que dois tergcos dos compostos de mercurio no ambiente sao
originados de fontes naturais e um terco é resultado de atividades humanas.

A exposicdo ambiental ao mercurio é bastante comum. A grande poluigdo com
mercurio no ambiente resultou, principalmente, no aumento da contaminacdo das
espécies vegetais e animais ao longo das cadeias alimentares. De fato, Magos e
Clarkson (2006) demonstraram que a exposi¢cao de seres humanos ao mercurio pode
ocorrer através de alimentos. Dependendo do nivel de contaminagédo, o ar e a agua
também podem se tornar importantes fontes de exposi¢cao ao metal. Além disso, 0 uso
de combustiveis de origem fossil pode aumentar os niveis de mercurio no ar (Vimy e
Lorscheider, 1985).

A elevada aplicacdo do mercurio na industria pode acarretar em exposicao
ocupacional a este metal. A acdo toxica do mercurio na exposicdo ocupacional é
conhecida desde a antiguidade, quando era usado para a decoragdo, em pinturas de
castelos e no trabalho de mineracao, que foi intensificado durante o Império Romano
(Battigelli, 1983). A quantidade de mercurio na atmosfera aumentou desde o inicio da
revolugdo industrial (USEPA, 2003). Ha diferentes formas de intoxicagcdo. A mais
comum durante a atividade laboral € a intoxicagao crénica, mas também podem ocorrer

acidentes, que provocam intoxicagao aguda. Além disso, o mercurio, por ser inodoro e
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incolor, torna-se especialmente perigoso quando aquecido na forma de vapor. Embora
o uso industrial do mercurio tenha sofrido redugdes (ANVISA, 2001), devido a um
controle mais efetivo, concentracdes altas ainda estdo presentes em produtos
industriais (Boening, 2000).

O mercurio elementar € um liquido a temperatura ambiente e possui uma
expansao volumétrica uniforme em ampla faixa de temperatura. Além disso, tem alta
tensdo superficial e ndo adere a superficies vitreas. Devido a estas caracteristicas, a
forma elementar deste metal é utilizada em instrumentos de medigcdo, como
termdmetros e barbmetros. O mercurio elementar também ¢é utilizado para a producao
de cloro, soda caustica, equipamentos elétricos e eletrbnicos (baterias, retificadores,
relés, interruptores), tinta latex, amalgamas, ldmpadas de mercurio, entre outros
(Salgado, 1996; Broussard et al., 2002). No Brasil, o maior problema da contaminagao
do meio ambiente pelo mercurio elementar € nas areas de garimpos de ouro,
principalmente na regido Amazdnica (Malm, 1991). Durante a queima do amalgama nos
garimpos de ouro, a exposi¢cao aos vapores de mercurio € bastante comum. Além das
amalgamas presentes nos garimpos de ouro, outra forma de exposigcdo ao mercurio é
através das amalgamas dentarias (UNEP, 2002).

Os compostos organicos de mercurio sao utilizados na agricultura (fungicidas,
herbicidas, inseticidas), manufatura de papel, conservacdo de madeira, catalisador,
entre outros (Andrade Filho et al., 2001). No entanto, a principal forma de intoxicagcao
por metilmercurio é a ingestdo de peixes e mariscos que acumulam o metilmercurio
(UNEP, 2002; Azevedo, 2003). De fato, o metilmercurio é a principal causa das doengas
e intoxicagdes por mercurio que causaram grandes desastres como o da Baia de
Minamata no Japao, onde uma fabrica langou metilmercurio como residuo nas aguas
da baia, contaminando os peixes e, consequentemente, a populagdo. Um agravante
para o problema da poluicdo € que o mercurio inorganico pode ser convertido a
metilmercurio e a dimetilmercurio pela agdo de microorganismos (bactérias
metanogénicas), processo conhecido como biotransformac&o (Daughney et al., 2002).
Este processo de metilacdo pode ocorrer tanto no solo quanto nos ambientes aquaticos
(Azevedo, 2003).
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A forma inorganica do metal é utilizada em certos tipos de baterias, na produgéo
de lampadas fluorescentes, manufatura de tintas, laboratorio quimico/fotografico e
produgao de explosivos (Clarkson, 1997). Outras areas de uso industrial do mercurio
inorganico incluem a fabricagédo de plasticos, fungicidas e germicidas (Klaassen, 1996).
Como dito anteriormente, ao atingir os ambientes aquaticos, 0 mercurio inorganico pode
ser convertido, pela agdo de microorganismos, em formas organicas do metal, as quais

s&o extremamente toxicas (Daughney et al., 2002).

3.1.2.4. Absorgéo, distribuicdo e excreg¢ao

A toxicocinética do mercurio € dependente da espécie do metal ao qual o
organismo esta exposto. Assim, os processos de transporte serdo influenciados pelo
estado de oxidagao e pela forma dos compostos de mercurio (WHO, 1989; 1990; 1991).

A exposicdo ao mercurio elementar ocorre principalmente quando respirado
como vapor ou particulas de mercurio, sendo absorvido pelos pulmdes (UNEP, 2002).
Sob condi¢gdes normais de ventilagdo pulmonar, a absorcao dos vapores de mercurio
pelos alvéolos pulmonares corresponde a cerca de 80% da sua concentragao total no
ambiente (Larini at al., 1997). A absorgdo cutdnea do mercurio elementar € muito
pequena, mas pode causar dermatite nos casos de sensibilidade ao mercurio (Azevedo,
2003). Ja a ingestdao de mercurio elementar ndo produz efeitos adversos porque a
absorcdo é muito pequena no trato gastrintestinal (inferior a 0,01 % da dose ingerida)
(HSDB, 2000). O metilmercurio é quase totalmente absorvido pelo trato gastrintestinal
(90-100%) além de ser eliminado pelo leite materno, sendo, por consequéncia, uma via
de exposicéo para o lactente (Greenwood et al., 1978). O mercurio orgéanico também é
bastante absorvido pelas vias inalatéria (cerca de 80 % dos vapores inalados) (WHO,
1991) e cutanea (WHO, 1989). Os compostos inorgéanicos de mercurio podem ser
absorvidos através dos pulmdes, com absorcao dependente do diametro da particula
do aerossol inalado (WHO, 1991), e, com menor importancia, através da pele (HSDB,
2000). Cerca de 2 a 10% do mercurio inorganico pode ser absorvido através do trato

gastrintestinal (HSDB, 2000). Os sais de mercurio (Il) sdo usualmente mais toxicos que
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os de mercurio (I), porque sua solubilidade em agua é maior; portanto, eles sdo mais
prontamente absorvidos a partir do trato gastrintestinal (Brasil, 1999).

O mercurio elementar, apds ser absorvido, € parcialmente oxidado a mercurio
ibnico nos eritrécitos e nos tecidos. As formas organicas, lipossoluveis, concentram-se
nos eritrocitos (Salgado et al., 1996). Ja o mercurio inorgénico distribui-se na corrente
sanguinea, concentrando-se mais no plasma que nos eritrocitos. Os principais sitios de
deposi¢cdo de mercurio no organismo s&o 0s rins e 0 cérebro para o mercurio elementar,
0 cérebro para o mercurio organico e os rins para o mercurio inorganico (Larini et al.,
1997). O mercurio elementar e o mercurio orgénico, devido a serem lipossoluveis,
atravessam rapidamente a barreira hematoencefalica e, por isso, atingem o tecido
cerebral (Salgado, 1996). Além disso, as formas elementar e organica de mercurio
podem atravessar a barreira placentaria (Salgado, 1996). Taxas menores de mercurio
ainda podem ser acumuladas no figado, pulmao, coragao, bago e intestino (Larini et al.,
1997).

S&o possiveis quatro reacdes de biotransformacédo dos compostos de mercurio:
oxidagcdo do mercurio metalico a mercurio divalente, envolvendo o sistema enzimatico
catalase-hidrogénio peroxidase (HSDB, 2000); reducdo de mercurio divalente a
mercurio metalico (WHO, 1991); metilacdo do mercurio inorganico, através de
microorganismos; e conversdo do metilmercurio a mercurio divalente, devido ao
rompimento da ligagdo carbono-mercurio da molécula (Vahter et al., 1994). A
transformacao das formas elementar e organica na forma divalente do metal explica a
presenca de mercurio inorganico em fetos e no tecido cerebral de pessoas expostas as
formas lipossoluveis deste metal (WHO, 1991; HSDB, 2000).

A excrecado dos compostos de mercurio se da principalmente pelas vias urinaria
(formas elementar e inorganica) e fecal (forma orgénica) (Larini et al., 1997). Apos a
exposicao aos vapores de mercurio, o metal € eliminado pela via renal na forma de
Hg®*, sendo a filtragéo glomerular prejudicada em razéo da formagao de complexos Hg-
proteinas. O mercurio elementar pode ainda ser excretado pelo ar exalado (HSDB,
2000). O metilmercurio possui lenta eliminagdo. No cérebro e rins, esta eliminagéo leva
um tempo consideravel (at¢é mesmo alguns anos) (Faro, 2000). A conversao do

metilmercurio para mercurio inorganico, permite explicar o processo de eliminagéo do
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primeiro, que ocorre tanto em animais de experimentagcdo quanto no homem, no qual
se observa que 90% do composto ingerido € eliminado pelas fezes na forma inorganica,
ja que esta forma de mercurio € pouco absorvida através da membrana intestinal
(Bjorkman et al., 1997). Neste processo, o metilmercurio e o Hg*, por meio de
secregao biliar, sdo complexados com a glutationa (GSH), além de outros peptideos
sulfidrilicos. O mercurio pode ainda ser excretado através da saliva, lagrimas, suor e
leite (Larini et al., 1997).

3.1.2.5. Toxicidade do mercurio

A toxicidade induzida por compostos de mercurio depende da natureza da
exposicao, da intensidade e da forma quimica deste metal (Diner, 2003).

O metilmercurio € a forma mais toxica de mercurio, sendo responsavel pelos
danos mais importantes a saude observados em humanos. Isto se deve,
provavelmente, a sua lenta eliminagao (Faro, 2000). O sistema nervoso central € o alvo
principal do metilmercurio, o qual afeta, principalmente, areas especificas do cérebro,
como cerebelo e lobos temporais. A intoxicagao por metilmercurio se caracteriza por
comprometimento de nervos periféricos (parestesia de extremidades, labios e lingua,
exacerbacao dos reflexos tendineos profundos e neurite periférica) e comprometimento
do SNC (constricao do campo visual, alteragdo auditiva, disturbios da fala e confusdo
mental), principalmente a nivel cerebelar (ataxia, disartria e disturbio da marcha).
Insuficiéncia renal também tem sido observada apds exposicdes ao metilmercurio
(WHO, 1990; Lebel et al.,1998).

O sistema respiratério € principalmente afetado pela exposicdo ao vapor de
mercurio elementar, em niveis elevados e em curto prazo (ATSDR, 1989). Exposi¢des
ao vapor de mercurio elementar acima de 1-2 mg/m?®, por algumas horas, pode causar
bronquite aguda e pneumonia. Duas horas apos a exposi¢cdo aos vapores de mercurio,
observa-se dano no pulmdo através da formacdo de uma membrana hialina e,
finalmente, a ocorréncia de fibrose pulmonar (Sigeyuki et al., 2000). Além disso,
exposicdes cronicas ao mercurio elementar podem causar danos ao tecido renal,

atingindo o glomérulo e os tubulos renais (ATSDR, 1992).
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Sabe-se que o mercurio inorganico pode causar varios danos ao organismo, tais
como danos ao sistema reprodutivo (Underwood, 1977; Anderson et al., 1992), ao
sistema hepatico (Huang et al., 1996), ao sistema pulmonar (Sener et al., 2007) e ao
sistema renal (Perottoni et al., 2004), sendo este ultimo o alvo primario da forma
inorganica do metal (Emanuelli et al., 1996; Clarkson, 1997). Além disso, o cérebro
também pode ser afetado pelo mercurio inorganico, ja que esta espécie de mercurio
pode ser formada no cérebro como um metabdlito de outras formas de mercurio (Vahter
et al., 1994). E importante ressaltar que, no presente estudo, os efeitos do mercurio
inorganico (cloreto de mercurio) sobre os sistemas hepatico, renal, hematolégico e
imunoloégico serao enfatizados.

O figado é um o6rgao de grande importancia tendo em vista suas diferentes
funcdes: metabolismo, excrecdo, secre¢cdo, armazenamento, protecdo, circulacdo e
coagulagcédo sanguinea. Dentre as funcgdes citadas, uma das mais relevantes consiste
na funcao de desintoxicacao, através do sistema microssomal de biotransformacao de
xenobioticos (sistema citocromo P-450 ou CYP) (Motta et al., 2002). Estudos tém
demonstrado que exposicdes a diferentes metais pesados causam danos ao tecido
hepatico (Borges et al., 2008; Mishra et al., 2008). Estes danos podem ser induzidos,
em parte, pela geracdo de estresse oxidativo. De fato, Sener et al. (2007)
demonstraram que a exposi¢céo ao cloreto de mercurio causa a geragao de EROs e
reducédo de GSH no tecido hepatico de ratos.

O rim é um orgao vital que desempenha papéis essenciais no organismo. As
principais fungbes deste 6rgdo sao: regular a osmolaridade e volume de liquido
corporal; eliminar substéncias toxicas enddégenas ou exogenas; manter o equilibrio de
eletrélitos e regular o equilibrio acido-basico. A unidade funcional do rim é o néfron, o
qual é constituido por glomérulo, capsula de Bowman, tubulo proximal, algca de Henle,
tubulo distal e tubulo coletor (Sherwood, 2001). Devido a alta taxa de fluxo sanguineo, o
rim € um dos principais alvos da toxicidade induzida por xenobidticos (Hart and Kinter,
2005). Neste contexto, Yoshioka e Ichikawa (1989) demonstraram que a geragao de
EROs pelo mercurio pode comprometer a fungao renal, diminuindo a taxa de filtragao

glomerular.
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O rim é de grande importancia quando se trata de exposi¢des ao mercurio,
especialmente na sua forma inorganica, uma vez que a excregao desta forma de
mercurio se da principalmente via renal (Graeme e Pollock, 1998). Existem evidéncias
que indicam que a captacdo do mercurio pelo tecido renal envolve tanto a membrana
basolateral (voltada para o sangue) quanto a membrana luminal (voltada para o [limem
tubular), principalmente nos tubulos proximais (Zalups, 2000). O principal mecanismo
de captacdo dos ions mercurio através da membrana basolateral é através de um
sistema de transporte de anions organicos. Ja para a captagédo através da membrana
luminal, parece que o transporte é feito através de transportadores de aminoacidos
(Zalups, 2000). Baseado no fato de os ions mercuricos possuirem grande afinidade por
grupos -SH (Zalups and Lash, 1994), sugere-se que uma significante fracdo dos ions
mercuricos no plasma (apdés a exposicdo ao mercurio inorganico) esteja ligado a
proteinas tidlicas de baixo peso molecular, antes de serem captados pela membrana
basolateral. De fato, existem evidéncias que indicam que a maioria do mercurio
presente no plasma esta ligada a albumina sérica, uma proteina sulfidrilica (Lau and
Sarkar, 1979). Segundo alguns estudos, pode haver uma troca da albumina por GSH
ou cisteina (Cys), ou outras moléculas tidlicas, e transporte dos complexos Hg-GSH ou
Hg-Cys para dentro das células renais (Zalups e Barfuss, 1995a; b).

Os danos nas células sanglineas ocasionados pela exposicdo ao mercurio
parecem estar relacionados com os efeitos hemoliticos induzidos por este metal. A
inducdo de hemolise parece ser devido aos efeitos pro-oxidantes do mercurio (Zolla et
al., 1997; Brandado et al.,, 2005). Ribarov et al. (1982) demonstrou que os ions
mercuricos podem interagir com componentes citoplasmaticos eritrocitarios,
ocasionando hemodlise. O processo hemolitico parece ser uma consequéncia da
inibicdo de enzimas citoplasmaticas antioxidantes, tais como a superdxido dismutase
(SOD), a catalase (CAT) e a glutationa peroxidase (GPx) ou reducdo nas defesas
antioxidantes ndo enzimaticas, como a GSH (Ribarov e Benov, 1981). Além disso, o
complexo Hg**-hemoglobina pode causar a producdo de EROs (Zolla et al., 1997). O
processo de agregacao plaquetaria também pode ser alterado pela exposicdo ao
mercurio. Kumar (2000) demonstrou que o mercurio € o0 arsénio aumentam a

agregacao plaquetaria, e isto parece ocorrer através da inibicdo da adenilato ciclase ou
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ativacdo da fosfodiesterase, com uma consequente redugcdo nos niveis de 3-5’
adenosina monofosfato ciclico (AMPc) (Figura 1), o qual é um segundo mensageiro
responsavel, entre outras coisas, por inibir a agregacdo ou adesdo plaquetaria
(Feinstein et al., 1985).
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Figura 1: Formagao e degradacao do AMPc

A presenca de alteragdes no sistema imunoldgico induzidas pela exposi¢cao ao
mercurio inorganico € bastante relatada na literatura. Soleo et al. (1997) indicam que a
exposicdo crbnica a baixas concentragcdes de mercurio inorganico resulta em
disfungdes imunoldgicas. Segundo Zelikoff & Thomas (1998), a exposicdo a baixas
concentragcdes de mercurio, em suas varias formas quimicas, pode induzir doencas

auto-imunes e deprimir ou estimular o sistema imune em varias espécies animais. Num
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primeiro momento, o0 mercurio induz a auto-imunidade, ou seja, o sistema imunoldgico
produz anticorpos contra suas proprias proteinas. Por meio deste mecanismo, o
mercurio lesa os rins pela produgao de anticorpos que interferem com as proteinas das
membranas renais. Estes anticorpos depositam-se nos rins causando, eventualmente,
disfuncdo renal e o aparecimento de sintomas clinicos. Este € o mecanismo de indugao
de glomerulonefrite, observada em trabalhadores expostos ao mercurio. O aumento nos
niveis de imunoglobulinas, apds exposicdo ao mercurio, € um exemplo desta auto-
imunidade (Silberg & Devine, 2000). Além disto, estudos recentes apontam a apoptose
de linfocitos e mondcitos induzida por mercurio, como tendo um papel importante na
disfuncdo imune causada por este metal (Ben-ozer et al., 2000; Shenker et al., 2000).
De fato, linfécitos e mondcitos tratados com mercurio (tanto orgénico como inorganico)
exibem sinais funcionais e morfologicos de morte celular, como por exemplo, um
profundo decréscimo na produgéo de adenina, alteragcédo na sintese de fosfolipideos, e
um aumento de ions calcio. Como estas células apresentam mudancgas nucleares e de
membrana que sao consideradas caracteristicas de uma célula em processo de morte
celular programada, pode-se concluir que células linféides tratadas com mercurio sao

levadas a apoptose (Guo et al., 1998).

3.1.2.6. Mercurio e estresse oxidativo

Como ja descrito, o estresse oxidativo esta bastante relacionado com a
toxicidade induzida por metais pesados. Sob condigdes fisiolégicas normais, as células
produzem EROs por meio da redugao do oxigénio molecular. A produgao dos derivados
toxicos de oxigénio é aumentada como resultado de varios tipos de estresse (Foyer et
al., 1994). A geracdo de EROs, tais como o radical hidroxil (OH’), o anion superéxido
(027), o perdxido de hidrogénio (H.0:) e o oxigénio singlete ('O,) tem demonstrado ser
um dos agentes causadores de injuria nos tecidos. A toxicidade do mercurio esta
associada com o estresse oxidativo, uma vez que este metal causa a geragdo de EROs
e altera o sistema de defesa antioxidande celular (Hussain et al., 1999). De fato, o
estresse oxidativo € bastante observado em intoxica¢des pelo mercurio (Huang et al.,
1996; Hoffman e Heinz, 1998; El-Demerdash, 2001). Segundo Lund et al. (1991), o
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mercurio estimula a lipoperoxidagao por aumentar a formacéo de H,O, na mitocéndria.
Além disso, o mercurio, similarmente a outros metais, pode participar das reagdes de
Haber-Weiss e de Fenton e assim propiciar a formagdo de radicais OH" (Halliwell e
Gutteridge, 1990) (Figura 2), que iniciam o processo de peroxidacao lipidica e de
oxidacao protéica. Esta geracdo de EROs também pode ser responsavel por danos ao
DNA e pela deplecado dos grupos -SH de moléculas enddégenas (Lund et al., 1991;
1993).

Seqiiéncia da reacao de Fenton
O, + Fe3t —— O, + Fe2*
H,O, + Fe?* ——— Fe¥*+ OH™ + OH*
Reacao de Haber-Weiss

H,0,+0; —— O, + OH™ + OH*

Figura 2: Sequéncia das reagdes de Fenton e Haber-Weiss

Além de gerar diretamente EROs, como descrito acima, o mercurio também
pode causar um aumento indireto nas EROs. Tem sido demonstrado que o mercurio
inibe a atividade de diversas enzimas antioxidantes (enzimas “scavengers” de radicais
livres), como a catalase (CAT), superoxido dismutase (SOD) e glutationa peroxidase
(GPx) (Benov et al.,, 1990) (Figura 3), que podem proteger contra danos celulares,
injuria tecidual, cancer e numerosas patologias relacionadas com a idade (Hussain et
al,, 1999). Outra enzima que pode ser alterada pela exposicdo ao mercurio é a
glutationa S-transferase (GST). Esta € uma enzima de metabolizagédo de fase Il (Hayes
et al., 2005), que cataliza a conjugacado de xenobidticos com a GSH, formando um
conjugado menos toxico e mais facilmente excretado. Dessa forma, a exposigdo a
xenobioticos, como o mercurio, pode causar uma ativagdo nesta enzima (Brambila et
al., 2002). Além disso, a GST é relatada por apresentar agao antioxidante (Casalino et
al., 2004).
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A exposicao ao mercurio pode, também, reduzir as defesas antioxidantes nao-
enzimaticas como, por exemplo, a GSH (Zalups et al., 2000). A redugdo nos niveis de
GSH ocorre porque o mercurio possui grande afinidade por grupos —-SH de
biomoléculas enddgenas (Clarkson, 1997). Deste modo, ele pode se complexar com
estruturas que contém estes grupos -SH, como a Cys e a GSH (Zalups, 2000).
Resultados controversos tém sido obtidos com relacdo aos efeitos do mercurio nos
niveis de GSH. Zalups (2000) demonstrou que baixas doses de mercurio podem
aumentar os niveis de GSH renal, enquanto que altas doses deste metal podem reduzir
os niveis de GSH renal. O aumento na concentracdo de GSH observado apos a
exposicdo aos compostos de mercurio pode estar relacionado com o aumento na
atividade da enzima glutationa redutase (GR) (Figura 3), o qual é relatado pela literatura
(Lash e Zalups, 1996). Outra defesa antioxidante n&o-enzimatica alterada pela

exposi¢ao ao mercurio é a vitamina C (Lund et al., 1993; Perottoni et al., 2004).

SOD CAT
0y ———— H,0, ——— H,0

GPx

a8

GSH GSSG

N

GR

Figura 3: Funcdes das enzimas antioxidantes

Devido a sua natureza sulfidrilica, a enzima &-aminolevulinato desidratase (o-
ALA-D) pode ser inibida por uma variedade de substancias que possuam a propriedade
quimica de oxidar grupos —SH, como por exemplo o mercurio (Emanuelli et al., 1996). A
enzima 5-ALA-D faz parte da rota biossintética do grupo heme (Figura 4). O heme
(ferroprotoporfirina) faz parte da estrutura de proteinas que participam do transporte e

armazenamento de oxigénio (hemoglobina e mioglobina, respectivamente); do
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transporte de elétrons (citocromos a, b e c); da biotransformagdo de xenobidticos
(citocromo P450) e do sistema de protecéo contra peroxidos (catalases e peroxidases)
(Timbrell, 1991). A inibicdo da 3-ALA-D, portanto, pode prejudicar a rota biossintética do
heme, resultando em consequéncias patoldgicas (Sassa et al., 1989; Goering, 1993).
Além da reducdo na sintese do heme, a inibicdo desta enzima pode resultar no
acumulo do substrato acido §-aminolevulinico (ALA) no sangue, com consequente
aumento na excregao urinaria do mesmo. O acumulo de ALA pode estar relacionado
com a superproducdo de espécies reativas de oxigénio (Bechara et al., 1993). Além
disso, o ALA gerado no figado e na medula 6ssea pode atravessar a barreira hemato-
encefalica, apresentando efeitos neurotoxicos (Becker et al., 1971; Cutler et al., 1979).
Além da enzima 6-ALA-D, o mercurio pode inibir a atividade de outras enzimas
sulfidrilicas, como por exemplo a Na*-K*-ATPase, a qual também é sensivel a agentes
oxidantes (Anner et al.,, 1990). Esta é uma enzima de membrana responsavel pelo

transporte ativo dos ions sodio e potassio (Doucet, 1988).

E ;H EOzH HO,C  CH,CO,H
[ !Hg 'H, CH,
LHE 1H2 1 L
i =0 + 1320 ALA-D y_h + 2H,O
'! l:H; LI".H:/ '\N/LH
H?« 111113 NHy )

acido 8—aminolevulinico
(ALA)

porfobilinogénio

Figura 4: Condensacgéao assimétrica de 2 moléculas do ALA,

catalisada pela enzima 3-ALA-D

3.2. Agentes quelantes



37

3.2.1. Aspectos gerais

A intoxicagao por elementos metalicos requer um tipo de tratamento especifico,
sendo a terapia por meio de agentes quelantes a forma mais efetiva (Flora e Kumar,
1993). A quelacéao refere-se a coordenacédo de dois ou mais atomos de um ligante ao
atomo metalico central, formando uma molécula denominada de quelato. Os agentes
quelantes devem apresentar algumas caracteristicas: devem ser capazes de penetrar
nos tecidos e alcangcar os metais através de afinidade quimica; devem formar
compostos atoxicos; e devem formar compostos hidrossoluveis, facilitanto a excrecao
do quelato pela urina (Benite et al., 2002). Os compostos sulfidriicos como o
dimercaprol (British Anti-Lewisite, BAL), a D-penicilamina (Klaassen, 1996) e derivados
do dimercaprol como o acido meso-2,3-dimercaptosuccinico (DMSA) (Endo e Sakata,
1995; Flora, 1999; Frumkim et al., 2001) e o acido 2,3-dimercapto-1-propanosulfénico
(DMPS) (Pingree et al., 2001) sdo os agentes quelantes mais utilizados na terapéutica
contra as intoxicagdes metalicas. Estes compostos, além de aumentarem a excrec¢éo do
metal toxico, também reduzem a toxicidade dos metais por impedir a ligagao destes em
moléculas celulares alvo (Aposhian et al., 1995).

Os primeiros relatos do uso de agentes quelantes em casos de intoxicagdes
datam da época da Segunda Guerra Mundial, na Inglaterra. Stocken e Thompson, em
1946, descreveram o uso do 2,3-dimercaptopropanol (BAL) como um antidoto para
intoxicagdes pelo dicloro-vinil arsénio. Este composto € um potente agente toxico
presente em gases de guerra, conhecido como Lewisite, o qual € capaz de atuar nos
pulmdes, nos rins, outros 6rgaos internos ou outras superficies do corpo. Segundo
relatos, o BAL proporcionava 100% de sobrevivéncia em animais expostos topicamente
ao Lewisite quando comparado a outros quelantes menos efetivos, como o monotiol 2-
mercaptoetanol (Stocken e Thompson, 1946). Entretanto, devido a sua
lipossolubilidade, o BAL pode atravessar a membrana celular e atingir os espacos
intracelulares (Andersen, 1989), causando redistribuicdo de metais, como o arsénio, o
metil mercurio (Hoover e Aposhian, 1983), o mercurio inorganico (Aaseth et al., 1995) e

o chumbo (Cory-Slechta et al., 1987) dos 6rgaos periféricos para o cérebro. Uma vez
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que a utilizagdo do BAL apresenta diversas limitagées devido a sua toxicidade, outros
agentes quelantes, potencialmente menos toxicos, tém sido investigados (Keith et al.,
1997). Derivados estruturais do BAL, o DMPS e o DMSA, sdo mais hidrossoluveis e
possivelmente menos téxicos do que o BAL (Andersen, 1989).

E importante ressaltar que a utilizagdo de agentes quelantes pode apresentar
efeitos adversos. O tratamento prolongado com agentes quelantes pode causar
disturbios hematopoiéticos (Flora e Kumar, 1993), desequilibrio do metabolismo celular
e das sinteses de DNA, acido ribonucléico (RNA) e proteinas (Fischer et al., 1975), ou
ainda alteragdo da homeostase dos elementos tragos (Cantilena e Klaassen, 1982).
Existem, entretanto, alguns efeitos adversos decorrentes da utilizagdo de agentes
quelantes. Como o mecanismo terapéutico dos agentes quelantes envolve a ligagéao e
excregao dos metais toxicos do organismo, estes compostos podem interagir com
metais endogenos essenciais, em especial o zinco, podendo ocasionar uma
redistribuicdo ou até mesmo uma elevagcdo na excre¢do dos mesmos (Cantilena e
Klaassen, 1981). De fato, dados da literatura mostraram que o DMSA e o DMPS
aumentam a excregao urinaria de cobre e zinco em ratos (Khandelwal et al., 1987) e
em humanos (Smith et al., 2000). Como descrito anteriormente, os metais endégenos
sao componentes essenciais de muitos sistemas enzimaticos, como a enzima 6-
aminolevulinato desidratase (3-ALA-D), que requer ions zinco para sua atividade

catalitica maxima (Jaffe et al., 2004).

3.2.2. Acido 2,3-dimercapto-1-propanosulfénico (DMPS)

O DMPS (Figura 5) tem sido usado na antiga URSS desde 1958 e encontra-se
disponivel, comercialmente na Europa, como DIMAVAL®. Além disso, este composto
tem sido utilizado na Alemanha para o tratamento de intoxicagdes por mercurio
(Campbell et al., 1986). Este quelante apresenta-se como solido cristalino e estavel
(Aposhian et al., 1992) e é facilmente administrado por via oral (Aposhian et al., 1996).
A DLsy em camundongos tratados com DMPS é de 5,22 mmol.kg™ (Aposhian et al.,

1981). J& camundongos tratados com BAL apresentam DLso de 0,73 mmol.kg™. Devido
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a estas caracteristicas, o DMPS ¢é considerado menos toxico que o BAL (Aposhian et
al.,, 1992). De fato, o DMPS foi descrito como uma droga efetiva no tratamento de
intoxicagdes por mercurio (Kostygou, 1958), substituindo o BAL (Toet et al., 1994;
Campbell et al.,, 1986; Cherian et al., 1988), apresentando menor toxicidade local e
sistémica (Hruby e Donner, 1987) e nao causando redistribuicdo de mercurio para o
cérebro de ratos (Buchet e Lauwerys, 1989; Aposhian et al., 1996).

O DMPS apresenta dois grupos -SH vicinais e caracteriza-se pela maior
solubilidade em agua (Nadig et al., 1985) e limitada solubilidade lipidica (Aposhian et
al.,, 1983). A presenca de dois grupos -SH vicinais é reconhecida como a estrutura
essencial para a eficacia do agente quelante (Muckter et al., 1997). Em intoxicagdes
agudas por mercurio, por exemplo, uma das terapéuticas fundamentais € a utilizagédo
de compostos que apresentem na sua estrutura grupos -SH (Schwartz et al., 1992;
Klaassen, 1996). Estes compostos ditidlicos possuem a capacidade de complexar este
metal pesado e aumentar a velocidade de excregao renal e biliar (Jugo, 1980; Shimada
et al., 1993).

Como mencionado anteriormente, Zalups (2000) demonstrou que, apos a
exposicao ao mercurio inorganico, os ions mercuricos sdo acumulados principalmente
nas células dos tubulos proximais. O DMPS parece retirar o mercurio do compartimento
intracelular e levar para o Iimem tubular, aumentando a excre¢ao deste metal na urina
devido a falta de captagao luminal dos conjugados de mercurio (Zalups et al., 1998).
Entretanto, Sweetman (2002) demonstrou que o DMPS possui a capacidade de quelar
elementos essenciais como o cobre, 0 cromo € o zinco. Além disto, a associagao entre
mercurio e DMPS parece apresentar efeitos pré-oxidantes. Nogueira et al. (2003b)
demonstraram que a inibicdo na atividade da enzima J-ALA-D hepatica de
camundongos, induzida por mercurio e cadmio, foi potencializada tanto pelo DMPS
quanto pelo DMSA. Neste contexto, estudos tém demonstrado que complexos
formados entre o mercurio e moléculas tidlicas podem apresentar atividades proé-
oxidantes maiores do que os componentes isolados (Miller e Woods, 1993; Putzer et
al., 1995).
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|COOH
HC—SH
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Figura 5: Estrutura do acido 2,3-dimercapto-1-propanosulfénico (DMPS)

3.3. Agentes Antioxidantes

3.3.1. Aspectos gerais

Conforme descrito anteriormente, a intoxicacdo por metais pesados pode causar
estresse oxidativo, seja através da redugdo de defesas antioxidantes ou pela geragao
de EROs (Hussain et al.,, 1999; Wang et al., 2004). Uma vez que os antioxidantes
possuem uma importante funcao protegendo as células contra o estresse oxidativo, a
utilizacdo destes compostos pode ser eficaz em proteger contra as intoxicagdes pelo
mercurio. Neste contexto, muitos compostos com potencial antioxidante tém sido
testados na terapia de intoxicagdes em que o estresse oxidativo esteja envolvido (Sener
et al., 2003; Meotti et al., 2004; Santos et al., 2004; 2005).

3.3.2. N-acetilcisteina (NAC)

A NAC (Figura 6) é considerada um importante agente terapéutico e €
comumente utilizada na pratica clinica (Repine et al., 1997), sendo empregada como
agente mucolitico, administrado por inalacédo, e também como tratamento de

intoxicagao por acetoaminofeno (Ziment, 1986; Borgstrom et al., 1986). Além disso, tem
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sido demonstrado que a NAC possui efeito antimutagénico e anticarcinogénico em
animais experimentais (De Flora et al., 1986a; b).

Sabe-se que a NAC pode estimular a sintese de GSH (Moldeus et al., 1986),
uma vez que contém grupos tidis em sua estrutura. A NAC é uma doadora destes
grupos tidis, atuando como precursora da Cys intracelular, indispensavel para a sintese
de GSH, assegurando-lhe sua fungdo normal na protecao celular. Desta forma, a NAC é
utilizada como antioxidante em condi¢des de estresse oxidativo (Moldeus et al., 1986;
Aruoma et al., 1989). Varios estudos tém indicado que a NAC também possui atividade
quelante com relagéo a diversos metais pesados (Banner et al., 1986).

A utilizagcdo da NAC como agente antioxidante ou quelante, entretanto, requer
certos cuidados, ja que Ritter et al. (2004) descreveram que o uso da NAC pode ter
algumas limitagdes e apresentar efeitos pro-oxidantes, devido a facilidade com que
interage com o ferro. Além disso, alguns estudos tém demonstrado que a co-
administracdo de moléculas tidlicas de baixo peso molecular (Cys, homocisteina e
NAC) com o mercurio aumenta a concentracédo do metal no tecido renal, sugerindo que
o complexo tiol-mercurio seria mais facilmente transportado pelos tubulos renais do que

o metal somente (Zalups & Barfuss, 1998).

0O
OH
HS HN‘<
O

Figura 6: Estrutura da N-acetilcisteina (NAC)

3.3.3. Selénio

O selénio (Se) foi descoberto em 1817, pelo quimico sueco Jons Jacob
Berzelius. Esse elemento é um calcogénio do grupo 16 da tabela periddica, podendo
apresentar-se sob quatro estados de oxidagdo: selenato (Se*®), selenito (Se™), selénio
elementar (Se°) e seleneto (Se?). O selénio compartilha propriedades quimicas e



42

fisicas com o enxofre. Esta similaridade permite que o selénio substitua o enxofre,
promovendo interagdes selénio-enxofre nos sistemas biologicos. Por outro lado, as
diferengas nas propriedades fisico-quimicas entre selénio e enxofre constituem a base
de seus papéis biolégicos especificos (Stadtman, 1980).

O selénio € um elemento trago essencial, cuja essencialidade nutricional foi
demonstrada em 1957, em ratos (Schwartz e Foltz, 1957). Nos ultimos anos, tém sido
descrito que baixos niveis de selénio podem levar a predisposicdo para o
desenvolvimento de algumas doengas, tais como cancer, esclerose, doenga
cardiovascular, cirrose e diabetes (Navarro-Alarcon e Lopez-Martinez, 2000). Neste
contexto, a suplementacdo 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 pg, a qual € considerada segura e saudavel para adultos.
Este elemento pode ser encontrado nos seguintes alimentos: castanha-do-para, alho,
cebola, brdcolis, cogumelos, cereais, pescados, ovos e carnes (Dumont et al., 2006).
Por outro lado, sabe-se que a concentragdo alimentar requerida de selénio € muito
proxima da dose que pode ser toxica (Oldfield, 1987). De fato, estudos demonstraram
que altas doses de selénio podem ser citotdxicas, uma vez que possuem a habilidade
de oxidar grupos —SH e gerar radicais livres (Barbosa et al. 1998; Nogueira et al. 2004).

Este calcogénio apresenta um grande numero de fungdes bioldgicas, sendo a
mais importante como antioxidante. Sabe-se que moléculas contendo selénio, como por
exemplo o (PhSe),;, podem ser melhores nucledfilos (e portanto antioxidantes) do que
os antioxidantes classicos (Arteel e Sies, 2001). As pesquisas recentes tém procurado
estabelecer a fungao e a biologia molecular de selenoproteinas. Ja € conhecido que o
selénio esta presente como residuo de selenocisteina no sitio ativo das enzimas
glutationa peroxidase (Wingler e Brigelius-Flohé, 1999), tioredoxina redutase
(Holmgren, 1985), 5’-deiodinase (Behne e Kyriakopoulos, 1990) e selenoproteina P
(Ursini et al., 1990). A atividade redox do selénio tem fundamental importancia para o
sitio catalitico dessas enzimas.

Muitos trabalhos tém reportado uma interagdo entre o selénio e o mercurio em

mamiferos, podendo o calcogénio ter um papel protetor contra a toxicidade induzida
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pelo mercurio (Sasakura e Suzuki, 1998; El-Demerdash, 2001; Farina et al., 2003;
Moretto et al., 2005a; b). De fato, evidéncias demonstram que o selénio pode se
associar ao mercurio e com a selenoproteina P e formar um complexo ternario inerte
reduzindo, desta forma, a toxicidade do metal (Yoneda e Suzuki, 1997). Entretanto,
observamos, em um estudo in vitro, um efeito toxico da interacdo entre selénio (como
selenito de soédio) e mercurio (como cloreto de mercurio) em eritrécitos humanos
(Brandéo et al., 2005). Outros trabalhos também relatam a presenga de efeitos toxicos
decorrentes da interagéo entre selénio e mercurio (Magos, 1991; Farina et al., 2004).

3.3.3.1. Absorgéo, distribuicao e excreg¢ao

Nos mamiferos, o selénio parece ser rapidamente absorvido no duodeno,
seguido pelo jejuno e ileo. Além do trato gastrointestinal, o selénio pode ser absorvido
por tecidos cutaneos e inalacdo. Estas duas ultimas vias de absorgcdo estédo
relacionadas com a exposicdo e intoxicacdo ocupacional por compostos de selénio
(Whanger et al., 1976).

ApoOs a absorgao, os maiores niveis de selénio estdo localizados nos eritrocitos,
baco, coragcdo, unha e esmalte de dentes (Martin e Gerlack, 1972). Na intoxicagao
cronica em animais, o selénio é depositado principalmente nos rins e figado, seguido
pelo pancreas, baco e pulmdes (Wilber, 1980). A primeira evidéncia de metabolizagao
dos compostos de selénio em animais foi determinada apés um longo periodo de
tratamento com o selenito de sb6dio. Os animais apresentavam odor garlico
caracteristico, que posteriormente demonstrou-se ter sido causado pelo seleneto de
dimetila (Klayman e Gunther, 1973). Este metabdlito pode ser resultado do processo de
detoxificagdo do selénio, o qual envolve uma série de metilagcdes dependentes da S-
adenosilmetionina (Hoffman e McConnell, 1986).

O selénio pode ser excretado por trés vias: urina, fezes e ar expirado. A
excrecao urinaria deste composto pode auxiliar em casos de intoxicagbes ou de
exposi¢cdes a altos niveis deste elemento (Valentine et al., 1978). Recentemente, foi
demonstrado que dentro dos niveis normais de selénio, ou seja, ndo toxicos, a principal

forma encontrada na urina € como seleno-agucar. Entretanto, nos casos de doses
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toxicas de selénio, o marcador biolégico encontrado na urina é o trimetilselenénio
(Suzuki et al., 2006). Em individuos expostos acidentalmente a altos niveis de selénio,
pode ser realizada a detecgdo do composto volatil seleneto de dimetila (Mozier et al.,
1988).

3.3.3.2. Disseleneto de difenila (PhSe),

A partir da década de 30, os organocalcogénios tém sido alvos de interesse para
0s quimicos organicos em virtude da descoberta de aplicagdes sintéticas (Petragnani et
al., 1976; Comasseto, 1983), sendo importantes intermediarios e reagentes muito
utiizados em sintese organica (Paulmier, 1986; Braga et al., 1996; 1997).
Consequentemente, o risco de contaminag&o ocupacional por organocalcogénios tem
motivado estudos toxicologicos. Outro aspecto relevante € a tentativa crescente de
desenvolvimento de compostos organocalcogénios que possuam atividades biologicas
e aplicagdes farmacolégicas (Parnham e Graf, 1991; Nogueira et al., 2003a).

Durante as ultimas décadas, o interesse nos compostos organicos de selénio
tem sido intensificado, principalmente devido ao fato de que uma variedade destes
compostos possui propriedades farmacolégicas (Nogueira et al., 2004). Em especial,
destaca-se o disseleneto de difenila (PhSe), (Figura 7), um composto orgénico de
selénio bastante lipofilico e que apresenta inumeras propriedades farmacologicas
(Nogueira et al., 2004). De fato, estudos em animais de laboratorio tém demonstrado
que este composto apresenta propriedades antitlcera (Savegnago et al., 2006),
antiinflamatoria e antinociceptiva (Savegnago et al., 2007), antidepressiva e ansiolitica
(Savegnago et al., 2008), neuroprotetora (Ghisleni et al., 2003), hepato-protetora
(Borges et al., 2005a; 2006), anti-hiperglicémica (Barbosa et al., 2006) e pode retardar
o desenvolvimento de cancer (Barbosa et al., 2008). Além disso, o (PhSe), apresenta
efeitos antioxidantes em diversos modelos de toxicidade induzida por estresse oxidativo
(Meotti et al. 2004; Luchese et al., 2007), incluindo exposi¢cdes ao cadmio (Santos et al.,
2004; 2005; Borges et al., 2008). Nogueira et al. (2004) sugerem que, pelo fato do
disseleneto possuir atividades semelhantes as da glutationa peroxidase, este composto

€ um bom candidato a ser um agente antioxidante. Adicionalmente, também foi
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demonstrado que o (PhSe), pode apresentar atividade complexante em animais
expostos ao cadmio (Santos et al., 2005).

Santos et al. (2006), entretanto, relatam que quando administrado de forma sub-
cronica, em associagdo com o cadmio, o (PhSe), pode potencializar o dano tecidual
induzido pelo metal. Além disso, outros trabalhos tém demonstrado efeitos toxicos do
(PhSe),. Inibigdes nas atividades das enzimas §-ALA-D (Nogueira et al., 2003c) e Na*,
K*-ATPase (Borges et al., 2005b) sdo observadas e o potencial pro-oxidante do
(PhSe), parece estar envolvido nestes efeitos. Efeitos neurotdxicos do (PhSe), também
sao relatados (Nogueira et al., 2003d), incluindo a indug&o de convulsdes (Prigol et al.,
2008). O (PhSe). pode ainda afetar o sistema glutamatérgico em plaquetas humanas
(Borges et al., 2004) e de ratos (Nogueira et al., 2001) e dados da literatura também
indicam que o (PhSe), pode causar toxicidade em fetos de ratas tratadas com este
composto (Favero et al., 2005; Weis et al., 2007).

Embora existam muitos estudos na literatura avaliando o efeito da interacao
entre selénio e mercurio em mamiferos, estudos utilizando o disseleneto de difenila sdo
escassos. Moretto et al. (2005a) demonstraram, em um estudo in vitro, que o
disseleneto de difenila pode proteger contra as alteragdes na fosforilagédo de proteinas
induzidas pelo metilmercurio em cérebro de ratos jovens. Ja em um outro estudo in
vitro, Moretto et al. (2005b) demonstraram que o disseleneto de difenila ndo foi eficaz
em proteger contra a inibicdo da captagao de glutamato induzida pelo metilmercurio e
cloreto de mercurio no cortex cerebral de ratos jovens. Além disso, verificamos, em um
estudo ex vivo, que o (PhSe),, embora tenha apresentado poucos efeitos terapéuticos,
foi efetivo em reduzir os niveis de uréia aumentados pelo cloreto de mercurio em
camundongos (Branddo et al, 2006), sugerindo um efeito benéfico deste

organocalcogénio no tecido renal.
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Figura 7: Estrutura do (PhSe),
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4. ARTIGOS CIENTIFICOS E MANUSCRITOS

Os resultados que fazem parte desta tese estdo apresentados sob a forma de
artigos cientificos e manuscritos, os quais se encontram assim organizados. Os itens
Materiais e Métodos, Resultados, Discussdo dos Resultados e Referéncias
Bibliograficas encontram-se nos proprios artigos e manuscritos. Os artigos estao
dispostos da mesma forma que foram publicados nas revistas cientificas (artigos 1 e 2).
O manuscrito 2 esta disposto da mesma forma que foi submetido para avaliagdo. O

manuscrito 1 encontra-se em fase de redacéo.
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4.1. DMPS e N-acetilcisteina induzem toxicidade renal em camundongos expostos ao

mercurio

4.1.1. Artigo 1

DMPS AND N-ACETYLCISTEYNE INDUCED RENAL TOXICITY IN MICE EXPOSED

TO MERCURY
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A bt

Acule elfects of mercuric chlonde {HeCls) were evaluated on mice. Mice received a single dose of HeCl,
4.6 mg/ke, subcutanecusly) for three comsecutive davs, Thirty minutes alter the last injection with HgCls,
mice received one single injection of 2, 3-dimercaplo- l-propanesullfome acid (DMPS) or N-acelvlevsiane
(MAC) or diphenvl diselenide (PhSe)z. DMPS, MAC and (PhSe): were utilized as therapy against mercury
exposure. Al 24 h alter the last HeCls injection, blood, lver and kidneyv samples were collected. 8-Ami-
nolevulinate dehydratase (§-ALA-D) and MNa™, K ATPase activities, thiobarbituric add-reactive sub-
stances (TBARS), non-protein thiols {NPSH) and ascorbic acid concentrations were evaluated. Plasma
aspartate (AST) and alanine (ALT) aminetransferase activities, as well as urea and aeatinine levels were
determined. The group of mice exposed 1o He + (PhSel: presented 100% of lethahtv, Exposure with
HizCls caused a decrease on the body weight gain and treatments did not moedily this parameter. 8- ALA-D,
AST and ALT activities, TBARS, ascorbic acid levels and NPSH (hepatic and ervihrocyiic) levels were not
changed alter HeCls exposure, HeCl: caused an increase in renal NPSH content and therapies did not
misdily these levels, Mice treated with (PhSe)s, Heg + NMAC and Hg + DMPS presented a reduction in
plasma NPSH levels, Creatimine and urea levels were increased in mice exposed to He + NAC, while Hg
b DMPS group presented an increase only in urea level, Ma ™, K2 ATPase activily was inhibited in mice
exposed to Heg + DMPS and Heg + NAC. In conclusion, therapies with (PhSe),. DMPS and NAC lol-
lowing mercury exposure must be betler studied becuse the Tormation of more toxie complexes with
mercury, which can mainly damage renal Dssue,

Tnntr o et iom

Inoregame mercury 15 widely used in certaim Lvpes
of batteries and continues Lo be an essential com-
ponent of Quorescent light bulbs (Clarkson 1997,
The toxic elfects of mercury on human and animal
svstems are well documented (WHO 1976, 1990),
It is koown that mercuric chlonde (Hg™ ) can
stimulate lipid peroxidation by enhancing Ha0-
fermation in mitochondda (Lund e¢ of 1991,

A method For the detoxification of mercury that
is widely recommended is its transformation into a
chelate complex (Jones 19940 2 3-Dimercaplo-| -
propanesullonic acid (DMPS), a chelating agent,
has been shown w be effective for the treatment of
mercury  inloxication in animals and humans
(Aposhian e o, 1995). However, Nogueira and
colaborators (2003) have reported that DMPS
inhibited hepatic d-aminolevulinate dehvdratase
(A-ALA-D activity from mice and the inhibiion
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potency of DMPS is increased in the presence of
mercury and cadmivm. Since mercury  induces
oxidative stress (Huang er af, 19987, 11 15 believed
that anticxidants should be one of the most
important components of an effective treatment
againsl mercury inloscalion.

MN-acetvlovseine (NAC), a sullhydryl contain-
ing antioxidant {Moldeus er af. 1986), is possibly
one of the most widely investizated compounds
that has beneficial effects on climal conditions in
which [ree radicals are invelved {Berend [983).
Selenium 15 an essential element with physiologeal
antioxidant properiies, appearing as a selenocy-
stene (Bock er af. 19910, a structural component
of several enzvmes involved in peroxide decom-
position, mcluding gutathione peroxidase (Flohe
et al. 1973 Rotruck & o 1973 and phospholipid
hydroperoxide  gluathione  peroxidase  (Ursin
et af. 1982), Organic forms of selenium have been
sugpesied as possible antioxidant agents because
thev exhibit glutathione peroxidase-like activity
(Mo pueira e af. 2004), Conversely, Nogueira o0 al,
(20032) demonstrated that diphenv]l diselenide
(PhS2)z inhibits 4-ALA-D activity [rom human
blood by anteracting with SH groups of the
enzvme.

Because He ™ has greatl affinity for SH groups
ol endogenous bomoelecules, which may contrib-
ule Lo its toxicity (Clarkson 1997), &ALA-D and
Ma™, K7-ATPase, sullhvd eyl conlaining enzvimes,
could be sensitive Lo mercury exposure. Accord-
ingly, Rocha er af (1993, 19935 reported that
A-ALA-D activily was inhabited alter mercuric
chlonde admimstration. This enzvime plavs a lun-
damenizl role in most aerobic organisms by par-
tcipating in heme biosynthesis pathway (Sassa
19987 and its inhibition can lead o S-ALA accu-
mulation, which in turn can enhance the penera-
ton of free radicals, ageravaing exidabve damage
te  cellular  components (Pereira  ef al. 1992,
Bechara 1996).

In addition, Na™, K7 -ATPase could also be
sensilive o oxidizing agents {Thévenod & Fried-
manm, 1999 Folmer e af, 2004; Borpes erall
20051 Ma™, K7-ATPase 15 an enzvme embedded
in the cell membrane and responsible for the adive
transport of sodivm and  polassium dons. Thos
process regulates the cellular Ma ™7 /K7 concentra-
tons and hence their gradients across the plasma
membrane, which are required for vital Tunctions
such a5 membrane co-transports, cell volume

regulation and membrane exciablity {Doucet
198R; Jorgensen 1986). Several reports have shown
the effects of metals such as mercury (Klonne ¢ af,
198R; Anner er af. 1992) cadmium and lead (Ped-
renho ef af. 1990 Garcia & Corredor 2004) on
Ma™, K 7-ATPase activity.

In the present study, we examined the eflects of
DMPS, (PhSek and NAC on acule mercury-poi-
soming inomice, Thereby, we evaluated the elect of
mercury and therapies on S-ALA-D and Ma™,
K 7-ATPase activities, thicharbituric acid-reactive
substances (TBARS), non-proten  thiol  and
ameorbic acd levels on mice bssues. The parame-
ters that indicate hepatic {aspartate (AST) and
alanine (ALT) aminotransferase activities in plas-
ma) or renal (urea and creatimne levels) damage
were also examined.

Materials and methods
Chemicals

Mercuric chloride (HeCl) was oblained [rom
Merck (Darmstadt, Germany). 2, 3-Dimercapto-1 -
propanesullonic acid (DMPS), Nacelvlevsiane
(MAC), d-aminolevalinic acid (6-ALA)  and
p-dimethvlominobenzaldehvde  were  purchased
from Sigma (St Lows, MO, USA). Diphenyl -
selenide was svnthesized according Lo Paulmier
(19861, Analvsis of the "H NMR and “C NMR
specira showed analviical and spectroscopie data
in [ull agreement with ils assigned structure, The
chamnical purity of diphenyl diselenide (99.9%) was
determined by GCHPLC. All other chemicals
were of analyvtical grade and obined [rom slan-
dard commercial suppliers. (PhSe)k was dissolved
in DMSO (dimethylsulloxide).

Animals

BMale adult Swiss albine mice (30-35 2) [rom our
own breeding colony were used. The animals
were kepl on separate animal rooms, on a [2h
light/dark cvde, at a room lemperature of 22 *C,
with [ree access 1w food and water, The animals
were used according o the guidelines of the
Commuitlee on Care and Use of Expernimental
Ammal Resources, Federal Unmiversity of Santa
Maria, Brazil.
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Expozure

A group of six Lo eght mice was usually tested in
cach experiment. Mice received one daily injec-
tion of mercuric chloride {(HeCls), subaitane-
ously, at the dose of 46 megke (dissolved n
saline at 046 meg/ml) [or three consecutive days
(Emanuelli 0 of 1996, Perotlom e af, 2004b).
Thirty minutes alter the last injection with mer-
cury, mice received one injection of DMPS at the
dose of 400 pmol ke intrapedtonealy (i p) {Santos
et al, 2004 or MAC (300 me/Ke ip) or diphe-
nyl diselemde {100 wmolke, sc) (Mogueira e al
H003k).

The protoce] of mice treatment is gven below:

Group | {contrel): saline (5. + DMSO (sc) +
saline (i.p.)

Group 2 (DMPS): saline (s.c) + DMPS (Lp)+
saline (i.p.)

Group 3 (PhSels: saline (s.c) + (PhSe)s (5.1 +
saline {i.p.)

Group 4 (MAC) saline {s.c) +
DM S0 (5.2

Group 5 (Hgk HeCl, d6 mgke, sc) 4
DM S0 (5.2 + saline (i.p.)

Group 6 (Hg + DMPS): HeCls (4.6 meke, s.c) +
DM PS (ip) + saline (i.p)

Group T(Hg + (PhSek) HeCl: (4.6 me ke s.c) +
(PhSe)s (s.c.) + sahne {(L.p.)

Group B (Heg + MACE HeCl (4.6 meke, s.c) +
MAC (ip) + DMSO (52

NAC (ip) +

AL 24 h alter the last HeQlz injection, the blood
samples were colkoled divectly from the ventnicle of
the heart in animals anesthetized. Subsequently, mice
were sacrificed and liver and kidney were removed.

Maorality index

The effects of DMPS, (PhSe); and NAC on mor-
ality index of mice exposed Lo mercury were
evaluated 24 h alter therapies,

Body weight

Effects of DMPS and NAC on body weight gain of
mice exposed Lo mercury were evaluated. The
body weight gain of mice was monitored [or the
whole course of the experiment.

3l
B ALA-D aetivity

A-ALA-D activily was assaved by the method of
Sassa (1982) by measuring the rate of product
(porphobilinegen) formation except that 45 mM
polassium phosphate buller, pH 6.4 and 2.5 mM
of aminolevulinic acid (A LAY were used {Barbosa
et o, 1998) Incubations were carned oul Tor 30
liver) and &0 min (kidney) at 3 *C. The reaction
product was determined using modified Ehelich's
reagent al 555 nm, with a molar absorplion coel-
fAcient of 6.1= 10* per M [or the Ehelich-porpho-
bilinogen sall.

Determination of non-proiein thiols (| NPSH)

MPSH in kidney, liver, ervthrocvies and plasma
were determined by the method of Ellman (1959,
To determine MPSH in hiver and kidnev, the
homoegenate was centriluged at 4000 = g at 4 °C
for 10 min and the supernatant (500 ul) was mixed
(L:1) with 0% trichloroacetic acid (300 ul). Aler
centrilugation, the protein pellet was discurded
and free — SH groups were determined in the clear
supernalant.

The ervihrocvie samples (300 ul) were hemo-
Iveed with 10% Trton (100 ul) and precip aied
with 200 wl of 0% trchloroacetic acid. Aflter
centrilugation, free -~ SH groups were determined
in the supernatant. MPSH determination in plasma
wis carried oul withoul sample treatment.

Determination of thinbarbiteric acid-reactive

substances ( TBEARS)

Lipid peroxidation was performed by the [orma-
ton of TEBARS during an acid-heating reaction as
previcusly  described by Draper and Hadley
(19900, Briefly, the samples were mixed with | ml
of 0% TCA and | ml of 0.67% thicharbituric
acid subsequently they were heated in a bodling
waler bath for 15 muin. The absorbance was read al
532 nm and the data expressed as nmol malondi-
aldehvde (M DAY 2 tssue.

Ascorbic acd determination

Ascorbic acid determinabion was performed as
described by Jacques-Silva e of. (2001). Protan
(Lissues) was precipilated in 10 volumes of a cold
4% tnchloroacetic aad selution. An aliquol of
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sample (300 wl), in a Gnal volume of 1 ml of the
solution, was incubated at 38 °C [for 3 h, then | ml
H-500, 65% (viv) was added e the medium. The
reaction product was determined using a color
reagent  conlaining 4.5 megml  dimirophenyl
hyd razine and CuSO0, (0,075 mg'ml).

Aspartate ( AST ) and alanine aminotransferase
{ALT) activities

Plasma AST and ALT enzvmes were used as the
bicchemical markers For the earlyv acule hepatic
damage, AST and ALT activibies were determined
using a commercial Kit {LABTEST, Diagnostica
SA, Minas Gerais, Braal).

Ulrea and creatinine levels

Benal Munction was analveed using a commercial
Kit {LABTEST, Dhiagnostica S.A, Minas Gerais,
Brazl) by determining plasma urea and creatinine.

Na™, K7-AT Pase activity

Immediately alter the mouse sacrifice, the kidney
was removed and the homogenale was prepared in
005 M Tris—=HCl buler (pH 7.4). The homoge-
nate was centrifuged and supernatant was used For
assay of protein Ma™, K7 -ATPase. The reaction
mizture for Ma™, K7 -ATPase activily assay con-
zined 6 mh MgCls, 100 mM MNaCl 20 mM KO,
| mM EDTA and 40 mM Trs-HCL pH 7.4, in a
final volume of 500 gl The reaction was initated
by the addition of ATP o a final concentration of
30 mM. Controls were carried oul under the same
conditions with the addition of | mM ouabain,
Ma™, K7 -ATPase activily was calculated by the
dilference between the two assavs, Released inor-
eanic phosphate (Pi) was measured by the method
of Fiske & Subbarow (1925).

Staviztical analysiz

Data are expressed as mean 4 S EM. Statistical
analvsis was performed o compare Lreatment
eroups Lo respective control groups using a one-
way analysis of varance [ollowed by the Duncan's
multiple range lest when appropriate. Values of
F=005 were considered stabistcally significant.
For companng the morality index, a non-para-
metric chi-square Lest was applied.

Tuhle |, Effects of DMPE (PhSe) md MAC on morizhity melex
ol -t e pawed Lo meTcury.

Morlaliy index
coninel LA ]
MPsE s
(PhSe) s
MAL s
Hg 119
Hg + DMPS 2119
Hg + (PhSe}s Tk ad
Hg + RAC 2130

*Denaried P 0001 25 com paned Lo the control groap (chi-square
)
"Denced P 0] &= wmperal 1o the He group (chi-squsre
esl).

Risults
Maortality index

Results indicated that mice exposed o mercury
plus {PhSe) presented 100% ol lethality (Tabkle 1.
For this reason, other parameters were nol eval-
uated in this group (Hg +(PhSel). In the other
eroups, there was ne significant difference in the
mortality index.

Body weight

The body weaght gain of the mice was monitored
for the whole course of the experiment. Mice ex-
posed o mercury presented a reduction in the
body weight gain when compared Lo the contrel
croup. Therapies with NAC and DMPS were nol
effective in restoring the body welght (Table 2.

B-ALA-D activity

Results demonstrated that acule mercury exposure
did not afect renal and hepatic &ALA-D activi-
ties. Therapies with DMPS and NAC did not
medily enzvme activity when compared o the
contrel and He eroups (data not shown.

Lipiad peroxidation

Eenal and hepatic malondialdehvde levels, a par-
ameter of TBARS lormation, remained unchanged
alter mercury exposure. Therapies did not modily
MDA levels when compared o the contrel and Hg
croups (data nol shown).
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Table 2. Effecis of DMPS and MAC on body wesght gam of
moce exposed ko mercury.

Haody weaght gan (g)

contrel 055 0.5 {1.6)
D MPS —0.48 064 (1.4
(PhSe —0.81 064 (-2.3)
MAC —0.31 20,40 (-0.9)
Hg — 18 4056 (- 5.2
He + DMPE —1.91 2097 (56"
He + MAC —2.45 20,98 (—4.95"

[la &ne mean £ S EM. from @x o eighl anmal m sach
groug. (% of the body weight change.

*Denated F <005 25 compand 1o the coniral group (onewsy
AMOVA Duncan ).

Ascorbic acdd concentration

Mercury exposure did not modily renal and hepatic
ascorbic acid levels, DMPS and MAC therapies did
nol change ascorbic acd levels when compared Lo
the contrel and He groups (data not shown )

Non-protein thiods (NPSH )

Resuls indicated that mercury exposure indaeases
renal MPSH levels (186.61%) when compared Lo
the contrel group (F <0010 Therapies did not
change renal NPSH levels in companson o the He
eroup (Figure 1), Hepatic NPSH levels remaned
unchanged aller mercury exposure and therapies

% Kidney

a3

did not modily these levels (Figure 1), Mercury
expo- sure and therapies did not change ervihro-
ovies NPSH content (Figure 21, Mice exposed o
{PhSe)s presented a decrease in plasma NPSH
levels (30.19%) when compared o the control
erovup (F = 0005 Heg-DMPS and He-MNAC groups
also presented a decrease in plasma NPSH levels
{about 30%) when compared Lo the control group
(P =005 (Figure 2).

Plasma AST and ALT activities

Meither mercury nor therapies with DMPS and
MAC altered AST and ALT activities when com-
pared o the control group {Table 3).

Urea and creatinine levels

It 15 surprising that the urea and crealinmine con-
cenlrations are nol significantly elevated in Hg
treated mice. The absolute values (76, 16 mg/dL
for urea and 0.51 me'dl for creatinine) are ele-
valed though not significantly due to the large
sealler (Table 31 Converselv, He + DMPS and
Hg + MAC groups presented an increase in urea
level (10188 and [127.90%, respectively) when
compared o the controel group (F=<0.00). One-
way analvsis vielded an inoesse in urea level Tor
Hg + DMPS and Heg + NAC groups (4542 and
64,17 %, respectively) when compared o the Hg
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Figure . Effects of NAC and DMPS on non-prolein thiel group content m hver and kidneys of moce expoaied Lo mercury. Dails sre
repored = mean + S EM. of ax o aghl snmalb per group. (*) Denoted P=001 & comparal 1o the contrel group {one-way

AMNOVA Duncan ).
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Tahie 3. Eflecls of DMPS and MAC on wres and crestmine kvels snd on AST and ALT sctivities of moce exposed 1o memcury.

Ure gl Cresimme (mg,/dl) AST (ILTy ALT (TLTy
Caondrel 5486 & 350 024840023 1146554 1099 A1 A8
D MPE 4985 &£ 558 0334008 11550 L 1699 34222
(Phiei2 3521 &£ 2897 03240075 151 49 4 4004 2840 4 2,50
NAC 5605 & 521 OADL0 063 1177542875 36,25 4 7.40
Hg ThIG & 1059 05140155 111 50419539 23,55 407
Hg + DMPS 1075 & 1345 % 0A240.11 1050441924 2R RS+ 2.25
Hg + WA 12503 & 1465 % 11340235 1746754 1830 NI 1295

[als mre mean 4+ SE M. from six Lo aght anmak m each group.

Fenaded P200] 25 compansd lo the comirel goup (me-way ANOVA Duncen).
"Denoted P<0.05 & aomiparal b the meroury group (one-way AMOVA Duncan).

group (P <0057 {Table 31, The resulls also dem-
onstrated that mice exposed o Hg + NAC
presented an increase in creatinine levels {37083
and 121,57 %, respectively) when compared o the
control (F=00017 or Hg (F=005 groups
(Table ¥).

Na™, K7 -AT Pase activity

Mercury exposure did not change renal Ma™,
K7-ATPase activity  (Figure 3).  Conversely,
Ma™, K7-ATPase activily was inhibited in mice
eaposed o He + DMPS and Hg + NAC (44.74
and 47.54%, respectively) in comparison o the
contrel group (F=0053), One-wav analvsis re-
vealed that He + DMPS and He + NAC groups
presented MNa™, K7-ATPase achivily reduced

(4529 and 48.07%, respectivelv) when compared
tr the He group (F=0.035).

Diseussion

Inorzamc mercury has a non-umlorm distribution
alter absorption, being accumulated mainly in
kidnevs (Emanuelli er af. 1996; Klaassen 1996). In
the current study, mercury toxicily was evidenced
by the reduction in the body weight gain aller
mercury exposure, whereas therapies with DMPS
or MAC were nol effective in restoring the body
waaght in mice exposed toomercury. In addition, we
observed [or the first time that mice exposed 1o
mercury and treated with (PhSe), presented 100%,
of lethality, suggesting a Loxic svnergsiic eflect
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betwesn these two compounds, Since mercury and
PhSels did not present renal and hepatic toxicily
when given alone, we can infler thal Loxicily ob-
served in mice simullanscusly exposed 1o He and
(PhSe)s is related 1o a complex lormed between Hg
and (PhSe)., which could have pro-oxdant activ-
ity Inaddition, we have demonstrated that {PhS2)z
presents chelaling activity in mice exposed o cad-
mivm {(Santos e . 20058). Thus, the complex
formed betwemsn cudmivm and (PhSe). appears Lo
be different from He-{PhSc)k because diphenyl
diselenide proteded against toxicity induced by
cadmivm  (Santes e aof. 200500, whereas He
(PhSe): complex induced lethahty in mice,

Our results also demonstrated that acute mer-
cury exposure did not change A-ALA-DY activily
and TBARS levels. These results are, at least in
part, in accordance with previous studies that did
nol verily alterations in hepabc d-ALA-DY activity
and TBARS levels in rals aller mercury exposure
(Perollom e of. 2004a, b). Accordingly, Farina
et al, (2003 have reported that acule mercuric
chlonde exposure did not alter renal and hepatic
A-ALA-D activity, as well as TBARS lewels 24
aller mercury poisoning.

In this study, renal NPSH levels were inoreased
in mice  aller mercury  exposure  and  were
nol modifed by treatment with DMPS and NAC.
Mercury 15 able o increase glulathione reductase
(GR) activity under in wive condibons (Lash &
Zalups 1994), This increment can be related, at
least in part, e the direct cxdative effects of

mercury on endo penous glutathions (GSH), which
leads Lo the enhancement in the GR activity, Al-
though renal GE activity was nol measurad in our
protocols, the observed inoresse in renal NPSH
levels can be interpreted as o pathophvsiological
response W preserve Lhe homeosiasis of intracel-
lular thiol status. Another important data found in
this study was that (PhSe),, He + DMPS and
Heg + MAC groups presented decressed NPSH
levels in plasma, bul not in ervihrocyies, Previous
studies have demonstrated that GSH  content
varies in dilferent Gssues and even within different
intracellular compartments, it can be inferred that
charactenstic redox states exist in different bssues.
Thus, the variation between plasma and ervihro-
ovies MPSH levels can be explained by dilferences
in some of the [actors that moduolate the GSH
content. For instance, GSH levels in cells are pri-
marily dependent upon the rates of biosynthesis
and utilization in oxidation/reduction reactions.
Amounts of the precursor amine acids as cvsleine
and the activity of the enevme glulamale-cvsleine
ligase are the key [actors alfecting GSH synthesis
{Eebrin er af,, 2005,

Mercury exposibion associaled with therapies
(DMPS and NAC)H induced renal toxicity that was
clearly evidenced by an increase in urea and cre-
atimne levels. Regarding the renal parameters
evaluated, MAC seems 1w be the most hazardous
therapy ubihzed n thas study, Moreover, the
association of Hg with DMPS or MAC inhibated
the renal MNa™, K7-ATPase activily, supporling
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the renal toxicity induced by both therapies. Ma™,
K 7-ATPazse 15 a sullhvdrvl-containing enzvme, il
is probable that the complex formed betwesn Hg
and DIWMPS or between He and NAC causes a
Ma™T, K7 -ATPase inhibition by oxidizng sullhy-
dryl groups aritical for the enezvme activity, Acc-
ordingly, chemical interactions bebwesn melals
(cadmium and mercury) and thiols have been de-
seribed earlier (Rivera ef of 1989 Aposhian and
Aposhian 1990, Mogueira and co-workers ( 2003¢)
have reported the formaton of a complex {metal
chelator) between cadmium  or mercury  and
DMPS, In addibon, previous studies have re-
porled that mercury-thicl complexes present pro-
axidant activity higher than iselated components
(Willer & Woods 1993 Pulzer e af. 1995,

MNacewvlewsteine (MAC) is a thicl-conlaining
anticxidant {Moldeus e af. 19867 and ROS scav-
enging (Aruoma ef o 1989). Some studies have
indicated that NAC has alse chelating activity
with regard o diverse heavy metals (Banner ef af.
1986). Thus, DMPS, NAC and (PhSe)s could exert
their woxic effects due o the formation of com-
pleses with mercury, which would be more Loxic
than the iselated components.

The hvpothesis that He-DMPS or He-NAC
complexes are transported by renal tubules more
casily than Hg and therefore develop a stronger
toxicaty must be considered. In [act, several au-
thors have reported that renal uptake of inorgamc
mercury invoelves a mechanism localized along the
prosimal tubule and appears o be dependent
on the orgame anion transporl svstem (Zalups
& Lash 1994; Zalups & Minor 1995 Zalups &
Barfuss 98] This transporl svslem does not
ransport large protens, while that small molecu-
lar conjugates of mercury are likely transporied
(Zalups 1998, Thus, the orgamc amon lransporl
syslam may lransporl InoTrgame mercury  conju-
eated with thiols (GSH, cvsteine, NAC or DMPS)
and merease mercury Loxicily,

Therefore, the results oblained indicated that
mercury  exposition  associaled  with  therapies
(DMPS and NAC) caused renal toxicity, which
wias evidenced by an increase in urea and creatinine
levels and an inhibi bon in renal Ma™ , K7 -ATPase
activity. In addition, (PhSe)s therapy caused 100 %
of lethality in mice exposed o mercury. In con-
clusion, we believe that therapies with (PhS2),
DMPS and MAC following mercur v ex pos ure musl
ke better studied because the formation of more

loxic complexes with mercury, which can mainly
damage renal tssue,
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DIPHENYL DISELENIDE POTENTIATES NEPHROTOXICITY INDUCED BY

MERCURIC CHLORIDE IN MICE
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Abstract

Following our longstanding interest on the mechanisms involved in selenium toxicity, the
aim of this study was to gain a better understanding on the toxicity of mercuric chloride
(HgCl,) and diphenyl diselenide (PhSe), interaction. Mice received one daily dose of
HgCl, (4.6 mg/kg, subcutaneously) for three consecutive days. Thirty minutes after the
last HgCl, injection, they received a single dose of (PhSe), (100 pmol/kg,
subcutaneously). Five hours after (PhSe), administration, blood and urine samples were
collected and mice were killed and had their kidney and liver dissected. Parameters in
plasma (urea, protein and erythropoietin), whole blood (hematocrit and hemoglobin) and
urine (glucose and protein) were investigated. Acivities of 3-aminolevulinate dehydratase
(5-ALA-D), catalase (CAT), glutathione S-transferase (GST) and Na®, K’- ATPase, as
well as levels of thiobarbituric acid-reactive substances (TBARS), ascorbic acid and
mercury were determined. Results demonstrated that (PhSe), did not modify mercury
concentrations in tissues of mice exposed to HgCl,. HgCl, + (PhSe), exposure caused a
decrease in renal GST and Na*, K*- ATPase activities and increased renal ascorbic acid
and TBARS concentrations when compared to the HgCl, group. (PhSe), potentiated the
increase in plasma urea and urine glucose and protein levels caused by HgCl,. HgCl, +
(PhSe), exposure caused a reduction in plasma protein levels and an increase in
hemoglobin and hematocrit contents when compared to the HgCl, group. There was a
significant decrease in hepatic CAT activity and an increase in TBARS levels in mice
exposed to HgCl, + (PhSe), when compared to the HgCl, group. In conclusion, (PhSe)
potentiated damage caused by HgCl, affecting mainly the renal tissue in mice.

Key-Words: diphenyl diselenide, kidney, liver, mercury, selenium, toxicity.
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1- Introduction

The industrial use of mercury and its general toxic effects on human and animal
systems are well known (Rao, 1997). In fact, mercury promotes the formation of reactive
oxygen species (ROS) such as hydrogen peroxides (Hussain et al., 1999). Accordingly,
mercury exposure has been demonstrated to induce lipid peroxidation detected by an
increased concentration of thiobarbituric acid-reactive substances (TBARS) in liver,
kidney, brain, and other tissues (Huang et al., 1996). Moreover, mercury exposure can
cause inhibition of sulfhydryl enzymes such as d-aminolevulinate dehydratase (5-ALA-D)
(Emanuelli et al., 1996) and Na*, K- ATPase (Anner and Moosmayer, 1992).

Selenium is a structural component of several enzymes with physiological
antioxidant properties, including glutathione peroxidase and thioredoxin reductase
(Rotruck et al., 1973; Xia et al., 2002). Diphenyl diselenide, (PhSe),, an organoselenium
compound, has been reported in view of its pharmacological properties such as anti-
infammatory, antinociceptive, anti-ulcer, neuroprotective and antioxidant in different
experimental models (Nogueira et al., 2004; Barbosa et al., 2006; Borges et al., 2006;
Savegnago et al., 2006, 2007). Consistent with the property of “double face” of selenium
compounds, toxicological properties of (PhSe), have been reported (Nogueira et al.,
2004). Our research group have demonstrated that (PhSe), inhibits 5-ALA-D from
human blood (Nogueira et al., 2003a) and cerebral Na*, K- ATPase activity (Borges et
al., 2005) by interacting with SH groups of these enzymes.

The interaction between mercury and selenium in the body of mammals has been
known for more than three decades. Since Parizek and Ostadalova (1967) found that

the toxicity of inorganic mercury was decreased by simultaneous injection of selenite,
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many studies have been carried out to examine the role of selenium in the detoxification
of mercury, which have led to many hypotheses about the mechanism of this interaction
(Cuvin-Aralar and Furness, 1991). Regarding the interaction between organic selenium
and mercury, data on neuroprotection (Farina et al. 2003a) and pro-oxidative effects
have been reported (Farina et al., 2004).

Our research group has studied the interaction between selenium and mercuric
chloride (HgCl,) (Brandao et al., 2005; Brandéao et al., 2006). Using the same protocol
applied in the present study, we have demonstrated that (PhSe), potentiates toxicity
induced by HgCl, in mice (Brand&o et al., 2006), since 100% of animals treated with
HgCl, + (PhSe), died 24 hours after exposure. Following our longstanding interest on
the mechanisms involved in selenium toxicity, the aim of this study was to extend our
previous studies (Brandao et al. 2006) to gain a better understanding on the toxicity of
the HgCl, + (PhSe), interaction. Therefore, endpoints of toxicity were analyzed in

kidney, liver, blood and urine of mice exposed to HgCl; + (PhSe)s,.

2- Materials and methods
2.1-Chemicals

Mercuric chloride (HgCl;) was obtained from Merck (Darmstadt, Germany). &-
Aminolevulinic acid (5-ALA), adenosine tri phosphate (ATP), 1-chloro-2,4-dinitrobenzene
(CDNB) and p-dimethyl aminobenzaldehyde were purchased from Sigma (St. Louis,
MO, USA). (PhSe), was prepared according to Paulmier (1986). Analysis of the 'H
NMR and "*C NMR spectra showed analytical and spectroscopic data in full agreement

with its assigned structure. The chemical purity of (PhSe), (99.9%) was determined by
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GC/HPLC. All other chemicals were of analytical grade and obtained from standard

commercial suppliers. (PhSe), was dissolved in dimethylsulfoxide (DMSO).

2.2- Animals

Male adult Swiss albino mice (30 - 35 g) from our own breeding colony were used. The
animals were kept on separate animal rooms, on a 12 hour light/dark cycle, at temperature of
22 + 2°C, with free access to food and water. This study was approved by the Ethics and

Animal Welfare Committee of Universidade Federal de Santa Maria.

2.3- Exposure

A group of six mice was usually tested in each experiment. Mice received a single
daily injection of HgCl, subcutaneously (s.c.) at the dose of 4.6 mg/kg (10 ml/kg,
dissolved in saline solution) for three consecutive days. The dose of HgCl, used was
selected based on the fact that previous study from our laboratory showed that it
induced mild or moderate damage in rodents (Emanuelli et al., 1996; Perottoni et al.,
2004). Thirty minutes after the last injection of HgCl,, mice received a single s.c.
injection of 100 pmol/kg (PhSe), (2.5 ml/kg, dissolved in DMSO) (Nogueira et al.,
2003b). The doses of HgCl, and (PhSe),, as well as the exposure protocol employed
were the same used in the study that demonstrated 100% lethality after 24 hours of
exposure to the combination of both compounds (Brandéo et al., 2006).

The protocol for mouse treatment is given below:
Group 1: saline + DMSO

Group 2: saline + (PhSe),
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Group 3: HgCl, + DMSO
Group 4: HgCl, + (PhSe);

Since it was shown that mice exposed to HgCl, + (PhSe), (group 4) did not
survived more than five hours after (PhSe), administration (Brandao et al., 2006), the
present experiment was stopped five hours after the last injection. After exposure, urine
and blood samples were collected in anesthetized mice. Urine samples were collected
by bladder punction, when possible. Subsequently, mice were decapitated and liver and
kidney removed, rapidly homogenized (1/10, w/v) in 50 mM Tris—HCI, pH 7.4 and
centrifuged (2400x%g) for 15 min. The sample supernatant (S1) was separated and used

for biochemical assays.

2.4- 5-ALA-D activity

Renal and hepatic 5-ALA-D activity was assayed using the method described by
Sassa (1982), measuring the rate of product (porphobilinogen) formation, except that
100 mM potassium phosphate buffer, pH 6.8 and 2.4 mM of aminolevulinic acid (ALA)
were used (Barbosa et al., 1998). Incubations of S1 were carried out at 37° C for 60 min.
The reaction product was determined using the modified Ehrlich’s reagent at 555 nm,
with a molar absorption coefficient of 6.1 x 10* per M for the Ehrlich-porphobilinogen

salt.

2.5- Renal Na*, K- ATPase activity
The S1 was used for the Na*, K*- ATPase activity assay. The reaction mixture

used contained 6 mM MgCl., 100 mM NaCl, 20 mM KCI, 1 mM EDTA and 40 mM Tris-



65

HCI (pH 7.4) in a final volume of 500 ul. The reaction was initiated by addition of ATP at
a final concentration of 3.0 mM. Controls were carried out under the same conditions
with the addition of 1 mM ouabain. Na*, K'- ATPase activity was calculated by the
difference between the two assays. Released inorganic phosphate (Pi) was measured

(650 nm) by the method of Fiske and Subbarow (1925).

2.6- Glutathione S-transferase (GST) activity
GST activity was assayed in S1 of liver and kidney through the conjugation of

glutathione with CDNB at 340 nm, as described by Habig et al. (1974).

2.7- TBARS determination
An aliquot (200 pl) of liver or kidney S1 was incubated at 95°C for 2 h. TBARS

were spectrophotometrically determined at 532 nm, as described by Ohkawa et al.

(1979).

2.8- Catalase (CAT) activity
CAT activity was determined in kidney and liver S1 by the decomposition of H,O,

at 240 nm, according to Aebi (1984).

2.9- Ascorbic acid determination
Ascorbic acid determination in kidney and liver was performed as described by
Jacques-Silva et al. (2001). S1 was precipitated in 10 volumes of a cold 4%

trichloroacetic acid solution. An aliquot of sample (300 pl), in a final volume of 1 ml of
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solution, was incubated at 37°C for 3 h, and 1 ml H,SO4 65 % (v/v) was added to the
medium. The reaction product was determined at 520 nm using a color reagent

containing 4.5 mg/ml dinitrophenyl hydrazine and CuSQO4(0.075 mg/ml).

2.10- Plasma urea and protein levels
Plasma urea was analyzed using a commercial Kit (LABTEST, Diagnostica S.A,

Minas Gerais, Brazil). Plasma protein was assayed by the method of Bradford (1976).

2.11- Urine glucose and protein levels

Test strips (Multistix 10 SG1 Bayer1, Munich, Germany, 2002) were used to
semiquantitatively measure the amount of glucose and protein in fresh urine samples.
Since urine was collected by bladder punction, samples were insufficient for other more

specific dosages.

2.12- Hemoglobin, hematocrit and erythropoietin

Blood hemoglobin concentration was determined by the cyanomethemoglobin
procedure (Wintrobe, 1965). Micro Wintrobe hematocrit tubes and hematocrit centrifuge
were used to determine the packed cell volume (PCV, or hematocrit value). Blood was
centrifuged at 4000xg for 5 min and the hematocrit value was obtained by reading the
packed cells volume on the graduated hematocrit tubes. Erythropoietin levels were

determined by chemiluminescence.

2.13- Mercury concentration
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Tissues (kidney and liver) were completely digested with 65% nitric acid
(Suprapur, Merk). Renal and hepatic mercury concentration was analyzed by cold
vapour atomic absorption spectrometry (CVAAS; model A Analyst 800, Perkin Elmer)
coupled to a generator of hydrides (model FIAS Mercury/Hydride, Chemifold). Standard

from Fluka was used to build up the standard curve (1-50 micrograms/I).

2.14- Statistical analysis

Data are expressed as means + S.D. All results were analyzed by two-way
ANOVA, followed by Duncan’s Multiple Range Test, when appropriate. Main effects are
presented only when the higher second order interaction was non-significant.
Differences between groups were considered to be significant when p<0.05. For urine
glucose data, a non-parametric Kruskal-Wallis test, followed by Mann-Whitney U test

was used.

3- Results
3.1- 3-ALA-D activity

Two-way ANOVA of renal 5-ALA-D activity data demonstrated a main effect of
HgCl, (p<0.05). 3-ALA-D activity was not altered in mice treated with HgCl, + (PhSe),
when compared to the HgCl, group (Figure 1A). Hepatic 56-ALA-D activity was not

modified by the different treatments (Table 1).

3.2- Renal Na*, K*- ATPase activity
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A significant interaction between HgCl, and (PhSe), on Na*, K*- ATPase activity
was observed (F119=14,52, p<0.001). Animals treated with HgCl, + (PhSe), presented a

reduction (~31%) in the enzyme activity when compared to the HgCl, group (Figure 1B).

3.3- GST activity

Two-way ANOVA of renal GST activity data yielded a significant main effect of
HgCl, (p<0.01) and (PhSe); (p<0.05). Renal GST activity was inhibited (~40%) in mice
exposed to HgClL + (PhSe), when compared to those only exposed to HgCl, (Figure

1C). Hepatic GST activity was not modified by exposure to both compounds (Table 1).

3.4- TBARS determination

Two-way ANOVA revealed a significant interaction between HgCl; and (PhSe), in
renal TBARS levels (F124=14.92, p<0.001). Animals exposed to HgCl, + (PhSe),
showed an increase (~116%) in renal TBARS levels when compared to those exposed
to HgCl, (Figure 2A).

A significant interaction between HgCl, and (PhSe), in hepatic TBARS levels was
observed (F127=23.91, p<0.001). Animals exposed to HgCl, + (PhSe), showed an
increase (~79%) in hepatic TBARS levels when compared to those exposed to HgCl,

(Table 1).

3.5- CAT activity
Two-way ANOVA of renal CAT activity data yielded a main effect of HgCl»

(p<0.001). (PhSe), exposure did not modify the inhibition induced by HgCl, (Figure 2B).
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Mice exposed to HgCl, + (PhSe), showed an inhibition (~23%) in the hepatic CAT

activity when compared to those exposed to HgCl, (Table 2).

3.6- Ascorbic acid concentration

Two-way ANOVA of renal ascorbic acid data yielded a significant interaction
between HgCl, and (PhSe), (F1,26=15.96, p<0.001). Mice exposed to HgCl, + (PhSe),
showed an increase (~30%) in renal ascorbic acid levels when compared to those
exposed to HgCl, (Figure 2C). In contrast, hepatic ascorbic acid content was not

modified by exposure to these compounds (Table 2)

3.7- Plasma urea and protein levels
A significant interaction between HgCl, and (PhSe), in plasma urea levels was
observed (F134=12,66, p<0.001). Mice exposed to HgCl, + (PhSe), showed a higher
increase in urea levels (~34%) when compared to those exposed to HgCl, (Table 3).
Two-way ANOVA yielded a significant interaction between HgCl, and (PhSe), in
plasma protein levels (F125=139,17, p<0.001). Protein levels were reduced (~51%) in
mice that received HgCl, + (PhSe), when compared to those exposed to HgCl, (Table

3).

3.8- Urine glucose and protein levels

An increase in urine glucose and protein levels was observed in animals exposed
to HgCl,. This increase seems to be potentiated by (PhSe), administration, since mice
exposed to HgCl, + (PhSe), showed higher urine glucose and protein levels than those

exposed only to HgCl, (Table 4).
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3.9- Hemoglobin, hematocrit and erythropoietin

Two-way ANOVA of hemoglobin levels data yielded a significant interaction
between HgCl, and (PhSe), (F127=24,54, p<0.001). Animals exposed to HgCl, +
(PhSe), showed an increase (~48%) in hemoglobin levels when compared to those
exposed to HgCl, (Table 5).

Two-way ANOVA of hematocrit data yielded a significant interaction between
HgCl, and (PhSe); (F1,30=33,70, p<0.001). Mice exposed to HgCl> + (PhSe), showed
increased (~47%) hematocrit levels when compared to those exposed to HgCl, (Table

5). Erythropoietin content was not modified by exposure to HgCl, and (PhSe), (Table 5).

3.10- Mercury concentration

Two-way ANOVA of renal mercury concentration data demonstrated a main effect
of HgCl, exposure (p<0.05). The increased mercury concentration induced by HgCl,
exposure was not significantly altered by (PhSe), exposure (Figure 3A).

Two-way ANOVA of hepatic mercury concentration data demonstrated a main
effect of HgCl, exposure (p<0.05). (PhSe), administration did not significantly modify the

increase in mercury concentration induced by HgCl, exposure (Figure 3B).

4- Discussion
Results from the present study indicate that (PhSe), potentiated the damage
induced by HgCl, exposure in mice. It is well known that inorganic mercury has a non-

uniform distribution after absorption, being accumulated mainly in kidneys (Emanuelli et
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al,, 1996; Klaassen, 1996). Accordingly, kidney was the principal target tissue for
mercury accumulation in the present study. In fact, we observed mercury levels about
4.5 times higher in kidney than in liver.

Data reported in the present study clearly show that HgCl, causes renal toxicity.
In fact, mercury inhibited renal catalase activity and altered several biochemical
parameters in plasma and urine of mice, which are indicators of renal dysfunction. It is
interesting to note that mice exposed to HgCl, and (PhSe), showed more pronounced
alterations in renal tissue than those exposed only to HgCl,. Consistent with the idea
that (PhSe), enhances the renal toxicity induced by HgCl,, plasma urea and protein
levels as well as urine glucose and protein concentrations were higher in mice exposed
to the combined treatment (HgCl, + (PhSe),) than in those exposed only to HgCl,. In
addition, mice exposed to HgCl, + (PhSe). showed decrease in plasma protein content.
The elevated levels of plasma urea and urine glucose and protein associated with the
reduction in plasma protein concentration reinforce the evidence of a renal toxicity
induced by HgCl, + (PhSe),. Accordingly, proteinuria, glicosuria (Bernard and Lauwerys,
1990; Barbier et al., 2005) and uremia (Atessahin et al., 2003) have been reported as a
result of proximal tubular damage and functional impairment of kidneys, respectively. It
is important to point out that the parameter evaluated was urine total protein levels.
Thus, we can not identify the specific site of injury (either glomerular or tubular segment
or both). It is known that an increase in urine low molecular weight proteins indicates an
inadequate absorption of these proteins by tubular cells, since, under physiological
conditions, low molecular weight proteins (<40 kDa) filtered across the glomerular barrier

are almost completely reabsorbed in the renal proximal tubule by receptor-mediated
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endocytosis. In contrast, an increase in urine high molecular weight proteins indicates
damage in glomerular cells, which leads to a release of high molecular weight proteins
(>100 kDa) such as immunoglobulin G (150 kDa) (Christensen and Birn, 2002; Guignard
and Santos, 2003).

Another evidence of the HgCl, + (PhSe), toxic effect was the increased
hemoglobin and hematocrit values in HgCl, + (PhSe), exposed mice. The enhancement
of these parameters could not be related to the erythropoietin synthesis, since
concomitant administration of HgCl, + (PhSe), did not alter the dosage of hormone. We
can speculate that the reduced (~51%) plasma protein concentration induced by HgCl, +
(PhSe), could be involved in the increased hemoglobin and hematocrit values observed,
as a result of a volemia reduction. This speculation is supported by the fact that plasma
proteins are responsible for the volemia maintenance (Houpt and Yang, 1995).
Therefore, a possible volemic shock could be, at least in part, the cause of mice death,
previously reported by our research group (Brandao et al., 2006).

It is a well known that selenium (Nogueira et al., 2004) and mercury (Clarkson,
1997; Zalups and Barfuss, 1998) have a high affinity for SH groups of proteins and other
endogenous biomolecules. Na*,K'-ATPase is a sulfhydryl-containing enzyme and,
consequently, can be sensitive to oxidizing agents (Carfagna et al., 1996; Folmer et al.,
2004). In the present study, renal Na’,K'-ATPase activity was not inhibited by
administration of HgCl, or (PhSe), in mice. The activity of Na*,K*'-ATPase was only
sensitive to the HgCl, + (PhSe), association. It is likely that HgCl, and (PhSe), form a
complex or conjugate, which causes a Na* K*-ATPase inhibition by oxidizing sulfhydryl

groups, which are critical for the enzyme activity. Another data corroborating with this
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idea is the observed inhibition of the 5-ALA-D activity induced by HgCl, + (PhSe),
association, in spite of a lack of enzyme inhibition in HgCl, exposed mice. 8-ALA-D is a
sulfhydryl enzyme sensitive to heavy metals and selenium (Rocha et al., 1995; Farina et
al.,, 2003b; Santos et al., 2005). In fact, Moller-Madsen and Danscher (1991) have
reported that mercury binds to selenium to form mercury selenides (HgSe). The
proposed mechanism to explain the oxidation of sulfhydryl groups by HgCl, and (PhSe),
association is described in Scheme 1.

Based on the fact that most of plasma mercury is bounded to serum proteins,
such as albumin and selenoprotein P (SeP) (Lau and Sarkar, 1979) and that (PhSe)
and HgCl, complex has been reported in the literature (Isab et al., 2006), we propose
the formation of a complex (1). The sulfhydryl groups of the enzyme substitute the chloro
atoms in this molecule, via nucleophilic substitution-like reaction (Singh and Singh,
2002), to give the intermediary (2), causing the oxidation of the sulfhydryl groups of the
enzyme (3) with delivery of the complex (4), which decomposes to diphenyl diselenide
and elemental mercury. The substitution of the chloro atoms by the sulfur groups from
the enzyme is supported by the greater nucleophilic character of sulfur than chloride and

also by the fact that chlorine is one of the best living groups in this type of reaction.

Scheme 1 - Mechanism of sulfhydryl enzyme inhibition by (PhSe), and HgCl,

association

SH
SeP E—CS SeP s

SeP/SP | 2+ H [ 2+
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SeP selenium protein
SP sulfhydryl protein
ESH reduced sulfhydryl enzyme

ES-S oxidized sulfhydryl enzyme

Some evidences have been reported suggesting a synergistic (Brandao et al.,
2005; Agarwal and Behari, 2007) and pro-oxidative (Huang et al., 1996; Nogueira et al.,
2003a; Brandao et al., 2005) effects between mercury and selenium in mice. In the
present study, we demonstrate that HgCl, + (PhSe), exposure influenced, at least in
part, the oxidative-antioxidative balance in mice kidney. In fact, mice exposed to HgCl, +
(PhSe), showed increased renal TBARS levels, which is indicator of lipid peroxidation
(Huang et al.,, 1996). Therefore, lipid peroxidation, demonstrated by an increase in
TBARS levels, could be an indicative of a renal toxicity induced by HgCl> + (PhSe)
association. Oxidative stress is characterized by a sharp increase in intracellular reactive
oxygen species with the consequent release of metal ions from proteins. In many cases,
this increase in pro-oxidant levels is mirrored by a decrease in the activity of antioxidant
enzymes. In the present study, inhibition of renal catalase activity was evidenced in mice
treated with HgCl, but (PhSe), did not potentiate this effect.

GST, a phase |l detoxifying enzyme, promotes the conjugation of reduced
glutathione with a variety of reactive electrophilic compounds, resulting in the formation
of less toxic substances that are easily excreted from the body (Chasseaud, 1979).
Despite the important role of GST as a detoxifying enzyme, its antioxidant activity has
also been reported (Casalino et al., 2004). Therefore, its inhibition can contribute to

oxidative stress. In the present study, mice exposed to HgCl, + (PhSe), showed an
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inhibited renal GST activity. This inhibition emphasizes that (PhSe), potentiated the
oxidative damage induced by HgCl, in mice kidney. Regarding non-enzymatic
antioxidant defenses, ascorbic acid levels were increased in mice treated with HgCl, +
(PhSe), association. The increase in ascorbic acid levels could be explained as a
compensatory mechanism that counteracts the oxidative renal toxicity induced by the
HgCl, + (PhSe), exposure. Taking all the data together, the pro-oxidative effect of
complex (1, Scheme 1) should be considered with caution, since other toxicity endpoints
should be further analyzed.

In broad view, our data indicate that kidney and liver were important target tissues
for HgCl, + (PhSe), toxicity. Different from the results found in kidney, hepatic
parameters were not modified by HgCl, exposure in mice. On the other hand, an
oxidative toxicity induced by the concomitant administration of HgCl, + (PhSe),
although at lower extension, was also evident in the hepatic tissue. An increased hepatic
TBARS level and an inhibition of catalase activity were observed in mice exposed to the
HgCl, + (PhSe), association. These findings are in accordance with those reported by
other authors, demonstrating that the HgCl, and inorganic selenium association
increased hepatic TBARS levels (Farina et al., 2003b).

In summary, our results demonstrated hepatic and mainly renal toxicity in mice
exposed to the HgCl, + (PhSe), association. One possible explanation for the HgCl, +
(PhSe), toxicity would be the important role of GSH in mercury uptake by kidney. In fact,
increased NPSH (mainly GSH) levels in different tissues, including kidneys, has been
reported after (PhSe), administration in rodents (Barbosa et al. 2006; De Bem et al.
2007; Luchese et al. 2007). Therefore, the selenium effect on GSH levels could

significantly alter the toxic effects of mercury. Conversely, data from mercury
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determination demonstrated that (PhSe), did not significantly modify the mercury levels
in liver and kidney of mice exposed to HgCl,, do not supporting the hypothesis raised
above.

Although data showed that the combination of HgCl, and (PhSe), affected a
greater number of parameters in kidney when compared to those evaluated in the liver,
it is not possible to identify the parameter(s) responsible(s) for the lethal effect observed.
However, one can speculate that it is a renal toxicity that leads to mouse death and not
extrarenal events, or a combination of both.

In conclusion, this study reports that the association of HgCl, and (PhSe),
potentiated damage caused by HgCl, in mice, affecting mainly the renal tissue. The
association between HgCl, and (PhSe), can present a hazard to population, since
selenium compounds are often employed in organic synthesis and can be associated

with mercury in an occupational environment.
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Legends

Figure 1. Effect of (PhSe), on §-ALA-D (A) Na*, K*- ATPase (B) and GST (C) activities
in kidneys of mice exposed to HgCl,. Data are reported as mean + S.D. of six animals
per group. (*) Denotes p<0.05 as compared to all the other groups (two-way
ANOVA/Duncan). (*) Denotes p<0.05 as compared to the control group (two-way

ANOVA/Duncan).

Figure 2. Effects of (PhSe), on TBARS levels (A), CAT activity (B) and ascorbic acid
levels (C) in kidneys of mice exposed to HgCl.. Data are reported as mean £+ S.D. of six
animals per group. (*) Denotes p<0.05 as compared to all the other groups (two-way
ANOVA/Duncan). (*) Denotes p<0.05 as compared to the control group (two-way

ANOVA/Duncan).

Figure 3. Effect of (PhSe), on mercury levels of kidney (A) and liver (B) from mice
exposed to HgCl,. Data are reported as mean * S.D. of three animals per group. (*)

Denotes p<0.05 as compared to the control group (two-way ANOVA/Duncan).
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Tables
Table 1: Effect of (PhSe), on 5-ALA-D and GST activities and TBARS levels in liver of

mice exposed to HgCl,

5-ALA-D GST TBARS

(nmol PBG/mg/hour) (Mmol/min/mg prot) (nmol MDA/mg prot)

Control 22.18 £ 3.91 0.54 +0.09 14.15 + 2.61
HgCl 19.51 + 4.84 0.63 +0.09 14.12 £ 2.48
(PhSe), 21.43+2.78 0.52 +0.06 15.34 + 1.94
HgClo + (PhSe), 18.90 + 2.38 0.61 + 0.06 25.29 + 3.91*

Data are reported as mean + S.D. of six animals per group.
* Denotes p<0.05 as compared to all the other groups (Two-way ANOVA/Duncan).

Table 2: Effect of (PhSe), on CAT activity and ascorbic acid levels in liver of mice

exposed to HgCls

CAT Ascorbic Acid
(Ul/mg prot) (Mg AA/g tissue)

Control 50.58 + 8.37 400.99 + 38.31
HgCl, 45.78 £ 9.18 432.15+31.14
(PhSe), 48.02 + 10.78 441.43 + 35.04
HgCl, + (PhSe); 35.12 £7.40~ 409.78 + 45.51

Data are reported as mean + S.D. of six animals per group.
* Denotes p<0.05 as compared to all the other groups (Two-way ANOVA/Duncan).
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Table 3: Effect of (PhSe), on plasma urea and protein levels of mice exposed to HgCl,

Plasma Urea Plasma Protein
(mg/dl) (g/dl)
Control 50.87 £ 2.42 20.71£0.53
HgCl, 175.57 £ 1935 20.32+£0.64
(PhSe), 53.11 £ 6.71 20.94 £ 1.08

HgCl+ (PhSe), 235.36 + 38.06** 10.66 + 1.97**

Data are reported as mean + S.D. of six animals per group.
* Denotes p<0.05 as compared to the control and (PhSe), groups (Two-way ANOVA/Duncan).
*Denotes p<0.05 as compared to the HgCl, group (Two-way ANOVA/Duncan).

Table 4: Effect of (PhSe), on urine protein and glucose levels of mice exposed to HgCl,

Urine protein Urine glucose
Control + + + + + n.d.
HgCl, +: ;) ++; ++; ++; )
(PhSe) + 4 4 4+t n.d.
HgCl, + (PhSe), T o I X T o e o L e

Data are reported of five animals per group.

Urine protein: (+) 30 mg/dl; (++) 100 mg/dL; (+++) 300 mg/dl.
Urine glucose: (++) 100 mg/dl; (+++) 250 mg/dl.

n.d. means undetectable urine glucose levels.
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Table 5: Effect of (PhSe), on hemoglobin, hematocrit and erythropoietin values of mice

exposed to HgCls

Hemoglobin Hematocrit Erythropoietin
(g/dl) (%) (mU/ml)
Control 11.57 £ 0.63 39.25 £ 3.88 3.15+£1.34
HgCl, 11.96 + 1.86 40.78 £ 5.09 210+0.14
(PhSe), 1248 £+ 1.34 40.75 £ 5.55 1.25+0.35
HgCl, + (PhSe); 17.72 £ 1.28* 60.11 £ 2.98~ 2.35+1.76

Data are reported as mean + S.D. of six animals per group.
* Denoted p<0.05 as compared to all the other groups (Two-way ANOVA/Duncan).



Figures

Figure 1

A

(nmol PBG/mg prot/hour)

(nmol Pi/mg prot/min)

90

Control HgCl, (PhSe),  HgCl, + (PhSe),

20

Control HgCl, (PhSe),  HgCl, + (PhSe),



(mmol/mg prot/min)

0.60

0.48

0.36

0.24

0.12

0.00

Control

HgC|2

(PhSe),

HgCl, + (PhSe),

91



92

Figure 2

A

(Ul/mg prot)

(nmol MDA/mg prot)

Control HgCl, (PhSe),  HgCl, + (PhSe),

Control HgCl, (PhSe), HgCl, + (PhSe),



93

330

(anssn Byyy 6)



94

Figure 3

A
110

66 -

(ng/g dry weight)

22

Control HgCl, (PhSe), HgCl, + (PhSe),

21.00

16.80

12.60

8.40

(ng/g dry weight)

4.20

0.00

Control HgCl, (PhSe), HgCl, + (PhSe),



95

4.3. Disseleneto de difenila protege contra as alteragdes hematoldgicas e imunoldgicas

induzidas pelo mercurio em camundongos

4.3.1. Artigo 2

DIPHENYL DISELENDIDE PROTECTS AGAINST HEMATOLOGICAL AND

IMMUNOLOGICAL ALTERATIONS INDUCED BY MERCURY IN MICE
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ABSTRACT: Mercury is a heavy metal that can cause
a variety of toxic effects on the organism, such as
hematological and immunological alterations. In the
present investigation, deleterious effects of mercury-
intoxication in mice and a possible protective effect
of diphenyl diselenide (PhSe), were studied. Male
adult Swiss albino mice received daily a pretreat-
ment with (PhSe); (15.6 mg/kg, orally) for 1 week.
After this week, mice received daily mercuric chlo-
ride (1 mg/kg, subcutaneously) for 2 weeks. A number
of hematological (erythrocytes, leukocytes, platelets,
hemoglobin, hematocrit, reticulocytes, and leukocytes
differential) and immunological (immunoglobulin G
and M plasma concentration) parameters were evalu-
ated. Another biomarker of tissue damage, lactate de-
hydrogenase (LDH), was also determined. The results
demonstrated that mercury exposure caused a reduc-
tion in the erythrocyte, hematocrit, hemoglobin, leuko-
cyte, and platelet counts and an increase in the reticu-
locyte percentages. (PhSe); was effective in protecting
against the reduction in hematocrit, hemoglobin, and
leukocyte levels. (PhSe), ameliorated reticulocyte per-
centages increased by mercury. However, (PhSe), was
partially éffective in preventing against the decrease
in erythrocyte and platelet counts. Inmunoglobulin G
and M concentrations and LDH activity were increased
by mercury exposure, and (PhSe), was effective in pro-
tecting against these effects. In conclusion, (PhSe); was
effective in protecting against hematological and im-
munological alterations induced by mercury in mice.
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22:311-319, 2008; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI10:1002 /jbt.20242
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INTRODUCTION

Inorganic mercury is widely used in certain types
of batteries and dental amalgam fillings and continues
to be an essential component of fluorescent light bulbs
[1,2]. Also, a mixed burden of mercury species (mer-
cury vapor, inorganic mercury, and methyl mercury)
is assumed to be associated with human poisoning in
gold mining areas [3].

Mercury has the potential to induce local and sys-
temic hypersensitivity reactions in humans. The sys-
temic reactions may include immune-mediated kid-
ney diseases [4] and systemic autoimmune disease [5].
These reactions develop in only a fraction of similarly
exposed individuals [6], indicating individual suscep-
tibility to mercury-induced adverse immune reactions.
It has been found that mercury can initiate hemoly-
sis of red blood cells [7,8]. Hemolytic processes appear
to be a consequence of metal ion inhibition of cytoplas-
matic enzymes [9] and production of activated forms of
oxygen by mercury-hemoglobin complexes [8]. In ad-
dition, mercury exposure can alter the leukocyte levels,
since the immunological system is affected [10,11].

Mercury is a transition metal; it promotes the for-
mation of reactive oxygen species (ROS) such as hydro-
gen peroxides [12]. Accordingly, mercury exposure has
been demonstrated to induce lipid peroxidation [13].
Thus, it is believed that an antioxidant should be one
of the important components of effective treatment for
mercury poisoning [14].

Selenium is a structural component of several en-
zymes with physiological antioxidant properties, in-
cluding glutathione peroxidase and thioredoxin reduc-
tase [15]. Besides, the ability of organic or inorganic
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selenium to reduce mercury toxicity has been exten-
sively investigated [16-19].

Diphenyl diselenide, (PhSe),, is an organosele-
nium compound that displays numerous pharmaco-
logical properties. Of particular importance are the
hepatoprotective [20,21], antihyperglycemic [22], anti-
inflammatory and antinociceptive [23], antiulcer [24],
neuroprotective [15], and antioxidant [25] properties,
demonstrated in different experimental models. Re-
cently, studies of our research group have also demon-
strated that diphenyl diselenide protects against ox-
idative damage induced by cadmium in mice [26-28].
Therefore, the present study was aimed to investigate
diphenyl diselenide effect on hematological and im-
munological alterations induced by mercury in mice.

MATERIALS AND METHODS

Chemicals

Diphenyl diselenide was prepared according to the
literature method by Paulmier [29] and was dissolved
in canola oil. Analysis of the 'H NMR and *C NMR
spectra showed that diphenyl diselenide presented an-
alytical and spectroscopic data in full agreement with
its assigned structure. The chemical purity of diphenyl
diselenide (99.9%) was determined by GC/HPLC.
HgCl, was obtained from Sigma-Aldrich (St. Louis,
MO). All other chemicals were of analytical grade and
obtained from standard commercial suppliers.

Animals

Male adult Swiss albino mice (25-35 g) from our
ownbreeding colony were used. The animals were kept
in a separate animal room, on a 12-h light/dark cycle, at
aroom temperature of 22 & 2°C and with free access to
food and water. The animals were used according to the
guidelines of the Committee on Care and Use of Exper-
imental Animal Resources, the Federal University of
Santa Maria, Brazil.

Experimental Procedure

To investigate the deleterious effects of mercury-
intoxication in mice and a possible protective effect of
pretreatment with diphenyl diselenide, mice received
daily, by gavage, diphenyl diselenide (15.6 mg/kg, dis-
solved in canola oil) (groups 3 and 4) for 1 week. After
the first week, mice received daily mercuric chloride
by subcutaneous route (1 mg/kg, dissolved in 0.9%
NaCl) (groups 2 and 4) for 2 weeks. The exposure reg-
imen and the dose of mercuric chloride were selected
based on Booker and White’s study [30]. This study
showed immunological alterations in mice exposed to
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mercuric chloride. The dose of diphenyl diselenide was
chosen based on LDs study, which demonstrated that
15.6 mg/kg did not cause toxicity in mice [31]. Control
groups received only vehicle (canola oil, 2.5 mL /kg and
saline, 10 mL/kg) (group 1).

The protocol of mice treatments is given as follows:

Group 1: Canola oil (2.5 mL/kg, p.o.) plus 0.9% NaCl
(10 mL/kg, s.c.);

Group 2: Canola oil (2.5 mL/kg, p.o.) plus HgCl,
(1 mg/kg, s.c.);

Group 3: Diphenyl diselenide (15.6 mg/kg, p.o.) plus
0.9% NaCl (10 mL/kg, s.c.);

Group 4: Diphenyl diselenide (15.6 mg/kg, p.o.) plus
HgCl, (1 mg/kg, s.c.).

After the third week of experiment, mice were
anesthetized (ketamine chloridate and xylazine, 5:1;
0.1 mL/100 g) for blood collection by heart puncture.
An aliquot of 500 pL of total blood was separated on
vacuum tubes containing EDTA K3 and used for hema-
tological assays, such as erythrocyte, leukocyte, and
platelet counts, hemoglobin content, hematocrit, and
percentage of reticulocytes, lymphocytes, monocytes,
and neutrophils. Plasma was obtained by centrifuga-
tion at 2000x g for 10 min (hemolyzed plasma was dis-
carded) and used for biochemical (lactate dehydroge-
nase) and immunological assays (IgG and IgM).

Hematological Evaluation

Hematological parameters were evaluated using
a Pentra 120 Retic-Count Analyzer™ (HORIBA ABX
Brasil, Sdo Paulo, Brazil). The methods used by this
equipment are flow cytometry, impedance, photome-
try, and cytochemistry. The principle of flow cytometry
and impedance is based on the method of analysis of
anticoagulated blood samples (3 pL) that pass through
a particular channel where the cells are detected and
separated according to weight, size and morphology,
using a pulse of electrons to detect the parameters that
are converted in the required values by specific soft-
ware. The photometry is used for detection of values
of absorbance of hemolysate blood samples and deter-
mines only thelevels of hemoglobin. The cytochemistry
uses different reagents that mark the different cells in
accordance with the morphology. These marked cells
are detected by a specific laser and are separated ac-
cording to the groups.

Erythrogenesis Profile

The evaluation of bone marrow viability was in-
vestigated by reticulocyte counts of total blood, using
a Pentra 120 Retic-Count Analyzer™ (HORIBA ABX
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Brasil). The peripheral blood smears were analyzed by
optical microscopy to confirm the results. Reticulocytes
were counted in anticoagulated blood samples using
the methylene blue staining. This counting was accom-
plished by visual observation of 2000 cells.

Cellular Damage Marker

Lactate dehydrogenase (LDH) activity was moni-
tored spectrophotometrically by the rate of increase in
absorbance at 340 nm at 30°C resulting from the for-
mation of NADH [32]. The assay medium contained
21 mM of glycine-KOH-buffer (pH 10), 0.25 mM of
NAD", and 25 pL of plasma. The mixture was preincu-
bated for 3 min, and the reaction was started by adding
neutralized lactic acid (pH 6.8) to provide a final con-
centration of 50 mM. The reaction was linear for up to
2 min.

Immunological Parameters

Plasma levels of IgG and IgM were measured us-
ing an immunoturbidimetry assay (Turbitimer-Dade
Behring™). Briefly, when a diluted antigen solution is
mixed with a corresponding antibody (anti-IgG and
anti-IgM antibodies), the reaction between the anti-
gen and the antibody results in the formation of im-
mune complexes. The solution became turbid and was
measured by optical detection. Antibodies were pur-
chased from Southern Biotechnology Associates, Inc.
(Birmingham, AL).

Morphological Aspects

To evaluate morphological aspects, peripheral
blood smears were stained with reagent for microscopy
(Bioclin, Parand, Brazil) and analyzed by optical mi-
croscopy to confirm the hematological counts. Red and
white blood cells images were obtained using a color
charge-coupled device camera coupled to an Olympus
BX-51 light microscope.

Statistical Analysis

The results are presented as means + SD. Statisti-
cal analysis was performed using a two-way analysis
of variance (ANOVA), followed by Duncan’s multiple
range test when appropriate. Values of p < 0.05 were
considered statistically significant.

RESULTS

Hematological Evaluation

Two-way ANOVA showed a significant interac-
tion between HgCl; and (PhSe), in erythrocyte levels

| Biochem Molecular Toxicology DOI10:1002/jbt
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FIGURE 1. Effect of diphenyi diselenide, (PhSe),, on erythrocytes
(1A) and hemoglobin (1B) levels and on the hematocrit (1C) of mice
exposed to HgCl,. Data are reported as mean + SD of six to eight
animals per group. *Denoted p < 0.001 as compared to the control
group (two-way ANOVA /Duncan). "Denoted p < 0.001 as compared
to the HgCl, group (two-way ANOVA /Duncan).

(F1,31 = 17.21, p < 0.001), hemoglobin concentration
(Fi38 = 77.7, p < 0.001), and hematocrit (F13 =
57.26, p < 0.001) (Figure 1). In fact, these results in-
dicated that HgCl, exposure reduced erythrocyte lev-
els (42%) (Figure 1A), hemoglobin concentration (39%)
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FIGURE2. Effectof diphenyl diselenide, (PhSe),, on leukocyte (2A)
and platelet (2B) levels of mice exposed to HgCl,. Data are reported
as mean £ SD of six to eight animals per group. “Denoted p <
0.001 as compared to the control group (two-way ANOVA /Duncan).
"Denoted p < 0.001 as compared to the HgCl, group (two-way
ANOVA/Duncan).

(Figure 1B), and hematocrit (40%) (Figure 1C). The
(PhSe); pretreatment was effective in protecting against
the reduction of hematocrit and hemoglobin levels in-
duced by HgCl,. The reduction of erythrocyte concen-
tration induced by mercury was partially ameliorated
by pretreatment with (PhSe),.

A significant interaction between HgCl, and
(PhSe); in leukocyte levels was observed (Fj, 3 = 44.63,
p < 0.001) (Figure 2A). The results indicated that mice
exposed to HgCl, had a decrease in leukocyte levels
(54%), and the pretreatment with (PhSe), was effective
in protecting against this reduction. The results also
demonstrated that mice exposed only to (PhSe), had
an increase in leukocyte levels (16%).

Two-way ANOVA of platelet concentration did not
reveal interaction between HgCl, and (PhSe), (F1,30 =
3.0, p < 0.094) (Figure 2B). A main effect of HgCl, and
(PhSe); (p < 0.001) on the platelet levels was observed.
Mice exposed to HgCl; presented a decrease in platelet
counts (23%), and (PhSe), was partially able in protect-
ing against this reduction.

Volume 22, Number 5, 2008

TABLE1. Effectof Diphenyl Diselenide, (PhSe),, on Percent-

age of Lymphocytes, Monocytes, and Neutrophils of Mice
Exposed to Mercury

Lymphocytes Monocytes Neutrophils

(%) (%) (%)
Control 83.52 + 6.25 415+ 1.15 80+142
HgCl, 82.37 +8.32 2.99 + 0.67 11.55 4 3.42°
(PhSe), 82.0+5.78 5.71 £2.02 9.2+1.17
(PhSe), + HgCl, 83.2+5.92 4.61+1.52 9.63 +1.09

“Denoted p < 0.05 as compared to the control group (two-way ANOVA/
Duncan).

Two-way ANOVA of lymphocyte, monocyte, and
neutrophil percentages did not show a significant in-
teraction between HgCl, and (PhSe), (Fi3 = 0.26,
p <0.611; F1 20 = 0.0, p < 0.948; Fy155 = 3.60, p < 0.069,
respectively) (Table 1). Two-way ANOVA of monocyte
percentages showed a main effect of (PhSe), (p < 0.05),
demonstrated by the increase in the monocyte percent-
ages (37%) in mice treated with (PhSe),. Regarding
neutrophils, two-way ANOVA revealed a main effect
of HgCl, (p < 0.05), evidenced by the augmentation
in neutrophil percentages (44%) in mice exposed to

HgCl,.

Erythrogenesis Profile

The results demonstrated a significant interaction
between HgCl, and (PhSe), in reticulocyte percentage
(F1,40 = 59.81, p < 0.001) (Figure 3). (PhSe), pretreat-
ment was effective in protecting against the increase in
reticulocyte percentages induced by mercury.

Cellular Damage Marker

Two-way ANOVA revealed significant interaction
between HgCl, and (PhSe), in LDH activity (F1,3 =

percent (%)

2.80

1.40

0.00

Control HgCl, (PhSe),

(PhSe}, + HgCl,

FIGURE3. Effectof diphenyl diselenide, (PhSe),, on the reticulocyte
percentages of mice exposed to HgCl,. Data are reported as mean %
SD of six to eight animals per group. *Denoted p < 0.001 as compared
to the control group (two-way ANOVA /Duncan).
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FIGURE 4. Effect of diphenyl diselenide, (PhSe),, on LDH activity
of mice exposed to HgCl,. Data are reported as mean + SD of six
to eight animals per group. *Denoted p < 0.001 as compared to the
control group (two-way ANOVA /Duncan).

153.61, p < 0.001). In fact, mercury exposure increased
LDH activity (about 2.0-fold) (Figure 4) and (PhSe);
pretreatment was effective in protecting against this
alteration.

Immunological Parameters

We observed a significant interaction between
HgCl, and (PhSe), in IgG concentration (F; 30 = 155.39,
p < 0.001) (Figure 5A). Mice exposed to mercury had
an increase in IgG levels (about 2.6-fold), and (PhSe),
was able to protect against this effect.

Two-way ANOVA demonstrated significant inter-
action between HgCl, and (PhSe), in IgM concentration
(F1,30 =272.96, p < 0.001) (Figure 5B). (PhSe), was able
to protect the increase in IgM levels (about 4.0-fold)
induced by HgCl,.

Morphological Evaluation

Morphological analysis is in accordance with the
immunological and hematological data presented in
this study. Peripheral blood smears demonstrated
normal distribution and morphology of red cells
(Figure 6A). HgCl, exposure induced the presence of
polychromatophils (reticulocytes in peripheral blood)
(Figure 6C, white arrow), platelet aggregation (Fig-
ure 6C, black arrow), and the increase of the spaces
between red cells (Figure 6D). It is interesting to ob-
serve that mice treated with diphenyl diselenide had
morphological analysis preserved. In fact, diphenyl
diselenide was able to prevent morphological status
of red cells, white cells, spaces between cells, and
platelet aggregation (Figure 6E). Diphenyl diselenide
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FIGURE 5. Effect of diphenyl diselenide, (PhSe),, on IgG (A) and
IgM (B) levels of mice exposed to HgCl,. Data are reported as mean +
SD of six to eight animals per group. *Denoted p < 0.001 as compared
to the control group (two-way ANOVA /Duncan).

alone did not modify cellular conformation and distri-
bution (Figure 6B).

DISCUSSION

Itis well explored that the industrial use of mercury
can cause general toxic effects on human and animal
systems [33,34]. The aim of this study was to evaluate
diphenyl diselenide effect on hematological and im-
munological alterations induced by mercury in mice.
Oral treatment with diphenyl diselenide was effective
in protecting against the immunological and hemato-
logical alterations induced by mercury in mice.

Selenium is a component of several enzymes with
antioxidant properties, including glutathione peroxi-
dase and thioredoxin reductase [15]. In addition, it has
been well documented that mercury and selenium in-
teract in the body of mammals, and the coadministra-
tion of both reduces the toxicity of each other [35]. How-
ever, studies reporting beneficial effects of (PhSe), on
hematological and immunological disorders induced
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FIGURE 6. Effect of diphenyl diselenide, (PhSe),, on peripheral blood smears of mice exposed to HgCl,. (A) control, (B) (PhSe),, (C) HgCl,
treated mice with polychromatophils (white arrow) and platelet aggregates (black arrow), (D) HgCl, treated mice with a large space between

erythrocytes, (E) (PhSe), plus HgCl, treated mice. (x400).

by HgCl, do not appear in the literature. A number
of studies have demonstrated that diphenyl diselenide
displays pharmacological properties, such as antiul-
cer [24], antihyperglycemic [22], and hepatoprotector
[20,21].

Hematological evaluation of mice treated with
HgCl, revealed the appearance of anemia, demon-
strated by a decrease in erythrocyte number,
hemoglobin, and hematocrit (Figure 1). (PhSe), was
capable of protecting against the reduction in hemat-
ocrit and hemoglobin levels. However, the reduction
in erythrocyte levels by HgCl, was partially prevented
by (PhSe);. In fact, these results are confirmed by mor-
phological aspects (see Figures 6C and 6D). Zolla and

collaborators [8] have reported that mercury exposure
induces hemolysis and autoimmune response, and this
effect seems to be related to prooxidative effects in-
duced by mercury. Therefore, the hemolytic process
appears to be a consequence of metal ion inhibition
of antioxidant cytoplasmatic enzymes, such as super-
oxide dismutase, catalase, and glutathione peroxidase
[9]. Otherwise, nonenzymatic defenses can also be af-
fected, since mercury decreases glutathione levels in
erythrocytes [9]. Another possible mechanism of ane-
mia induced by mercury is the production of activated
forms of oxygen by mercury-hemoglobin complexes
[8] and alterations in hemoglobin structure (blocking
—SH groups of globin chains) [36]. Since the anemia
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induced by HgCl, can be explained by prooxidant ef-
fects of this heavy metal, the protective effect of (PhSe),
can be related to its antioxidant property [15].

Leukocyte levels, a marker of cellular defense, were
reduced after exposure to HgCl,. It is known that
inorganic mercury and its salts induce abnormal re-
sponses in the immune system of both susceptible ro-
dent strains (rat and mouse) and humans [37,38]. In
accordance, Girardi et al. [10] have demonstrated that
isolated renal glomeruli from mercuric chloride treated
rats showed enlarged fibronectin, lipid deposits, and
enhanced leukocyte infiltration. Therefore, we specu-
late that the reduction in leukocyte levels in the blood
stream can be explained by cellular migration to dam-
age sites, since these cells have an important function
of defense, or hypothetically by the loss of blood cells
that may reduce their levels. (PhSe); was effective in
protecting against the reduction in the leukocyte levels
induced by mercury. Moreover, mice treated only with
(PhSe); had an increase in the leukocyte levels. These
data are in accordance with selenium immunomodula-
tory properties, which are mediated through improved
leukocyte function [39]. Greenman et al. [40] have re-
ported that short-term selenium supplementation in-
creased polymorphonuclear leukocyte phagocytosis.

In this study, HgCl, induced an increase in the per-
centage of neutrophils, which may indicate the activity
of the first line of defense against the oxidative dam-
age, and (PhSe), was effective in protecting against
this increase. According to this, several studies have
demonstrated that HgCl, could reduce polymorphonu-
clear migration [41,42]. Hypothetically, this reduction
in migration may be related to the increase in percent-
age of neutrophils in the blood stream. Interestingly,
(PhSe),, when administered alone, induced an increase
in monocyte levels, which probably reflects one of the
mechanisms by which this compound exerted its pro-
tective effect. Monocytes are the most effective second-
line defense against cellular damage, cleaning the site
of damage by phagocytic properties.

Kumar has demonstrated that heavy metals, such
as mercury and arsenic, increase the platelet aggrega-
tion, because these metals stimulate phosphodiesterase
activity and inhibit adenylate cyclase, reducing cyclic
adenosine monophosphate level. The platelet aggrega-
tion was found to increase in mice exposed to HgCl,
(see Figure 6C, black arrow), which can cause a decrease
in platelets counts. (PhSe); was partially effective in
protecting against the reduction in platelet levels.

Another finding of this study was the increase in
reticulocyte percentages induced by HgCl,. Reticulo-
cytes are cells in the transitional stage when acidophilic
erythroblasts are converted to mature erythrocytes.
Normal blood cells contain about 1% of reticulocytes.
However, in pathological conditions such as hemolytic
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and blood-loss anemia, the number of reticulocytes is
increased as a response of bone marrow to anemia [44].
We speculate that the protocol of mercury exposure
used in this study did not interfere with bone marrow
cellularity, since the increase of reticulocyte levels was
observed in peripheral blood (Figure 6C, white arrow).
Mice exposed to HgCl, and treated with (PhSe), had
normal reticulocyte percentages, explained by the fact
that these animals did not have anemia.

There are three major possible causes of anemia:
blood loss, inadequate production of red blood cells,
and hemolysis. Mice were not bled prior to sacri-
fice; therefore, blood loss was not the cause of ane-
mia. HgCl; exposure increases the reticulocyte percent-
ages in the peripheral blood, which tends to include
this effect to massive peripheral erythrocytic destruc-
tion and respective activation of bone marrow produc-
tion of new cells, which is corroborated by the red
aspect of plasma observed macroscopically (data not
shown). This makes hemolysis the most likely cause of
anemia.

LDH is a parameter widely used in toxicology and
in clinical chemistry to diagnose cell, tissue, and or-
gan damage [45]. Hemolysis and any tissue damage
were evidenced by an increase of LDH activity in mice
exposed to HgCl,. (PhSe), was able to reduce LDH ac-
tivity altered by HgCl, exposure. LDH is an important
glycolytic enzyme that is present in virtually all tissues
[46]. Therefore, the hemolysis found in mice exposed to
HgCl, is in agreement with the increase in LDH activity.

The involvement of the immunological system in
HgCl, exposure was confirmed by the increase in IgG
and IgM concentrations. These results are in accor-
dance with Bigazzi [47], who demonstrated that the
repeated administration of mercury into rats induces
the production of antibodies. In addition, several stud-
ies have reported that increased immunoglobulin lev-
els were found in workers exposed to mercury [48-50].
Another interesting study demonstrated that geneti-
cally susceptible mice, treated with mercury, presented
an increased number of immunoglobulin-secreting
cells [51] and hyperimmunoglobulinemia [52]. The im-
munoglobulins are antibodies produced by lympho-
cyte B and the increase in the immunoglobulin level
is a response to some pathology, such as infections,
hepatic diseases, pulmonary problems, and autoim-
mune alterations [53]. In fact, it is well known that
mercury induces a polyclonal activation of B-cells in
rats [54] and this immunological activation may in-
duce systemic autoimmune disease [5]. Our results
indicate that the increase in IgG and IgM levels is,
probably, a response of the immunological system to
mercury toxicity, since these immunoglobulins are re-
leased in all acute phase of damage. The immunolog-
ical alterations induced by HgCl, were abolished by
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(PhSe),, confirming the immunomodulatory effects of
this organoselenium compound.

Our results indicated that (PhSe), protects against
all morphological alterations induced by HgCl, (Fig-
ure 6E). The protective effect of (PhSe), against metals
toxicity has been demonstrated [26-28].

There are two possible mechanisms proposed to ex-
plain (PhSe), protection against the toxicity induced by
HgCly: (a) the antioxidant action of this compound [15]
and (b) the formation of an inactive complex between
mercury and selenium, or mercury, selenium, and se-
leneprotein P, reducing the availability of mercury [55].

It is important to point out that the dose of HgCl,
used in this study is relevant in terms of potential hu-
man exposure. This assertion is based on the following
considerations: (i) the maximum concentration of mer-
cury permitted in human blood is 15 ug/L [56]; (ii) Jin
et al. [57] showed that mice exposed to subcutaneous
injection of 1 mg/kg HgCl,, three times per week for
3 weeks, presented about 200 ug/L of mercury in the
blood. Although in the present study we did not eval-
uate mercury concentration in the blood of mice, the
exposure regimen used by Jin and collaborators [57] is
very similar to that used by us in the present study;
and (iii) WHO [58] reported that humans commonly
exposed to inorganic mercury presented a range of 100
200 pg/L of mercury in blood.

In conclusion, the current study demonstrates for
the first time that (PhSe), protected against the hema-
tological and immunological alterations induced by
HgCl, in mice. The possible mechanisms involved in
(PhSe), effect are its antioxidant activity and/ or the for-
mation of inactive complexes. (PhSe); can be a promis-
ing agent used in the prevention of mercury intoxi-
cation in humans, but more studies are required to
elucidate the exact mechanism by which this organose-
lenium compound exerts its protective effects.
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Abstract

This study was designed to determine the possible restorative effect of combined
therapy with diphenyl diselenide (PhSe), and sodium 2,3-dimercapto-propane-1-
sulphonate (DMPS) against renal and hematological damage induced by mercury
(HgClz) in mice. Male adult Swiss albino mice were exposed to HgCl, (1 mg/kg,
subcutaneously) for two weeks. After that, mice received by gavage (PhSe), (15.6
mg/kg) and DMPS (12.6 mg/kg), individually or combined, for one week. Hematological
parameters (erythrocytes, leukocytes and platelets) were evaluated in blood of mice.
Thiobarbituric acid-reactive substances (TBARS), ascorbic acid and mercury levels and
glutathione S-transferase (GST) and catalase (CAT) activities were investigated in
kidney of mice. In addition, plasma was used to billirubin, uric acid, urea and creatinine
levels as well as lactate dehydrogenase (LDH) activity determinations. (PhSe), and
DMPS, administered individually, were effective in restoring LDH activity, the levels of
TBARS, uric acid, urea and creatinine, erythrocytes, hemoglobin and hematocrit
modified by HgCl, exposure. Leukocyte, monocyte, neuthrophil, limphocyte, platelet
counts and total and indirect bilirubin levels modified by HgCl, exposure were also
restored by (PhSe), or DMPS. DMPS restored the increase in mercury levels induced by
HgCl,. Concomitant administration of (PhSe), and DMPS reduced the effectiveness of
DMPS in restoring damage induced by HgCl, exposure in mice. In conclusion, combined
therapy with (PhSe), and DMPS was less effective than isolated therapies in restoring
renal and hematological damage induced by HgCl,. Therefore, the association of
(PhSe), and DMPS seems to be not a good choice to counteract the damage induced

by HgCl; in mice.
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1. Introduction

Humans may be exposed to mercury in its various forms, including Hg?*, from
breathing contaminated air, ingesting contaminated water and food, by having dental
and medical treatments (ATSDR, 1999) and by using cosmetic and household products
(Ozuah, 2000). Thus, besides being an occupational concern, due to the widespread
use of mercurials in various industrial processes, Hg?* is a public health concern as well
(Lash et al, 2007). Various mechanisms, including lipid peroxidation, have been
proposed for the biological toxicity of mercury (Mahboob et al., 2001; Hussain et al.,
1999; Kim and Sharma, 2003). Over the last decade evidence has accumulated for a
role of reactive oxygen metabolites as a mediator of tissue injury in several models of
toxicity including HgCl, (Sener et al., 2007). The kidneys are the primary organs that
accumulate Hg®* and exhibit toxic effects after in vivo exposure to this element (Sharma
et al., 2005). The cellular content of thiols, particularly that of glutathione (GSH), can
modulate the intracellular uptake, cellular accumulation, and toxicity of Hg* in the renal
proximal tube (Zalups, 1997; Lash et al., 1998).

A method for the detoxification of mercury that is widely recommended is its
transformation into a chelate complex (Jones, 1994), which has a water solubility greater
than that of the mercury and therefore is readily excreted in the urine (Vamnes et al.,
2003). In this manner, body levels of mercury are reduced to a less dangerous
concentration. Meso-2,3-dimercaptosuccinic acid (DMSA) and sodium 2,3-dimercapto-
propane-1-sulphonate (DMPS) are dithiol chelating agents used in the treatment of
mercury toxicity (Aposhian et al., 1995; Rooney, 2007). DMPS is not currently approved
by the FDA for any clinical use, although it is being used to treat mercury toxicity in an

off-label capacity (Risher and Amler, 2005).
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Selenium is known to affect the distribution of mercury and also to reduce toxicity
induced by mercury in experimental animals (Goyer et al., 1995). However, it has been
observed in rats that simultaneous administration of selenium with a chelating agent
(DMPS or DMSA) leads to reduced effectiveness of the chelators (Juresa et al., 2005). It
is noteworthy that the form of selenium intake is also relevant (Xia et al., 2005).
Numerous studies have revealed the ability of organic or inorganic selenium compounds
to reduce mercury toxicity (Sasakura and Suzuki 1998; Farina et al., 2003; Perottoni et
al., 2004). Diphenyl diselenide, a simple organoselenium compound, has been reported
in view of its important pharmacological properties (Nogueira et al., 2003; Nogueira et
al., 2004; Borges et al., 2005, 2006; Barbosa et al., 2006; Savegnago et al., 2006, 2007)
among them its antioxidant activity (Rossato et al., 2002; Meotti et al., 2004). Recently,
studies of our research group have also demonstrated that diphenyl diselenide protects
against oxidative damage induced by cadmium in rodents (Santos et al., 2004, 2005a,
2005b).

Based on these reports, this study was designed to determine the possible
restorative effect of combined therapy with diphenyl diselenide and DMPS against renal

and hematological damage induced by mercury (HgCl») in mice.

2. Materials and methods
2.1. Materials

Diphenyl diselenide (PhSe), was prepared according to the literature method
(Paulmier, 1986) and was dissolved in canola oil. Analysis of the 'H NMR and "*C NMR
spectra showed that (PhSe), presented analytical and spectroscopic data in full

agreement with its assigned structure. The chemical purity of (PhSe), (99.9%) was
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determined by GC/HPLC. Mercuric chloride (HgCl,), 2,3-dimercaptopropane 1-sulfonate
(DMPS), &-aminolevulinic acid (3-ALA), 1-chloro-2,4-dinitrobenzene (CDNB) and p-
dimethylaminobenzaldehyde were purchased from SIGMA (St. Louis, MO, USA). All
other chemicals were of analytical grade and obtained from standard commercial

suppliers.

2.2. Animals

Male adult Swiss albino mice (25-35 g) from our own breeding colony were used.
The animals were kept in a separate animal room, on a 12 hour light/dark cycle, at a
room temperature of 22 + 2 °C and with free access to food and water. This study was
approved by the Ethics and Animal Welfare Committee of Universidade Federal de

Santa Maria.

2.3. Experimental Procedure

Mice were daily subcutaneously exposed to HgCl, (1 mg/kg, dissolved in 0.9%
NaCl) for two weeks (Booker and White Jr, 2005). After that, mice received by gavage
(PhSe), (15.6 mg/kg, dissolved in canola oil) (Savegnago et al., 2007) and DMPS (12.6
mg/kg, dissolved in 0.9% NaCl) (Santos et al., 2005b) individually or combined for one
week.

The protocol of mouse exposure is given below:
Group 1 - 0.9% NaCl (10 ml/kg, s.c.) followed by canola oil (2.5 ml/kg, p.o.) plus 0.9%

NaCl (5 ml/kg, p.o.)
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Group 2- 0.9% NaCl (10 ml/kg, s.c.) followed by canola oil (2.5 ml/kg, p.o.) plus DMPS
(5 ml/kg, p.o.)

Group 3- 0.9% NaCl (10 ml/kg, s.c.) followed by (PhSe), (2.5 ml/kg, p.o.) plus 0.9%
NaCl (5 ml/kg, p.o.)

Group 4- 0.9% NaCl (10 ml/kg, s.c.) followed by (PhSe), (2.5 ml/kg, p.o.) plus DMPS (5
mil/kg, p.o.)

Group 5- HgCl, (10 ml/kg, s.c.) followed by canola oil (2.5 ml/kg, p.o.) plus 0.9% NaCl (5
ml/kg, p.o.)

Group 6- HgCl, (10 ml/kg, s.c.) followed by canola oil (2.5 ml/kg, p.o.) plus DMPS (5
ml/kg, p.o.)

Group 7- HgCl, (10 ml/kg, s.c.) followed by (PhSe), (2.5 ml/kg, p.o.) plus 0.9% NaCl (5
mil/kg, p.o.)

Group 8- HgCl> (10 ml/kg, s.c.) followed by (PhSe), (2.5 ml/kg, p.o.) plus DMPS (5

mil/kg, p.o.)

Twenty four hours after the last administration, a sample of heparinized blood
sample was taken by cardiac puncture from each anesthetized mouse. After
centrifugation (3000xg) for 10 min at 4°C, the plasma and buffy coat were separated.
Subsequently, mice were sacrificed by decapitation and kidneys were removed.

The samples of kidneys were homogenized (1/10, w/v) in 50 mM Tris-HCI (pH
7.4) and centrifuged (2400xg) for 15 min. The sample supernatant (S1) was separated

and used for biochemical assays.
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2.4. Thiobarbituric acid-reactive substances (TBARS) levels
An aliquot (200 pl) of S1 was incubated at 95°C for 2 h. Renal TBARS levels were
determined as described by Ohkawa et al. (1979). The absorbance was read at 532 nm

and the data expressed as nmol malondialdehyde (MDA)/g tissue.

2.5. Ascorbic acid levels

Renal ascorbic acid determination was performed as described by Jacques-Silva
et al. (2001). The protein content of S1 was precipitated in 10 volumes of a cold 4%
trichloroacetic acid solution. An aliquot of sample (300 ul) in a final volume of 1 ml of
solution was incubated at 37°C for 3 hours, then 1 ml H,SO, 65% (v/v) was added to the
medium. The reaction product was determined using color reagent containing 4.5 mg/ml
dinitrophenyl hydrazine and CuSQ4 (0.075 mg/ml). The absorbance was read at 520 nm

and the data expressed as pg ascorbic acid (AA)/g tissue.

2.6. Catalase (CAT) activity

Renal catalase activity was assayed spectrophotometrically by the method of
Aebi (1984), which involves monitoring the disappearance of H,O- in the homogenate at
240 nm. Enzymatic reaction was initiated by adding an aliquot of 20 ul of S1 and the
substrate (H202) to a concentration of 0.3 mM in a medium containing 50 mM phosphate

buffer, pH 7.0. The enzymatic activity was expressed as Ul/mg protein.
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2.7. Glutathione S-transferase (GST) activity

Renal GST activity was assayed in S1 through the conjugation of glutathione with

CDNB at 340 nm as described by Habig et al. (1974). The results are expressed as
pgmol/min/mg protein.

2.8. Biochemical parameters in plasma

Plasma lactate dehydrogenase (LDH) activity, estimation of total, direct and
indirect billirubin contents as well as urea, creatinine and uric acid levels were assayed

spectophotometrically using commercial Kits (LABTEST, Diagnostica S.A., Minas
Gerais, Brazil).

2.9. Hematological Parameters

Hematological parameters were evaluated using a Pentra 120 Retic-Count

Analyzer™ (ABX Diagnostics, USA). The methods used by this equipment are flow

citometry, impedance, photometry and citochemistry.

2.10. Mercury concentration

The samples of kidney were completely digested with 65% nitric acid (Suprapur,
Merk). Renal mercury concentration was analyzed by cold vapour atomic absorption
spectrometry (CVAAS; model A Analyst 800, Perkin Elmer) coupled to a generator of

hydrides (model FIAS Mercury/Hydride, Chemifold). Standard from Fluka was used to
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build up the standard curve (1-50 micrograms/l). The results are expressed as ug

mercury/g dry weight.

2.11. Statistical analysis

The results are presented as means + S.D. Statistical analysis was performed
using a three-way (HgCl, x DMPS x (PhSe),) analysis of variance (ANOVA), followed by
Duncan’s multiple range test when appropriate. Values of p<0.05 were considered
statistically significant. Main effects or second order interactions are presented only

when the higher (third) order interaction was non-significant.

3. Results
3.1. Renal TBARS levels

Three-way ANOVA of TBARS levels data showed a significant HgCl, x DMPS x
(PhSe), interaction (F139=19.28, p<0.001). Post-hoc comparisons demonstrated that
DMPS and (PhSe),, individually or combined, restored TBARS levels increased by

HgCl, (Table 1).

3.2. Ascorbic acid levels
Three-way ANOVA of ascorbic acid levels data did not demonstrate significant

alterations (Table 1).
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3.3. CAT activity
Three-way ANOVA of CAT activity data did not demonstrate significant alterations

(Table 1).

3.4. GST activity
A significant interaction between HgCl, x DMPS in GST activity data was
observed (F1 23=5.26, p<0.03). Post-hoc comparisons demonstrated that DMPS restored

GST activity stimulated by HgCl, (Table 1).

3.5. Biochemical parameters in plasma

3.5.1. LDH activity

Three-way ANOVA of plasma LDH activity data yielded a significant HgCl, x
DMPS x (PhSe), interaction (F140=74.50, p<0.001). Post-hoc comparisons
demonstrated that DMPS and (PhSe), restored LDH activity increased by HgCl,
exposure. Combined treatment with DMPS + (PhSe), was capable of restoring LDH

activity but not to the levels of the control group (Table 2).

3.5.2. Uric acid concentration
Three-way ANOVA of uric acid levels data showed a significant HgCl, x DMPS x
(PhSe), interaction (F139=14.97, p<0.001). Post-hoc comparisons showed that DMPS

and (PhSe), restored uric acid levels increased in mice exposed to HgCl,. Combined
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therapy with DMPS + (PhSe), did not restore uric acid levels increased by HgCl, (Table

2).

3.5.3. Urea and creatinine levels

Three-way ANOVA of plasma urea levels data yielded a significant HgCl, x
DMPS x (PhSe), interaction (F140=16.84, p<0.001). Post-hoc comparisons
demonstrated that DMPS and (PhSe), restored urea levels increased by HgCls.
Combined therapy with DMPS + (PhSe), was not effective in restoring urea levels
increased by HgCl, (Table 2).

Three-way ANOVA of plasma creatinine levels data yielded a significant HgCl> x
DMPS x (PhSe), interaction (F146=125.21, p<0.001). Post-hoc comparisons
demonstrated that DMPS and (PhSe), ameliorated creatinine levels increased by HgCl-
exposure. Combined DMPS + (PhSe), treatment restored creatinine levels but not to

levels of the control group (Table 2).

3.5.4. Billirubin content

Three-way ANOVA of total billirubin content data yielded a significant DMPS x
(PhSe), interaction (F135=4.23, p<0.046). DMPS and (PhSe), restored total billirubin
content increased by HgCl.. Combined treatment with DMPS + (PhSe), was not
effective in restoring the total billirubin content (Table 3).

Three-way ANOVA of indirect billirubin content data yielded a significant HgCl, x

DMPS x (PhSe); interaction (F135=6.54, p<0.015). Post-hoc comparisons demonstrated
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that DMPS and (PhSe),, individually or combined, restored the increase on indirect
billirubin content induced by HgCl, (Table 3).
Three-way ANOVA of direct billirubin content data did not yield significant

alterations (Table 3).

3.6. Hematogical Parameters

3.6.1. Erythrocyte, hemoglobin and hematocrit levels

Three-way ANOVA of erythrocyte levels data showed a significant HgCl, x DMPS
x (PhSe), interaction (F1286=20.44, p<0.001). Post-hoc comparisons demonstrated that
DMPS and (PhSe); restored erythrocyte levels reduced by HgCl,. Therapy with DMPS +
(PhSe), did not restore erythrocyte levels reduced by HgCl, exposure in mice (Figure
1A).

Three-way ANOVA of hemoglobin levels data yielded a significant HgCl, x DMPS
x (PhSe), interaction (F1,27=103.21, p<0.001). Post-hoc comparisons demonstrated that
DMPS and (PhSe), restored hemoglobin levels reduced by HgCl,. Combined treatment
with DMPS + (PhSe), did not alter HgCl, effect on hemoglobin levels (Figure 1B).

Three-way ANOVA of hematocrit levels data revealed a significant HgCl, x DMPS
x (PhSe), interaction (F127=66.60, p<0.001). Post-hoc comparisons demonstrated that
DMPS and (PhSe); restored hematocrit levels reduced by HgCl.. DMPS + (PhSe);

therapy did not abolish the HgCl, effect (Figure 1C).
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3.6.2. Mean corpuscular volume (VCM), mean corpuscular hemoglobin (HCM), mean
corpuscular hemoglobin concentration (MCHC) and red distribution weight (RDW)
values.

Three-way ANOVA of VCM, HCM, CHCM and RDW values did not yield

significant alterations (Table 4).

3.6.3. Leukocyte and platelet counts

Three-way ANOVA of leukocyte counts data yielded a significant HgCl, x DMPS x
(PhSe), interaction (F124=38.70, p<0.001). Post-hoc comparisons demonstrated that
DMPS and (PhSe), restored leukocyte counts reduced by HgCl, exposure. Combined
therapy with DMPS + (PhSe),; did not restore the leukocyte counts reduced by HgCl
(Figure 2A).

Three-way ANOVA of platelet counts data revealed a significant HgCl, x DMPS x
(PhSe), interaction (F126=70.24, p<0.001). Post-hoc comparisons demonstrated that
DMPS and (PhSe), restored but not completely platelet counts reduced by HgCl,.
Combined therapy was less effective than individual treatments to restore platelet counts

reduced by HgCl, exposure (Figure 2B).

3.6.4. Lymphocyte, monocyte and neuthrophil percentages
Three-way ANOVA of lymphocyte percentage data yielded a significant HgCl, x
DMPS x (PhSe), interaction (F126=107.99, p<0.001). Post-hoc comparisons

demonstrated that DMPS and (PhSe), completely restored lymphocyte percentage
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reduced by HgCl,. In contrast, combined therapy with DMPS + (PhSe), potentiated the
reduction in lymphocyte percentage induced by HgCl, (Figure 3A).

Three-way ANOVA of monocyte percentage data revealed a significant HgCl, x
DMPS x (PhSe), interaction (F1,19=9.18, p<0.007). Post-hoc comparisons demonstrated
that DMPS and (PhSe),, individually or combined, completely restored the monocyte
percentage increased by HgCl, (Figure 3B).

Three-way ANOVA of neuthrophil percentage data yielded a significant HgCl, x
DMPS x (PhSe), interaction (F120=654.33, p<0.001). Post-hoc comparisons
demonstrated that DMPS and (PhSe), restored neuthrophil percentage increased by
HgCl,. Combined therapy with DMPS + (PhSe), did not restore neuthophil percentage

increased by HgCl, exposure (Figure 3C).

3.7. Mercury concentration

A significant interaction between HgCl, x DMPS (F116=4.78, p<0.044) was
observed. Post-hoc comparisons demonstrated that the increase (~23 times) in renal
mercury concentration induced by HgCl, was reduced by DMPS administration. (PhSe);

did not modify mercury levels (Figure 4).

4. Discussion

Increasing evidence support the hypothesis that simultaneous administration of
selenium with a chelating agent leads to reduced effectiveness of the chelators (Juresa
et al., 2005). The present study is in agreement with this hypothesis, showing that

concomitant administration of DMPS and (PhSe), reduced effectiveness of DMPS in
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restoring damage induced by HgCl, in mice. In addition, this study proved that combined
therapy with (PhSe), and DMPS was less effective than isolated therapies to counteract
HgClz induced renal and hematological damage.

The kidneys are the primary target organ for accumulation and toxicity of
inorganic mercury (Zalups, 1997). Oxidative stress induced by HgCl, has been
previously reported (Lund et al., 1993; Sener et al., 2007). Oxidative stress induced by
HgCl, was evidenced in kidneys of mice by an increase in TBARS levels and the
stimulation of GST activity. We can suggests that, as a consequence of lipid
peroxidation, biological membranes are affected causing cellular damage, release of
LDH to extracellular media and increased activity of this enzyme in the blood (Kaplan
and Pesce 1996). Renal damage observed in animals exposed to HgCl, was also
evidenced by an increase in plasma urea, creatinine and uric acid levels, which are
renal markers of damage.

It has been found that mercury can cause several hematological alterations, such
as hemolysis of red blood cells (Zolla et al., 1997) and alteration in the leukocyte counts
(Girardi et al., 1996). In the present study, toxicity induced by HgCl, was marked by
hematological alterations demonstrated by the reduction in erythrocyte, hemoglobin and
hematocrit, indicating anemia. To support the hypothesis of hemolytic anemia, billirubin
content was evaluated. Mice treated with HgCl, presented an increase in billirubin
content. Billirubin is one of the most sensitive parameters that reflect the prognosis of
acute hepatic diseases (Batra and Acharya, 2003). In the present study, the
hyperbillirubinemia observed is mostly of the indirect (unconjugated) category. This
could be attributable to hemolysis, which is caused by excessively rapid destruction of

erythrocytes. This hypothesis was corroborated by the normal values of RDW, which
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demonstrated no variance on size of erythrocytes, and VCM, HCM and CHCM values,
excluding evidence of iron deficient anemia (Brugnara, 2000).

A reduction in other hematological parameters (platelet, leukocyte and
lymphocyte counts) and the increase in neutrofil and monocyte percentages were also
found in HgCl, exposed mice. It is known that mercury can induce abnormal responses
in the immune system, including leukocyte count, a marker of cellular defense (Friberg
and Enestrom, 1991; WHO, 1991). The increase in neutrofil and monocyte percentages,
which represents the activity of the first and second lines of defense against the cellular
damage, has been reported after mercury exposure (Contrino et al., 1988; Perlingerio
and Queiroz, 1995).

One important finding of this study is that association of (PhSe), and DMPS was
less effective than individual therapies to restore hematological and renal damage
induced by HgCl,. On the one hand, the findings reported in this study support the
hypothesis that simultaneous administration of selenium (in the form of (PhSe);) and a
chelating agent (DMPS) leads to reduced effectiveness to remove Hg of the chelator or
(PhSe),. Juresa et al. (2005) have proposed that ligand competition between the
chelators and selenoprotein-P led to the redistribution of mercury and decreased urinary
excretion.

Given that one can propose that ligand competition between (PhSe), and Hg*" to
complex with DMPS gives preferentially the complex DMPS-SePh (1, Scheme 1). As a
consequence of preferential thiol group attack to (PhSe); to give two new Se-S bounds,
DMPS-Hg?* complex is less probable to occur, reducing Hg?* urinary excretion and the
effectiveness of DMPS. In this way, we found that combined therapy with (PhSe), and

DMPS did not modify the renal mercury levels when compared to DMPS therapy, but
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reduced the efficacy of DMPS in restoring hematological and renal damages. One
possible explanation for these findings is that in mice exposed to HgCl, and DMPS the
renal mercury may be in the form of DMPS-Hg? complex ready to be excreted. In
contrast, as cited above, combined therapy with (PhSe), and DMPS reduces the
formation of DMPS-Hg?* complex and, consequently, leave mercury more available to

exert toxic effects.

Scheme 1 DMPS - (PhSe), complex in the presence of Hg*?

Therefore, this argument helps to explain, at least in part, the reduced
effectiveness demonstrated by combined therapy used in this study. Another
complicating factor in the relationship between selenium and mercury toxicity, is that
GSH is involved in mercury uptake by the kidneys. The increase in GSH levels in
different tissues including kidneys has been reported after (PhSe), administration in
rodents (Barbosa et al., 2006; De Bem et al., 2007; Luchese et al., 2007), so the effect
of selenium on GSH levels may also be relevant to the toxic effects of mercury.

The results of this study lead us to refute the hypothesis that administration
concomitant of (PhSe), and DMPS could ameliorate renal and hematological damage

induced by HgCl, exposure in mice. Although several lines of evidence indicate that
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combined therapy with antioxidant and chelating can yield better therapeutic outcomes
than isolated chelation therapy (Pande and Flora, 2002; Tandon et al., 2003; Santos et
al., 2005b), the findings showed in this study strongly suggested the contrary. Different
from our data is also a previous study reporting that administration of DMPS and
(PhSe), was efficient in ameliorating damage induced by cadmium in mice (Santos et
al., 2005b).

The hypotheses proposed to explain the restorative effect of (PhSe), against
HgCl, induced damage are: i) the first one is its property of forming an inactive complex
with mercury. This hypothesis is supported by studies that demonstrated an inactive
complex formation between mercury, selenium (as selenide) and selenoprotein P
(Sasakura and Suzuki, 1998; Gailer et al., 2000). In accordance, (PhSe), did not modify
mercury concentration in kidney of mice exposed to HgCl, but had restorative effects on
hematological and renal alterations induced by HgCl,. Therefore, we suggest that
mercury, in the form of an inactive complex, was less available to cause toxic effects in
mice exposed to HgCl, and (PhSe),. ii) the second one is its antioxidant property
(Meotti et al., 2004). In fact, several authors have shown that antioxidants should be one
of the important components of an effective treatment against metal poisoning (Casalino
et al., 2002; EI-Demerdash et al., 2004; Santos et al., 2005b). The restorative effect of
DMPS against damage induced by HgCl, is attributed to chelating activity of this
compound which bonds to mercury in a 1:1 ratio, forming a hydrosoluble and less toxic
complex (Hg-DMPS), which can be excreted in the urine (Aposhian et al., 1995). In fact,
our results confirm the reduction in renal mercury levels in mice exposed to HgCl, and

DMPS.
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In conclusion, combined therapy with (PhSe), and DMPS was less effective than
isolated therapies in restoring renal and hematological damage induced by HgCls.
Therefore, the association of (PhSe), and DMPS seems to be not a good choice to
counteract the damage induced by HgCI, in mice. However, more studies are required

to clarify this matter.
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Legends

Figure 1. Effect of (PhSe), and DMPS on erythrocyte (1A), hemoglobin (1B) and
hematocrit (1C) levels from mice exposed to HgCl,. Data are reported as mean + S.D. of
six animals per group. (a) Denoted p<0.05 as compared to the control group (three-way
ANOVA/Duncan). (b) Denoted p<0.05 as compared to the HgCl, group (three-way
ANOVA/Duncan). (c) Denoted p<0.05 as compared to the HgCl, + DMPS and HgCl, +

(PhSe), groups (three-way ANOVA/Duncan).

Figure 2. Effect of (PhSe), and DMPS on leukocyte (2A) and platelet (2B) levels from
mice exposed to HgCl,. Data are reported as mean = S.D. of six animals per group. (a)
Denoted p<0.05 as compared to the control group (three-way ANOVA/Duncan). (b)
Denoted p<0.05 as compared to the HgCl, group (three-way ANOVA/Duncan). (c)
Denoted p<0.05 as compared to the HgCl, + DMPS and HgCl, + (PhSe), groups (three-

way ANOVA/Duncan).

Figure 3. Effect of (PhSe), and DMPS on lymphocyte (3A), monocyte (3B) and
neuthrophil (3C) percentage from mice exposed to HgCl,. Data are reported as mean +
S.D. of six animals per group. (a) Denoted p<0.05 as compared to the control group
(three-way ANOVA/Duncan). (b) Denoted p<0.05 as compared to the HgCl, group
(three-way ANOVA/Duncan). (c) Denoted p<0.05 as compared to the HgCl, + DMPS

and HgCl, + (PhSe), groups (three-way ANOVA/Duncan).
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Figure 4. Effect of (PhSe), and DMPS on renal mercury levels in mice exposed to
HgCl,. Data are reported as mean + S.D. of three animals per group. (a) Denoted
p<0.05 as compared to the control group (three-way ANOVA/Duncan). (b) Denoted

p<0.05 as compared to the HgCl, group (three-way ANOVA/Duncan).
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Tables
Table 1: Effect of (PhSe), and DMPS on renal TBARS and ascorbic acid levels and GST

and CAT activities of mice exposed to HgCl,

TBARS Ascorbic acid CAT GST
(nmol MDA/mg prot.) (ug AA/g (Ul/mg prot.) (umol/min/mg

tissue) prot.)
Control 50.7+3.4 112.8 £ 14.7 299+27 24+0.7
DMPS 58.1+£9.2 122.8+19.4 33.1+£5.9 25+0.3
(PhSe), 49.1+55 118.1£19.8 37.3+£9.0 51+1.4°
DMPS+ (PhSe), 48.7 £5.3 130.0 £ 23.3 35.3+8.5 42+09°
HgCl 786+45° 117.9+24.7 345140 53+1.3°
HgCl, + DMPS 56.1+3.5° 96.9 + 8.1 28.0+£29 31+06°
HgCl, + (PhSe), 51.0+7.9° 120.6 £ 19.3 31.9+3.6 66+14°2
HgCl, + DMPS + 51.8+6.4° 1304 +17.7 33.9+54 46+15°

(PhSe),

Data are reported as mean + S.D. of six animals per group.
@Denoted p<0.05 as compared to the control group (Three-way ANOVA/Duncan).
® Denoted p<0.05 as compared to the HgCl, group (Three-way ANOVA/Duncan).
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Table 2: Effect of (PhSe), and DMPS on plasma LDH activity and uric acid, urea and

creatinine levels of mice exposed to HgCl,

LDH Uric acid Urea Creatinine
(U/L) (mg/dL) (mg/dL) (mg/dL)
Control 123.8+17.6 3.9+04 48.3+6.4 0.11 +0.03
DMPS 131.4 +19.0 3.6+0.3 42.0+2.0 0.11 + 0.01
(PhSe), 140.6 + 7.4 3.1+07 42.7+7.3 0.11+ 0.01
DMPS+ (PhSe), 149.6 + 26.6 3.3+06 43.0+4.7 0.11 £ 0.01
HgCl, 347.8 +559° 57+1.3° 61.2+5.9° 0.34 +0.05°
HgCl, + DMPS 137.2+12.7° 35+09° 36.2+3.5%"  0.11+0.02°
HgCl, + (PhSe), 116.7+ 146 ° 2.7+05°2° 496+6.9° 0.11+0.01°
HgCl, + DMPS + 205.3 +44.6°°° 49+15%2° 57.2+5.0°° 0.22+0.05%°°

(PhSe),

Data are reported as mean + S.D. of six animals per group.
@Denoted p<0.05 as compared to the control group (three-way ANOVA/Duncan).
® Denoted p<0.05 as compared to the HgCl, group (three-way ANOVA/Duncan).
°Denoted p<0.05 as compared to the HgCl, + DMPS and HgCl, + (PhSe), groups
(three-way ANOVA/Duncan).



Table 3: Effect of (PhSe), and DMPS on plasma total, direct and indirect billirubin

content of mice exposed to HgCl,

Total billirubin Direct billirubin Indirect billirubin
(mg/dL) (mg/dL) (mg/dL)
Control 0.53+0.15 0.22 £0.02 0.29+£0.10
DMPS 0.53+0.13 0.24 £0.08 0.25+0.08
(PhSe), 0.45+0.07 0.18 £ 0.03 0.27 +0.08
DMPS+ (PhSe); 0.48 +0.09 0.24 £ 0.03 0.24 £ 0.04
HgCl, 0.76 £0.15° 0.22 + 0.01 0.57+0.10°
HgCl, + DMPS 0.59+0.10° 0.22 £0.08 0.32+0.10°
HgCl, + (PhSe); 0.54+0.17° 0.26 £ 0.02 0.32+0.05"
HgCl, + DMPS + 0.67 £0.16 0.28 £ 0.04 0.36 +0.07°

(PhSe),

Data are reported as mean + S.D. of six animals per group.
@Denoted p<0.05 as compared to the control group (three-way ANOVA/Duncan).
® Denoted p<0.05 as compared to the HgCl, group (three-way ANOVA/Duncan).



Table 4: Effect of (PhSe), and DMPS on VCM, HCM, CHCM and RDW values of mice

exposed to HgCls

140

VCM (um°) HCM (pg) CHCM (g/dL) RDW (%)

Control 60.8 £ 6.9 28.7+0.9 315+ 1.5 14.0 £ 0.1
DMPS 59.7 +9.2 28.7 + 1.1 32.1+0.8 14.0 £ 0.1
(PhSe), 59.8 + 9.2 28.7+0.5 31.3+1.5 14.2 £0.9
DMPS+ (PhSe), 59.8 +7.2 28.2+0.9 31.8 + 1.1 14.2 £0.9
HgCl, 61.6+7.7 28.5+0.6 30.4 +2.3 15.0 £ 1.4
HgCl, + DMPS 60.5+9.7 29.0 + 0.1 31.5+ 1.4 14.3+0.5
HgCl, + (PhSe), 60.4 £7.2 28.5+1.3 31.4+0.6 14205
HgCl, + DMPS +  60.5+10.4 29.0 + 1.0 31.7+1.6 14.3+0.5

(PhSe),

Data are reported as mean + S.D. of six animals per group.
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Figures
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Figure 2
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Figure 3
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5. DISCUSSAO

Muitos estudos tém sido realizados com o objetivo de elucidar os efeitos da
interacdo entre o mercurio e o selénio no organismo de mamiferos. Tem sido
documentado que a administragdo de compostos de selénio pode tanto reduzir a
toxicidade do mercurio (Magos e Webb, 1980; Cuvin-Aralar and Furness, 1991; EI-
Demerdash, 2001; Farina et al., 2003) quanto apresentar um efeito sinérgico ou aditivo
com este metal (Magos, 1991; Farina et al., 2004; Brandao et al., 2005). Neste estudo,
observamos efeitos distintos da administragcdo de (PhSe), em camundongos expostos
ao HgCl,. E importante ressaltar que a diferenca entre os protocolos experimentais
pode ser uma explicagao para os resultados distintos observados nestes trabalhos.

Os efeitos toxicos do mercurio sado bastante relatados na literatura e o estresse
oxidativo parece estar envolvido nesta toxicidade (Hussain et al., 1999; Mahboob et al.,
2001). Desta forma, no Artigo 1, verificamos o efeito de dois compostos com acgao
antioxidante, o (PhSe), e a NAC, em comparagcdo com um agente quelante de
referéncia, o DMPS, na toxicidade aguda induzida pelo HgCl, em camundongos. Os
resultados obtidos demonstraram claramente que a interagdo dos agentes terapéuticos
testados com o mercurio causou efeitos toxicos nos camundongos. Observamos, 24
horas apos o término do tratamento, uma taxa de 100% de letalidade nos animais do
grupo HgCl, + (PhSe),, sugerindo um efeito sinérgico entre estes dois compostos. Os
efeitos toxicos observados em animais expostos ao mercurio € ao selénio tém sido
atribuidos, em parte, aos efeitos pro-oxidantes desta interagdo (Brandéo et al., 2005). A
formacdo de um complexo entre mercurio e selénio pode ser a responsavel por esta
toxicidade. De fato, Moller-Madsen e Danscher (1991) tém indicado que pode haver a
formacdo de complexos insoluveis denominados de selenetos de mercurio (HgSe).
Além disso, Santos et al. (2005) demonstraram que o (PhSe), pode se complexar com o
cadmio.

Com relagdo a NAC e ao DMPS, verificamos a falta de efeitos terapéuticos
destes dois agentes e, além disso, demonstramos a indugdo de toxicidade renal nos
animais expostos ao HgCl, e tratados com NAC ou DMPS. A toxicidade renal

observada nos camundongos destes grupos foi demonstrada através de marcadores de
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dano renal (uréia e creatinina) e através da atividade da enzima Na*, K’-ATPase renal.
Sabe-se que esta € uma enzima sensivel a agentes oxidantes, uma vez que possui
grupos —SH em sua estrutura (Anner et al.,, 1990). Como descrito anteriormente, o
DMPS é um agente quelante e, portanto, pode se complexar com o mercurio (Zalups et
al.,, 1998). Além disso, a NAC também pode possuir acdo quelante (Banner et al.,
1986). E descrito na literatura que complexos formados entre o mercurio e as moléculas
tilicas, como a NAC e o DMPS, podem apresentar propriedades pro-oxidantes (Miller e
Woods, 1993; Putzer et al., 1995). Desta forma, sugerimos que a atividade da enzima
Na®, K'-ATPase renal tenha sido inibida pela ag&o pré-oxidante dos complexos Hg-NAC
e Hg-DMPS, os quais poderiam oxidar os grupos —SH da enzima. Uma outra explicagao
para a maior toxicidade observada nos animais tratados com HgCl, + NAC e HgCl, +
DMPS é o fato de que os complexos formados entre 0 mercurio e as moléculas tidlicas
sdo mais facilmente transportados para o interior do tecido renal (Zalups e Barfuss,
1995a; b). Este transporte € fundamental para a excre¢do do metal na urina, mas
Zalups e Barfuss (1996) demonstraram que o aumento na concentragdo de mercurio no
tecido renal pode causar um acumulo, € ndo excrecao, deste metal pelos rins,
aumentando a toxicidade do mercurio.

Como observamos no Artigo 1, 100% dos animais tratados com HgCl, + (PhSe);
morreram. Com o objetivo de verificar os efeitos tdxicos causados por este tratamento,
realizamos um estudo (Manuscrito 1) utilizando o mesmo protocolo de exposigao
referido no Artigo 1. Uma vez que os animais n&o sobreviviam mais do que 5 horas
apo6s o término do tratamento, escolhemos o tempo de 5 horas para o sacrificio dos
animais. Observamos, no Manuscrito 1, que os efeitos tdxicos decorrentes da
interacao entre o mercurio e o selénio afetam o tecido hepatico e, principalmente, o
renal. Os efeitos toxicos observados no tecido hepatico, decorrentes desta interacéo,
foram evidenciados através do aumento nos niveis de TBARS, um marcador de
peroxidacao lipidica (Huang et al., 1996), e da inibicdo da atividade da catalase, uma
enzima antioxidante (Benov et al., 1990). Dessa forma, sugere-se que o estresse
oxidativo esteja envolvido na toxicidade hepatica induzida pela interagdo formada entre

0 mercurio e o selénio.
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No Manuscrito 1, observamos um numero de parametros renais alterados no
grupo HgCl, + (PhSe),. Da mesma forma que no figado, a indugédo do dano renal
parece estar relacionada com o estresse oxidativo. As enzimas sulfidrilicas 6-ALA-D e
Na®, K- ATPase, as quais sdo sensiveis a agentes pro-oxidantes (Anner et al., 1990;
Emanuelli et al., 1996), foram inibidas nos animais expostos ao HgCl, e tratados com
(PhSe),. Este mesmo grupo de animais apresentou alteragdes nos marcadores de
estresse oxidativo (aumento nos niveis de TBARS e acido ascoérbico e inibicdo da GST).
A confirmagao do dano renal veio através de marcadores plasmaticos (uréia e proteina)
e urinarios (proteina e glicose), comumente utilizados na clinica. O dano renal
observado neste estudo também levou ao aumento nos niveis de hemoglobina e no
hematdcrito, ja que as proteinas plasmaticas, responsaveis pela regulacédo da volemia
(Houpt e Yang, 1995), encontravam-se diminuidas. Como citado anteriormente, a
toxicidade observada nos casos de interagcéo entre o selénio e o mercurio esta bastante
relacionada com a formagao do complexo Hg-Se, o qual pode apresentar efeitos pro-
oxidantes. Além disso, sabe-se que ambos os compostos (mercurio e selénio) podem
apresentar efeitos pro-oxidantes, quando administrados individualmente (Huang et al.,
1996; Nogueira et al., 2003c). Dessa forma, um efeito sinérgico ou aditivo n&o pode ser
descartado. Uma outra hipotese que poderia explicar a toxicidade decorrente desta
interac&o é que o (PhSe), pode causar um aumento nos niveis de GSH (Barbosa et al.,
2006; Luchese et al., 2007). De fato, os resultados mostrados no Manuscrito 1 indicam
um aumento nos niveis de tidis ndo protéicos (NPSH) em figado e rim de camundongos
expostos ao (PhSe), (dados ndo mostrados). Moléculas tidlicas, como a GSH, podem
facilitar a entrada do mercurio no tecido renal e, desta forma, poderiam aumentar a
toxicidade do metal neste tecido (Zalups e Barfuss, 1995a). De fato, Agarwal e Behari
(2007) observaram que o selénio, na forma de selenito de sédio, aumenta os niveis de
mercurio em figado e rim de ratos. No entanto, esta hipétese parece ser menos
provavel, ja que a concentracdo de mercurio no figado e rim de animais expostos ao
mercurio ndo foi alterada pela administracdo de (PhSe)s.

Com base nos resultados obtidos no Artigo 1 e no Manuscrito 1, verificamos a
toxicidade da interacdo entre o mercurio € moléculas que possuem a capacidade de se
complexar com este metal. O potencial pro-oxidante destes complexos parece estar
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envolvido nos danos referidos acima. E importante ressaltar que, nestes estudos, as
administragbes de HgCl, e dos agentes testados (NAC, DMPS e (PhSe),) foram de
forma aguda e a administracdo destes agentes foi concomitante com a ultima dose de
HgCl,. Uma vez que a exposigao aguda, bem como de forma concomitante, parece
propiciar a formag&o de complexos pro-oxidantes, o nosso proximo objetivo foi verificar
o efeito do pré e pos-tratamento com (PhSe), em camundongos expostos
subcronicamente ao HgCl, (Artigo 2 e Manuscrito 2, respectivamente). No Artigo 2,
verificamos o efeito do pré-tratamento com o (PhSe), na toxicidade induzida pelo HgCl,
nos sistemas imunologico e hematoldgico de camundongos. Ja no Manuscrito 2,
verificamos o efeito da terapia com o (PhSe), na tentativa de reverter os danos no
tecido renal e no sistema hematolégico causados pelo HgCl, em camundongos. Como
a terapia de reversao da toxicidade de metais pesados envolve a utilizagdo de agentes
quelantes, no Manuscrito 2 também comparamos o efeito do (PhSe), com um agente
quelante de referéncia, o DMPS. Além disso, verificamos o efeito da interacéo entre o
(PhSe), e 0o DMPS nestes animais.

No Artigo 2 e no Manuscrito 2, verificamos a presenga de anemia nos
camundongos tratados com o HgCl, sendo provavelmente devida aos efeitos pro-
oxidantes do metal. O mercurio € descrito por causar inibicdo de enzimas antioxidantes
eritrocitarias importantes (Ribarov e Benov, 1982), reduzir os niveis de GSH eritrocitaria
(Ribarov e Benov, 1981) e pode ainda gerar EROs através do complexo mercurio-
hemoglobina (Zolla et al., 1997). Estes efeitos do mercurio podem levar a processos
hemoliticos, causando a anemia. De fato, no Manuscrito 2, a hipotese de anemia
hemolitica foi fortalecida devido ao aumento nos niveis séricos de bilirrubina indireta (ou
nao-conjugada) nos camundongos expostos ao HgCl,, uma vez que, no processo
hemolitico, ha liberagdo do heme que é convertido em bilirrubina indireta.

Outros parametros hematolégicos (plaquetas e leucocitos) também foram
alterados nos camundongos expostos ao HgCl,. As alteragbes observadas nos
leucécitos também refletem o efeito deste metal no sistema imunoldgico, ja que os
leucdcitos sado células de defesa. De fato, observamos que o mercurio causou
alteragdes nos niveis de dois anticorpos, a imunoglobulina G (IgG) e imunoglobulina M

(IgM) (Artigo 2). Este efeito do mercurio € descrito como um dos responsaveis pela
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nefropatia observada em animais expostos a este metal. Estudos demonstraram que o
mercurio pode causar doenga auto-imune, ou seja, 0 sistema imunolégico produz
anticorpos contra suas proprias proteinas e estes se depositam nos rins podendo
causar desordens neste tecido (Zelikoff e Thomas, 1998). De acordo com estes relatos,
confirmamos no Manuscrito 2 a presenca de dano renal apds tratamento subcrénico
com o HgCl, em camundongos. A presenca de dano renal foi confirmada através dos
marcadores plasmaticos (uréia, creatinina e acido urico) e parece estar relacionada com
o estresse oxidativo. Diversos trabalhos tém demonstrado que, em humanos e outros
mamiferos, os rins s&o os alvos primarios onde os ions mercuricos se acumulam apés a
exposicao as formas elementar e inorganica deste metal (Cherian e Clarkson, 1976;
Zalups e Diamond, 1987; Zalups e Barfuss, 1990).

Os resultados obtidos nestes dois ultimos trabalhos (Artigo 2 e Manuscrito 2)
foram diferentes dos observados nos dois primeiros trabalhos (Artigo 1 e Manuscrito
1). O (PhSe), foi efetivo tanto em proteger quanto em reverter os danos observados nos
animais expostos ao HgCl,. Como os danos causados pelo mercurio envolvem a
geracao de estresse oxidativo, sugerimos que o efeito benéfico deste organocalcogénio
foi devido a sua agdo antioxidante, a qual é bastante relatada (Meotti et al., 2004;
Nogueira et al., 2004; Luchese et al., 2007; Borges et al., 2008). Sabe-se que o selénio
€ componente de algumas enzimas que apresentam acgdo antioxidante, como a
glutationa peroxidase (Wingler e Brigelius-Flohé, 1999) e a tiorredoxina redutase
(Holmgren, 1985). Além disso, tem sido demonstrado que o (PhSe), pode possuir agdo
semelhante a da glutationa peroxidase (Nogueira et al., 2004) e que este composto
pode causar aumento nos niveis de GSH, a qual possui acao antioxidante. Também
tem sido documentada a presenga de um complexo formado entre mercurio, selénio e
selenoproteina P, o qual seria inerte e, desta forma, reduziria a toxicidade do metal
(Yoneda e Suzuki, 1997).

E importante salientar que, no Manuscrito 2, observamos que o (PhSe), foi
praticamente tao efetivo quanto o DMPS em reverter os danos causados pelo mercurio.
Entretanto, a associacdo do (PhSe), ao DMPS reduziu a efetividade deste agente
quelante. Embora existam estudos que descrevam a eficacia da associagdo entre

agentes antioxidantes e quelantes (Pande e Flora, 2002; Tandon et al., 2003), nosso
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resultado estd de acordo com evidéncias que indicam que a administracdo de outras
formas de selénio reduz a efetividade do DMPS (Juresa et al., 2005). Sugerimos que o
(PhSe), poderia reduzir a efetividade do DMPS em se complexar com o mercurio, uma
vez que a formagédo de um complexo entre o (PhSe), e o DMPS (DMPS-SePh) poderia
ocorrer mais facilmente (Esquema 1 do Manuscrito 2). Embora ndo tenhamos
observado alteracdo na concentragdo de mercurio nos animais que receberam a terapia
combinada (DMPS + (PhSe);) em comparagdo com os animais tratados com o DMPS,
nos animais tratados com a associagdo entre os dois compostos o0 mercurio,
provavelmente, estaria mais disponivel para exercer seus efeitos téxicos.

A analise destes 4 trabalhos aqui mencionados nos permite entender um pouco
mais sobre a interagdo entre o selénio e o mercurio. Os resultados sugerem que a
administracdo concomitante de selénio, na forma de (PhSe), e mercurio, na forma de
HgCl,, pode causar inumeros efeitos toxicos. Entretanto, quando o organocalcogénio &
administrado antes ou depois da exposi¢cdo ao HgCl,, os resultados parecem ser mais
efetivos. Uma explicacéo para os diferentes resultados obtidos pode ser a formacao do
complexo pro-oxidante, o que talvez seja facilitado pela administracédo concomitante de
HgCl, e (PhSe),. Além disso, a exposigcdo subcrbénica ao HgCl, parece responder
melhor a terapia com o (PhSe), do que a exposi¢cdo aguda em camundongos. Estes
resultados sao corroborados por prévios estudos do nosso grupo que demonstraram
que a administragdo de (PhSe);, mesmo n&o sendo concomitante com o HgCl,,
apresentou poucos efeitos terapéuticos em animais tratados de forma aguda com HgCl,
(Brandao et al., 2006). E importante salientar que nos dois primeiros trabalhos, os quais
demonstraram efeitos toxicos da interacdo entre (PhSe), e HgCl,, o organocalcogénio
foi administrado pela via subcutdnea. Ja nos outros dois trabalhos, os quais
demonstraram efeitos benéficos da interacdo entre (PhSe), e HgCl,, o composto de
selénio foi administrado pela via oral, 0 que poderia sugerir que a via de administragao
fosse fator determinante para a toxicidade ou n&o desta associagao entre o (PhSe); e o
HgCl,. Entretanto, ndo podemos afirmar que a via oral € melhor do que a via
subcutanea, ja que observamos que, utilizando-se o0 mesmo protocolo de exposi¢cao dos

dois primeiros trabalhos, a terapia oral com (PhSe),, na mesma dose que foi usada
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subcutaneamente, também causou 100% de morte nos camundongos expostos ao
HgCl, (dados nao publicados).

No Esquema 1, mostrado a seguir, € possivel ter uma visdo geral dos efeitos do
mercurio, do (PhSe), e dos demais agentes testados (NAC e DMPS), bem como suas

interacdes estudadas neste trabalho.
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Esquema 1. Visdo geral dos efeitos do mercurio, do (PhSe), e dos demais agentes

testados (NAC e DMPS), bem como suas interagdes estudadas neste trabalho.

Beneficio menor do que

terapias isoladas Redugéo dos
efeitos toxicos do
/ HgZ+

DMPS-SePh

.+  4--- DMPS + (PhSe)2 DMPS

ng+ (PhSe)z L. Estresse Anemia

l \ T /[')ano hematolégico >oxidativo_>hem°"tica
Biodisponivel NAC Hg”| — Alteragéo imunolégica —»

DMPS T Peroxidagio lipidica
/ (PhSe),
|

Inlblgao_de' enzima | Inibicdo de enzima
sulfidrilica

l s e

Complexo———» Peroxidagao lipidica | ¥

defesa antioxidante
l
Mortalidade Dano oxidativo
hepatico

- As linhas cheias (—) indicam os efeitos demonstrados neste trabalho.
- As linhas pontilhadas (---) indicam possiveis efeitos, baseado em estudos da literatura.
- Cor vermelha: tratamento agudo / concomitante.

- Cor verde: tratamento subcrénico / pré e pos.
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6. CONCLUSOES

Com base nos resultados obtidos, podemos concluir que:

e O Artigo 1 demonstrou que a administracdo de (PhSe),, NAC e DMPS,
concomitantemente a exposigcao ao HgCl,, causou toxicidade nos animais expostos de
forma aguda ao HgCl,. O (PhSe), causou 100% de morte nos camundongos expostos
ao metal e a administracdo de NAC e DMPS apresentou toxicidade renal nos
camundongos. Esta toxicidade pode ser mediada através da formagado de complexos
pro-oxidantes entre o mercurio e estes agentes e afetam, em especial, o tecido renal,

¢ O Manuscrito 1 demonstrou que a toxicidade observada nos camundongos
expostos ao HgCl; e ao (PhSe), envolve a geracdo de estresse oxidativo. A formagao
de um complexo entre o (PhSe), e o HgCl, €, provavelmente, a causa desta toxicidade
que afeta o tecido hepatico e, principalmente, o tecido renal;

e O Artigo 2 demonstrou que o (PhSe), possui a capacidade de proteger contra
0os danos aos sistemas imunologico e hematolégico induzidos pela exposicao
subcrénica ao HgCl,. Este mecanismo de prote¢cdo pode incluir a formagdo de um
complexo ternario inerte e também pode ser devido a agédo antioxidante deste composto
de selénio;

e O Manuscrito 2 demonstrou que o (PhSe), possui efeitos semelhantes aos do
DMPS na tentativa de reverter os danos aos sistemas hematologico e renal induzidos
pela exposi¢cdo subcrénica ao HgCl,. O mecanismo pelo qual o (PhSe), reverte a
toxicidade induzida pelo HgCl, pode incluir a formag&o de um complexo ternario inerte e
também pode ser devido a acao antioxidante deste composto de selénio. Entretanto, a
administracdo conjunta de (PhSe), e DMPS n&o parece uma boa opg¢éo, uma vez que
as administracdes individuais destes dois compostos foram mais eficazes do que a

administracdo combinada em reverter a toxicidade induzida pelo metal.
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