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O cadmio (Cd) é considerado um dos metais pesados de maior toxicidade devido a sua
capacidade de afetar diferentes tecidos, incluindo o encéfalo, bem como o sistema
imunoldgico. Os mecanismos moleculares de toxicidade do Cd ainda ndo estdo bem
estabelecidos, contudo, sabe-se que uma das consequéncias da exposicdo ao Cd € a
geracdo de estresse oxidativo. Por outro lado, a quercetina, um flavonoide presente em
varios alimentos, exerce diversas funcfes terapéuticas no organismo, como atividade
antioxidante, anti-inflamatoria e acdo neuroprotetora. Sendo assim, o objetivo do presente
estudo foi investigar os efeitos da quercetina sobre os testes comportamentais, a atividade
das enzimas acetilcolinesterase (AChE), a Na*,K*-ATPase e a d-desidratase aminolevulinato
(6-ALA-D), bem como os parametros de estresse oxidativo no sistema nervoso central de
ratos machos wistar adultos expostos ao CdCl,. Também foi avaliada, no sistema periférico
destes animais, a atividade das enzimas AChE, NTPDases e adenosina desaminase (ADA)
de linfocitos periféricos, butirilcolinesterase (BUChE) do soro e a mieloperoxidase (MPO) do
plasma. Os ratos foram expostos ao CdCl, (2,5 mg/kg) e quercetina (5, 25 ou 50 mg/kg) por
gavagem (1ml/kg) durante 45 dias. Para isso, os animais foram distribuidos em oito grupos
(n=10-14): salina/controle, salina/Querc 5mg/kg, salina/Querc 25 mg/kg, salina/Querc 50
mg/kg, Cd/etanol, Cd/ Querc 5mg/kg, Cd/Querc 25mg/kg e Cd/Querc 50 mg/kg. Os grupos
tratados com Cd e quercetina receberam a solugdo antioxidante apdés 30 minutos da
administracdo da solucdo de Cd. No final do periodo de 45 dias de tratamento os animais
foram submetidos aos treinos e aos testes comportamentais. Posteriormente, foram
anestesiados, através da inalagdo de halotano, e foi realizada a coleta de sangue e
separacao de soro, plasma e linfécitos periféricos. Em seguida os animais foram submetidos
a eutanasia, com parte do encéfalo sendo retirada para a analise da atividade da enzima &-
ALA-D, enquanto que outra parte foi dissecada em cértex cerebral, estriado, cerebelo,
hipocampo e hipotalamo, para posteriores ensaios enzimaticos. Os resultados obtidos
mostraram que o Cd é capaz de atravessar a barreira hematoencefalica, pois, embora a
quantidade de Cd acumulada nas diferentes estruturas encefélicas estudadas tenha sido
baixa, ainda assim, foi significativamente maior que o controle. O tratamento concomitante
da quercetina nos animais expostos ao Cd foi ineficiente em diminuir estes niveis de Cd. A
exposicdo ao Cd causou prejuizos na aprendizagem e memobria, além de causar um
aumento no comportamento do tipo ansiogénico. Por outro lado, o tratamento com a
quercetina preveniu os efeitos indesejaveis causados pela exposicdo ao metal na ansiedade



e memoria. Em relacdo as atividades enziméticas no encéfalo, verificou-se que a exposicéo
ao Cd reduziu a atividade da enzima AChE no cOrtex cerebral e no hipocampo, enquanto
que uma ativacdo da enzima foi observada no hipotdlamo. Além disso, observou-se uma
diminuicdo na atividade da enzima Na', K'-ATPase no cortex cerebral, hipocampo e
hipotalamo, bem como uma diminuicdo na atividade da &-ALA-D no encéfalo total de
animais expostos ao Cd. Interessantemente, a co-administracdo com a quercetina em
animais expostos ao Cd impediu as alteracdes na atividade das enzimas AChE e Na’, K'-
ATPase em diferentes estruturas encefalicas, embora nédo tenha restaurado a a atividade da
enzima O&-ALA-D. Verificou-se, também, um aumento na producdo de ROS, na
lipoperoxidacédo, na oxidacdo de proteinas, nos niveis de DNA dupla fita e alteragbes no
sistema antioxidante, como a diminuicdo na atividade da enzima glutationa redutase (GR),
nos niveis de tidis totais (T-SH) e glutationa reduzida (GSH), e um aumento na atividade da
enzima glutationa S-transferase (GST) no cértex cerebral, hipocampo e hipotalamo dos
animais expostos ao Cd. A co-administracdo da quercetina nos ratos expostos ao Cd foi
capaz de impedir totalmente ou parcialmente as alteragfes causadas pela exposicdo ao
metal nos parametros do estresse oxidativo. Sugere-se que a quercetina é capaz de diminuir
o dano oxidativo causado pela exposicdo ao metal e, subsequentemente, restaurar a
atividade da AChE e Na*, K'-ATPase, modulando, assim, a neurotransmissdo colinérgica e
melhorando 0s processos cognitivos. Em relacdo ao sistema periférico, verificou-se um
aumento na atividade das enzimas NTPDase, ADA, AChE, BuChE e MPO nos ratos
expostos ao Cd. A partir desse resultado pode-se inferir que 0 aumento na atividade da
NTPDase seja um efeito compensatdrio devido ao aumento dos niveis de ATP na
circulacdo. Sugere-se que niveis diminuidos de ACh estdo disponiveis na circulagéo devido
ao aumento na atividade das colinesterases periféricas. Quando os ratos foram tratados
com quercetina o flavonoide foi capaz de modular a atividade dessas enzimas
provavelmente devido a propriedade anti-inflamatéria do composto. Deste modo, propde-se
gue a quercetina previne ou ameniza a toxicidade causada pela exposicdo ao metal devido
a sua atividade antioxidante e anti-inflamatéria. Logo, acredita-se que este flavonoide possa
ser um farmaco promissor em terapias alternativas contra a toxicidade induzida pelo metal
no sistema nervoso central e periférico.

Palavras chave: NTPDase, 5'-nucleotidase, ADA, AChE, Na’, K'-ATPase, processo

inflamatorio, neurotoxicidade.
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Cadmium (Cd) is considered one of the most toxic heavy metals for its ability to affect
different tissues, including the brain and the immune system. The molecular mechanisms of
toxicity of Cd are not well established, however, it is known that one of the consequences of
Cd exposure is the generation of oxidative stress. Conversely, the quercetin, one flavonoid
present in various foods performs various therapeutic functions in the body, such as
antioxidant activity, anti-inflammatory and neuroprotective action. Thus, the aim of this study
was to investigate the effects of quercetin on the behavioral tests, the activity of the enzymes
acetylcholinesterase (AChE), Na*, K*-ATPase and the 8-dehydratase aminolevulinic acid (5-
ALA-D), as well as parameters of oxidative stress in the central nervous system of adult male
wistar rats exposed to CdCl,. The activities of enzymes AChE, NTPDase and adenosine
deaminase (ADA) of peripheral lymphocytes, butyrylcholinesterase (BuChE) in the serum
and myeloperoxidase (MPO) in plasma were also measured in the peripheral system of
these animals. The rats were exposed to CdCl, (2.5 mg / kg) and quercetin (5, 25 or 50 mg /
kg) by gavage (1 ml/kg) for 45 days. Hence, the animals were divided into eight groups (n =
10-14): saline/control, saline/Querc 5 mg/kg, saline/Querc 25 mg/kg, saline/Querc 50 mg/kg,
Cd/ethanol, Cd/Querc 5 mg/kg, Cd/Querc 25 mg/kg and Cd/Querc 50 mg/kg. The groups
treated with Cd and quercetin, received the antioxidant quercetin solution after 30 minutes of
the administration of Cd solution. At the end of 45 days of the treatment the animals were
submitted to training and behavioral tests. After, they were anesthetized by halothane
inhalation, and blood collection was performed to set serum, plasma and peripheral
lymphocytes apart. Then the animals were euthanized, with part of the brain being removed
for analysis of the enzyme &-ALA-D activity, while the other part of brain was dissected into,
cerebral cortex, striatum, cerebellum, hippocampus and hypothalamus, for future enzymatic
assays. The results showed that Cd is able to cross the blood brain barrier, therefore,
although the amount of Cd accumulated in the different brain structures studied was low, it
was significantly higher than in control. Simultaneous treatment of quercetin in Cd exposed
animals was ineffective to decrease these levels of Cd. The Cd exposure caused impairment
on learning and memory, besides causing an increase in the anxiogenic behavior type.
Nevertheless, the treatment with quercetin prevented the undesirable effects caused by
exposure to the metal in the anxiety and memory. In relation to enzymatic activities in the
brain, it was observed that Cd exposure reduced AChE activity in cerebral cortex and
hippocampus, while as activation of the enzyme was observed in hypothalamus.
Furthermore, a decrease in the Na’, K'-ATPase enzyme activity in cerebral cortex,



hippocampus and hypothalamus was observed, as well as a decrease in the 8-ALA-D activity
in total brain of Cd exposed animals. Interestingly, the quercetin co-administration in the Cd
exposed animals prevented the changes in the activity of the enzymes AChE and Na®, K*-
ATPase in different brain structures, though has not restored the 8-ALA-D enzyme activity. It
was also observed an increase in ROS production, in lipid peroxidation, in protein oxidation,
the levels of double stranded DNA and changes in the antioxidant system, such as, reduction
in the glutathione reductase (GR) activity, levels of total thiols (T-SH) and reduced
glutathione (GSH), and an increase in the glutathione S-transferase (GST) enzyme activity in
cerebral cortex, hypothalamus and hippocampus of Cd exposed animals. Co-administration
of quercetin in Cd exposed rats was able to prevent totally or partially the changes caused by
metal exposure in oxidative stress parameters. It is suggested that quercetin is able to
reduce the oxidative damage caused by exposure to these metal and subsequently restore
the AChE and Na®, K*-ATPase activities, modulating cholinergic neurotransmission and
improving cognitive processes. In relation to the peripheral system, there was an increase in
the NTPDase, ADA, AChE, BUChE and MPO activities in Cd exposed rats. Based on these
results it is possible to infer that the increase in NTPDase activity is a compensatory effect
due to the increase in ATP levels in circulation. It is suggested that decreased levels of ACh
are available in the circulation due to increase in the peripheral cholinesterase activity. When
rats were treated with the quercetin, flavonoid was able to modulate the activities of these
enzymes probably due to the anti-inflammatory property of the compound. Accordingly, it is
suggested that quercetin prevents or eases the toxicity caused by exposure to metal due to
its antioxidant and anti-inflammatory activities. Therefore, it is believed that the flavonoid may
be a promising drug in alternative therapies against toxicity induced by the metal in the
central nervous system and peripheral system.

Keywords: NTPDase, 5'-nucleotidase, ADA, AChE, Na*, K*-ATPase, inflammation process,
neurotoxicity.
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1. INTRODUCAO

Os metais pesados s&o substancias presentes no nosso dia a dia, devido,
principalmente, ao processo de industrializacdo. Esses compostos possuem a
caracteristica de serem altamente reativos e bioacumulaveis (TAVARES, 1992).
Entre os metais pesados encontrados no meio ambiente e utilizados industrialmente,
o cadmio (Cd) é o que apresenta maior interesse clinico, uma vez que a intoxicacado
por este metal € de dificil tratamento (JONES e CHERIAN, 1990).

O elemento quimico Cd foi descoberto por Friedrich Strohmeyer em 1817, e
apresenta cor branca acinzentada, alta ductilidade e maleabilidade, pertencente ao
grupo 12 da tabela periddica sendo, classificado como um metal de transicédo
externa. Possui peso molecular 112,41 e numero atdmico 48, com ponto de fusdo e
ebulicdo iguais a 321°C e 767,2°C, respectivamente, e densidade de 8,65 g/cm?®
(BERNARD e LAUWERYS, 1984). E um elemento nio essencial, encontrado na
natureza como um composto mineral associado, geralmente, com outros elementos
como, ao zinco, chumbo ou cobre, e em baixas concentracées (0,15 - 0,20 mg/kg™)
(LINGREL, 1992, OSPAR, Commission, 2002).

A distribuicdo normal deste metal pode ser alterada, naturalmente, através de
processos como o intemperismo das rochas, a erosdo do solo e a partir de eventos
singulares, como as queimadas florestais e as erupc¢des vulcanicas (RAO et al.,
2010), sendo que a atividade vulcanica é considerada a maior fonte natural de
emissao de Cd a atmosfera, com cerca de 820 toneladas/ano (OSPAR Commission,
2002). Além disso, atividades antropogénicas, como a queima de combustiveis
fésseis, efluentes industriais, aplicacdo de fertilizantes e mineracéo, também alteram
a distribuicdo do metal no meio ambiente (JARUP, 2003; BENAVIDES et al., 2005).
Salienta-se que estudos relatam que o Cd € amplamente utilizado na fabricacdo de
baterias recarregaveis, de pilhas, de esmaltes, de tinturas, de alguns tipos de soldas,
em televisores e, ainda, em fertilizantes e cigarros (JARUP et al., 1998; OSPAR
Commission, 2002; NORDBERG, 2009).

Durante o século XX, a produ¢éo, o consumo e a emissao de Cd no ambiente
atmosférico, aquatico e terrestre tém aumentado drasticamente, devido,
principalmente, aos processos de industrializacdo, tais como 0s processos de

galvanizacdo e aplicacbes militares e aeroespaciais (OSPAR Commission, 2002;
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NORDBERG, 2009). Por consequéncia, a contaminacdo do meio ambiente ocorre
devido ao descarte inadequado de produtos contendo Cd, os quais sdo despejados,
principalmente junto com o lixo doméstico ou em rios, por efluentes industriais
contaminados. Desta forma, o Cd pode ser absorvido pelos tecidos animais e
vegetais, contaminando o0s ecossistemas terrestre e aquatico, entrando, desta
maneira, na cadeia alimentar (JARUP et al., 1998).

A maior fonte antropogénica de liberacdo de Cd na atmosfera é a queima de
combustiveis fosseis e a incineracao de lixos municipais. Ja as concentracdes do Cd
em solos néo poluidos sdo variaveis, dependendo das fontes minerais e do material
organico. Na crosta terrestre, o0 Cd é encontrado em baixas concentra¢cfes, podendo
alcancar niveis de 1 mg/kg, enquanto que em solos de origem vulcanica estes
valores podem ser na faixa de 4,5 mg/kg (OSPAR Commission, 2002). J4 em paises
com solos altamente poluidos por Cd, como a China e a Francga, as concentracdes
de Cd chegam a cerca de 100 mg/kg (ALLOWAY e STEINNES, 1999;
KABATAPENDIAS e PENDIAS, 2001). Em relacdo ao nivel de Cd nas aguas, ha
referéncias que relatam concentracdes de Cd, em mar aberto, entre 0,01 a 0,1 ug/L,
e em aguas profundas, valores maiores que nas &guas superficiais, devido a
captacdo do metal pelos organismos aquaticos. Outras referéncias relatam valores
proximos ou maiores que 1 mg/L de Cd em aguas oriundas de locais préximos a
depdsitos de minerais (ATSDR, 1997). Ressalta-se que o limite permitido de
concentracdo de Cd na agua potavel € em torno de 5 ug/L (JARUP et al., 1998). Em
relacdo a concentracdo de Cd no ar, sabe-se que a populacdo esta exposta,
geralmente, a valores menores que 5x10° mg/m3. Porém, concentracdes de até
5x10™ mg/m3 foram detectadas no ar em areas préximas de locais com atividades
emissoras de Cd (AZEVEDO e CHASIN, 2003).

Varios fatores podem influenciar a toxicidade do Cd no organismo. Quando se
trata da exposicdo humana ao metal, deve-se considerar como rota o estilo de vida
de cada pessoa, uma vez que esses fatores afetam o nivel de Cd absorvido, bem
como a toxicidade causada pelo mesmo, que pode variar conforme a via de
contaminacgao, dose, forma quimica, duracdo da exposicédo e idade do exposto ao
Cd (CASALINO et al.,, 1997). Ha trés formas principais de exposicdo ao Cd: a

exposicdo cutanea, a gastrointestinal e a pulmonar, sendo que as principais fontes
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de intoxicagcdo humana pelo metal sdo ocupacionais, alimentares e pelo tabagismo
(GODT et al., 2006; BERNARD, 2008).

Ressalta-se que a dieta € a mais importante fonte de exposicdo ao Cd na
populacao nao fumante (WHO, et al., 1992). Algumas pesquisas tentam estabelecer
a média de ingestdo diaria de Cd proveniente dos alimentos. Em geral, as pessoas
que vivem em areas ndo contaminadas pelo metal, e que ndo sejam fumantes,
possuem uma média de ingestdo em torno de 10 a 40 pg por dia de Cd (JARUP et al.,
1998). Assim, considerando-se uma taxa de absorcdo gastrointestinal de 5%,
acredita-se que cerca de 0,4 a 2,0 yg de Cd sejam retidos diariamente pelas
pessoas a partir da alimentacédo (WHO, 1992).

A absorcdo gastrointestinal do Cd pode ser influenciada por fatores
nutricionais. Uma baixa ingestdo de calcio, ferro, zinco e cobre pode, por exemplo,
aumentar a absorcdo gastrointestinal do metal (NORDBERG et al., 1985; FOX,
1988). Apesar da baixa absor¢cédo gastrintestinal do Cd, a exposi¢cdo oral assume
importantes proporcdes devido a bioacumulacdo do metal na cadeia alimentar.
Devido a meia vida biolégica longa, em torno de 30 anos, e a baixa taxa de excrecao
do Cd no organismo, o metal torna-se prejudicial ao meio ambiente e para os seres
humanos (MORSELT, 1991; WHO, 1992; SANTOS et al., 2006; BORGES et al.,
2008), pois pode acumular-se em varios 6rgdos, como o figado, rins, pulmdes,
ovarios, 0ssos, testiculos, encéfalo e 6rgaos linfoides, como baco e timo (SANTOS
et al.,, 2004; SANTOS et al., 2005a; SANTOS et al., 2005b; SANTOS et al., 2006;
LUCHESE et al., 2007; BORGES et al., 2008; GONCALVES et al., 2012a).

No sangue, a meia-vida biologica do Cd € estimada em 2 a 3 meses. Desta
maneira, a concentracdo do metal na circulacdo sanguinea € um indicador util de
exposicao ao metal durante os ultimos meses. Geralmente é encontrado em baixas
concentracdes abaixo de 1 pg/L em individuos ndo fumantes e alguns microgramas
por litro em fumantes. Em individuos expostos ao Cd em longo prazo, o nivel
sanguineo de 10 pg de Cd/L levara a um acumulo do metal principalmente nos rins
(WHO, 1980). Portanto, uma exposi¢cdo cronica ao Cd produz dano renal,
osteotoxicidade, neurotoxicidade, infertilidade, enquanto que uma intoxicacdo aguda
por Cd produz, primariamente, dano hepatico e testicular (RIKANS e YAMANO,
2000).
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O Cd, quando absorvido pelo trato gastrointestinal, é transportado pelo sangue
ligado a albumina até o figado, onde parte do metal é excretado na bile ligada a
glutationa (NORDBERG et al., 1977). Entretanto, sob condicdo de exposicdo mais
prolongada, a excrecdo na bile diminui e o metal induz a producéo de proteinas de
baixo peso molecular, as metalotioneinas (MTs), as quais se ligam formando o
complexo Cd-MT que €&, lentamente, liberado na circulacdo sistémica (TOHYAMA e
SHAIKH, 1981; JARUP et al., 1998). No plasma, este complexo é filtrado pelos
glomérulos renais e liberado na urina. Seguidamente, o complexo Cd-MT é
reabsorvido pelos tdbulos renais por endocitose absortiva mediada pelo
transportador ZIP8 na superficie apical das células tubulares renais (BERNARD et
al.,, 1984). As lisozimas e as células tubulares degradam rapidamente este
complexo, e liberam os ions Cd livre no citoplasma. O metal liberado se liga a MTs
renais preexistentes ou aquelas recentemente sintetizadas pelas células tubulares
(CHERIAN, 1978). Contudo, quando a quantidade de Cd presente no cortex renal
excede a capacidade de ligacdo as MTs, os ions Cd liberados podem causar danos
nos tecidos (NOMIYAM e NOMIYAMA, 1986), provavelmente pela geracdo de
espécies reativas de oxigénio (EROs), uma vez que o Cd nao participa diretamente
de reacgOes de oxidacao-reducao (Figura 1) (HASSOUN e STOHS, 1996; CASALINO
et al., 1997).
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Figura 1: Esquema llustrando o mecanismo responséavel pela acumulacao
seletiva de Cd nas células tubulares proximais. Alb: albumina, Mt;
metalotioneina, GSH: glutationa; aa: aminoacido. Adaptado de BERNARD
(2008).
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Os mecanismos moleculares de toxicidade do Cd ainda ndo estdo bem
definidos. Contudo, sabe-se que uma das consequéncias da exposi¢cao ao Cd é a
geracdo de estresse oxidativo por meio de um desequilibrio entre o sistema
antioxidante e as EROs, ja que estudos demonstraram um aumento dos niveis de
lipoperoxidacéo, de carbonilagdo proteica, uma inibicdo ou reducdo da atividade de
enzimas antioxidantes como catalase, a superoxido dismutase, a glutationa
redutase, a glutationa peroxidase e enzimas de reparo do DNA induzido pelo metal
(Figura 2) (CASALINO et al., 1997; SANTOS et al.,, 2004; SANTOS et al., 20053a;
SANTOS et al.,, 2005b; SANTOS et al., 2006; HALLIWELL e GUTTERIDGE, 2007;
LUCHESE et al., 2007; BORGES et al., 2008). Com a instalacdo do estresse
oxidativo varios processos fisioldégicos séo alterados levando a uma série de danos,
como mutacdes, delecbes, apoptose, neurotoxicidade, neurodegeneracdo, dano as
membranas, entre outras (LOPES et al., 2006; MENDEZ-ARMENTA e RIOS, 2007).
Vérios trabalhos relacionados a producdo de EROs e a resposta antioxidante de
ratos e camundongos expostos ao Cd tém sido realizados (SANTOS et al., 2004,
2005a,b 2006; LUCHESE et al., 2007a,b, BORGES et al., 2008). Nesses estudos,
diferentes tecidos (figado, rins, pulmdes, testiculos e encéfalo) sofreram alteracdes
enzimaticas e aumento da peroxidacdo lipidica devido a toxicidade do Cd.
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Figura 2. Dano oxidativo em macromoléculas biolégicas (TORRES, 2003).
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Sabe-se que o Sistema Nervoso Central (SNC) € protegido de muitos efeitos
toxicos por uma barreira anatdmica denominada barreira - hematoencefalica (BHE)
(MENDEZ-ARMENTA e RIOS, 2007). Devido a permeabilidade seletiva da BHE,
baixas quantidades de Cd podem chegar ao encéfalo. Entretanto, concentracdes
mais elevadas podem ser alcancadas se um veiculo for empregado, como, por
exemplo, o etanol. Devido & capacidade deste veiculo se difundir através das
membranas bioldgicas, ele permite uma maior penetracdo do metal através BHE
(MENDEZ-ARMENTA et al., 2001; MENDEZ-ARMENTA e RiOS, 2007). Além disso,
o encéfalo, em especial, € mais susceptivel a lipoperoxidagdo devido a sua alta
utilizacdo de oxigénio, abundante suprimento de acidos graxos poli-insaturados,
defesa antioxidante deficiente, bem como, alto conteddo de metais de transicao,
como o cobre e o ferro (CALABRESE et al., 2000).

Outro possivel mecanismo de entrada de ions de Cd nos neurdnios € através
dos canais de célcio (Figura 3) (KUMAR et al., 1996). Consequentemente, supde-se
que, uma vez dentro das células, o Cd induz a uma diminuicdo na atividade de
antioxidantes, produzindo um aumento de radicais livres. Esta producéo de radicais
livres é capaz de causar uma saturacdo nos lipideos de diversas areas das regides
do encéfalo resultando na lipoperoxidacdo, que causa alteracdo na fluidez da
membrana e nas concentracfes intracelulares de calcio. Acredita-se que este
aumento intracelular de Ca®' cause o rompimento das membranas (celular e
mitocondrial) e, assim, seja a principal causa de morte celular (ORRENIUS e
NICOTERA, 1994; CASALINO et al., 1997).

Por outro lado, estudos tém demonstrado que a exposicdo ao Cd causa
alteracdes na resposta imune humoral e mediada por células, bem como um
aumento dos niveis de citocinas pro-inflamatoérias, como o fator de necrose tumoral
(TNF-a), interleucina la (IL-1a), e interleucina-6 (IL-6) (LAFUENTE et al., 2003).
Além disso, sabe-se que o Cd causa alteracdes na atividade de importantes
enzimas, como a acetilcolinesterase (AChE), & - aminolevulinico desidratase (& -
ALA-D) e ATPases (LUCHESE et al., 2007; GONCALVES et al., 2012b, GONCALVES et
al., 2013; ABDALLA et al., 2013), que podem levar a uma disfuncdo celular e ao
agravamento da neurotransmissdo sinaptica (HOLLOWAY e THOR, 1988b;
PROVIAS et al., 1994; MENDEZ ARMENTA et al., 2001), bem como produzir déficits
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de atencdo, aprendizagem e memoria além de aumentar o comportamento
agressivo e ansiogénico (HOLLOWAY e THOR, 1988b,a; TECARIOL et al., 2011).
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Figura 3: Efeito do Cd nos neurénios. Adaptado MENDEZ-ARMENTA e RIOS (2007).

Atualmente, tem-se direcionado muita atencédo para o efeito da exposicdo ao
Cd na atividade da AChE modulando o sistema imune e o SNC (ZARROS et al.,
2013; GONCALVES et al., 2012a,b). Estudos in vitro e ex vivo relataram os efeitos
do Cd na atividade da AChE em diferentes modelos experimentais, mas estes
resultados sdo controversos e podem ser explicados de acordo com a dose, veiculo,
via e a duracdo de administracdo de Cd (ZARROS et al., 2013; GONCALVES et al.,
2010).

Ressalta-se, aqui, que recentes estudos realizados pelo nosso grupo de
pesquisa relatam a toxicidade do Cd no encéfalo e também no sistema imunoldgico
(GONCALVES et al., 2012a,b; ABDALLA et al., 2013; GONCALVES et al., 2013).
Estas proposigcbes foram confirmadas e reafirmadas em estudos recentes
desenvolvidos em nosso laboratério. Gongalves et al., (2010), observou que a
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administracdo crénica de cloreto de Cd (2 mg/Kg de CdCl,) leva & uma diminui¢éo
na atividade da AChE no hipocampo, no cerebelo e no hipotalamo de ratos. Além
disso, Goncalves et al., (2012) observou que a exposicao ao cloreto de Cd (2 mg/Kg
de CdCl,) causa uma diminuicdo na atividade da AChE no sangue total, bem como
em linfocitos, além de uma diminuicdo da atividade da butirilcolnesterase (BuChE)
no soro. Por outro lado, Abdalla et al., (2013) observou que a administracao crénica
de 2,5 mg de CdCl, aumentou a atividade da AChE em sinaptossomas do coértex
cerebral de ratos.

Sabe-se que o sistema colinérgico é uma das mais importantes vias
modulatoérias do sistema nervoso periférico (SNP) e do SNC (DECARRIES et al.,
1997; DESCARRIES et al., 1997; SOREQ et al.,, 2001; PRADO et al., 2002). Ha
aproximadamente cem anos atras, a acetilcolina (ACh) foi proposta como o agente
quimico responsavel pela transmissdo nervosa na sinapse, a area de conexao entre
um neurdnio e sua célula alvo. Desde a comprovacdo de que a ACh exerce um
papel fundamental no funcionamento do sistema nervoso, a transmisséo colinérgica
se tornou um dos campos de maior importancia para a neurociéncia (ANGLADE e
LARAH-GODINOT, 2010). Varios trabalhos demonstraram que, no SNC, esta
molécula atua agindo nos processos de aprendizagem e de memdria, assim como
no controle locomotor e no fluxo sanguineo cerebral (KIEHN, 2006; DEIANA et al.,
2011; HUT e VAN DER ZEE, 2011; KLINKERBERG et al., 2011). Além disso,
estudos também tem salientado a importancia da ACh circulante como um
modulador do sistema imune, uma vez que a medida das atividades das enzimas
AChE e BuChE tém sido descritas como marcadores fidedignos de inflamacao
sistémica de baixo grau (DAS, 2007).

A histoquimica da sinapse colinérgica nasceu em 1949, quando Koelle e
Friedenwald localizaram a atividade da AChE in situ a partir de uma ACh artificial. A
partir dai, os outros componentes do sistema também foram caracterizados
(ANGLADE e LARAH-GODINOT, 2010). Neste contexto, € relevante destacar os
principais componentes que constituem o sistema colinérgico: a ACh, a colina-
acetiltransferase (ChAT; EC 2.3.1.6), o transportador de colina (TCH), o
transportador de acetilcolina vesicular (TAChV), os receptores de acetilcolina
muscarinicos (AChRm) e nicotinicos (AChRn), e AChE (E.C. 3.1.1.7) (KAWASHIMA
e FUJII 2000; SARTER e PARIKH, 2005).
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A ChAT € a enzima responsavel pela sintese da ACh a partir de acetil-
coenzima A, um produto do metabolismo celular, e da colina, um importante produto
do metabolismo dos lipidios da dieta (SOREQ e SEIDMAN, 2001; PRADO et al.,
2002). Uma vez sintetizada, a ACh é transportada pelo TAChV, que armazena a ACh
dentro de vesiculas, até a sua liberacdo por exocitose. Ao ser liberada, a ACh se
difunde na fenda sinaptica e ativa os receptores especificos de ACh (AChRm ou
AchRn) que séo sensibilizados, causando a despolarizacdo e a propagacdo do
potencial de acdo na célula pés-sinaptica (KAWASHIMA e FUJII 2000; SARTER e
PARIKH, 2005). Os receptores colinérgicos, AChRm e AChRn, transmitem os sinais
por mecanismos diferentes (RANG et al., 2004). Até o momento, cinco subtipos de
AChRm foram identificados (M1-M5). Estes receptores agem via ativacdo de
proteinas G, sendo que os receptores M1 e M2 estdo presentes em neurdnios do
SNC e SNP, além de outros tecidos ganglionares (VAN DER ZEE e LUITEN, 1999),
enquanto que 0s receptores nicotinicos sdo compostos por cinco subunidades
conhecidas por al, a2, B, y e d e atuam como canais idnicos regulados por ligante e
localizam-se, predominantemente, nas sinapses ganglionares (ARIAS, 1998). Por
fim, a ACh que permanece na fenda € hidrolisada em acetato e colina pela enzima
AChE, presente na fenda sinaptica, evitando, assim, uma “super-estimulagdo” pos-
sinaptica, modulando, portanto, a sinalizacdo colinérgica (KAWASHIMA e FUJII
2000; SARTER e PARIKH, 2005). Parte da colina resultante da hidrdlise é recaptada
pelo TCH para o terminal pré-sinaptico, onde podera ser reutilizada na sintese de
novas moléculas de ACh (Figura 4) (MESULAM et al., 2002).

Ha diferentes tipos de colinesterases, que diferem por sua localizacdo nos
tecidos, afinidade pelo substrato e funcgbes fisiologicas. As principais dessas
colinesterases sdo a AChE e a butirilcolinesterase (BuChE) (MESULAM et al., 2002;
COKUGRAS, 2003), as quais daremos énfase, dentre todos os componentes do

sistema colinérgico, pois foram alvos deste estudo.
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Figura 4: Esquema de uma sinapse
colinérgica: Acetilcolina (ACh),
acetilcolinesterase singptica (AChE-S),
receptor muscarinico do tipo 1 (M1), receptor
muscarinico do tipo 2 (M2), transportador de
ACh vesicular (TAChV). Adaptado de Soreq &
Seidman, (2001).

A AChE, ou colinesterase verdadeira, € predominantemente encontrada no
encéfalo (em concentracdes 10 vezes mais abundante que a BuChE), juncao
neuromuscular e eritrocitos (COKUGRAS, 2003). Pode ser classificada como uma
enzima serina hidrolase regulatoria, que € extremamente importante e que hidrolisa,
preferencialmente, ésteres com grupamento acetil, como a ACh. Deste modo, a
enzima AChE modula a concentracdo de ACh tanto na sinapse colinérgica quanto na
juncdo neuromuscular, finalizando, assim, a transmissdo do impulso (SOREQ e
SEIDMAN, 2001). Esta enzima apresenta uma atividade muito versatil, podendo
desempenhar os mais variados papéis no organismo, uma vez que O sistema

colinérgico abrange totalmente o mesmo (TAYEBATI et al., 2002).
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A AChE esta presente em diversas formas moleculares no organismo, como a
globular e a assimétrica, dependendo da sua conformacgdo espacial (Figura 5). A
forma globular apresenta-se como uma montagem homomérica de subunidades
cataliticas que aparecem como mondmeros, dimeros ou tetrameros, originando,
respectivamente, as seguintes formas globulares (G): G1, G2 e G4, sendo, cada
uma delas, predominante em alguns tecidos. Outra classe de AChE é a forma
assimétrica, que apresenta-se como uma montagem heteromérica das subunidades
estrutural e catalitica, onde a ligacdo através de pontes dissulfeto de uma molécula
triplice helicoidal de colageno a um, dois, ou trés tetrAmeros cataliticos resultam nas
formas estruturais assimétricas A4, A8 ou A12, respectivamente (MASSOULIE et al.,
1993).

Heteromeérico Homomeérico
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Figura 5: Isoformas da acetilcolinesterase. Estrutura Assimétrica (A12) e molecular

(G1, G2, G4) da AChE. (http://www.chemistry.emory.edu/ach_inactivation.htm).
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As formas globulares podem ser solUveis ou ancoradas a membrana por
sequéncias de aminoacidos hidrofébicos, enquanto que as formas assimétricas
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estdo incluidas na matriz extracelular por uma cauda colagénica (ColQ) (ALDUNATE
et al., 2004). Contudo, todas essas formas apresentam uma alta taxa de hidrélise
enzimatica, de aproximadamente 5.000 moléculas de ACh/s (JOSE et al., 2009). As
formas globulares encontram-se, predominantemente, no SNC, enquanto que as
formas assimétricas sdo encontradas, principalmente, no SNP e no musculo
(RAKONCZAY et al., 2005). Além disso, a maior parte da AChE encontrada no tecido
nervoso é do tipo G4, ligada & membrana (MASSOULIE et al., 1993).

A estrutura tridimensional da AChE demonstra que seu sitio ativo é encontrado
no interior de um estreitamento semelhante a uma garganta (gorge), a uma
profundidade de 20 A°, alinhado com residuos hidrofébicos, 0s quais parecem ser
importantes na orientacdo do substrato ao sitio ativo (Figura 6) (JOHNSON e
MOORE, 1990). Este sitio ativo consiste de dois subsitios de ligacdo: um subsitio
carregado negativamente ou anidnico, ao qual a cadeia de nitrogénio quaternario |-
N+(CHs)s] da ACh carregada positivamente se liga, e um sitio esterasico contendo
uma triade catalitica formada por serina 203, histidina 447 e glutamato 334, o qual
aloja o grupamento éster e carbonila da ACh (TAYLOR e BROWN, 1999).

| ESTER BINDING REGI( )\I

[ANIONIC BINDING REGION |

(A) (B)

Figura 6: Sitio catalitico da AChE. A) llustragdo do sitio esterasico contendo a triade
catalitica, externamente o sitio periférico (PAS) Adaptado de Soreq & Seidman (2001). B)

Interagdo do substrato com o sitio esterasico da AChE. Adaptado de Patrick (2001).

Na borda ou superficie do “gorge”, cerca de 14 A° do sitio ativo, situa-se um
segundo sitio aniénico que se tornou conhecido como sitio aniénico periférico

(peripheral anionic site - PAS), o qual foi proposto com base na ligacdo de composto
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bi-quaternarios (BOURNE et al., 2005). Tem sido proposto que este sitio periférico
possa estar envolvido na acdo de determinados inibidores da enzima ou na inibicao
por excesso de substrato (NUNES-TAVARES et al., 2002; SILMAN e SUSSMAN,
2005). A ACh é hidrolisada a partir de sua ligacéo ao residuo de serina no sitio ativo
da enzima, formando o intermediario acetil-AChE, liberando colina. Em sequéncia,
ha a hidrolise deste intermediario, liberando acetato, e permitindo o “turnover”’ da
enzima (SOREQ e SEIDMAN, 2001).

Diferentemente da AChE, a BuChE € uma enzima sérica com ampla
distribuicdo no organismo (KUTTY, 1980; CHATONNET e LOCKDRIDE, 1989;
ORESVIC e KUNEC-VAJIC, 1992), encontrada, principalmente, no soro, rins, figado,
intestino, coracdo e pulméo, e que possui uma distribuicdo neuronal muito mais
restrita em relacdo a AChE (MESULAM et al., 2002; COKUGRAS, 2003). Além
disso, sabe-se que a BUChE encontrada no encéfalo ndo deriva do soro, mas é
produzida no proprio tecido encefalico (PRODY et al., 1987; McTIERNAN et al.,
1987). A BUChE, ou pseudocolinesterase, hidrolisa, além da ACh, outros tipos de
ésteres de colina, como a butirilcolina, os relaxantes musculares succinilcolina,
mivacurio, ésteres alifaticos que ndo contém colina, assim como o &cido
acetilsalicilico e muitas drogas, como a cocaina e a procaina (BOECK et al., 2002).

Além das colinesterases, a enzima mieloperoxidase (MPO) também contribui
para a regulacao do processo inflamatério (HAMPTON et al., 1998; REGASINI et al.,
2008). A MPO é uma hemeproteina liberada a partir de leucdcitos no local da leséo
tecidual, e reflete, desta maneira, a ativacdo de ambos os neutréfilos e linfocitos
(HANSSON et al.,, 2006). Esta enzima é responsavel pela geracdo de &cido
hipocloroso, responsavel por oxidar compostos endégenos, como microrganismos,
alguns medicamentos e toxinas. Basicamente, a MPO converte o peroxido de
hidrogénio em &cido hipocloroso e agua. Além disso, o acido hipocloroso gera
produtos secundarios como 0 oxigénio singlete e o radical hidroxila, agentes
oxidantes que possuem amplas ac¢des bioldgicas em eventos como apoptose e

condugédo do processo inflamatorio (Figura 7) (REGASINE et al., 2008).
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Figura 7: Acéo da mieloperoxidase liberada a partir do leucdcito.

Outro sistema importante para a regulacdo da neurotransmissdo e da
resposta imune € o sistema purinérgico. A sinalizacdo purinérgica € mediada,
principalmente, pelos nucleotideos e nucleosideo de adenina extracelulares, pelos
receptores através dos quais estes nucleotideos exercem seus efeitos, e pelas
ectoenzimas (YEGUTKIN, 2008).

Os nucleotideos extracelulares de adenina trifosfato (ATP) e nucleotideo
monofosfato (AMP), a nucleotideo difosfato (ADP) e o nucleosideo adenosina (ADO)
sdo considerados importantes moléculas sinalizadoras, mediando seus efeitos
através de receptores purinérgicos localizados na superficie celular (ILLES e
RIBEIRO, 2004) (Figura 8). Em condicdes fisiolégicas, 0s nucleotideos e
nucleosideos estdo presentes no meio extracelular em baixas concentracdes,
normalmente em quantidades nanomolares, podendo chegar até as quantidades
micromolares em determinadas situagdes (DI VIRGILIO, 2001). Entretanto, as
concentracdes de ATP, ADP, AMP e ADO séao influenciadas por vérios fatores, tais
como: secrec¢ao e/ou lise celulares, efeito da diluicdo no espacgo extracelular e pela
acdo catalitica das ecto-nucleotidases (RATHBONE et al., 1999; MALMSJO et al.,
2000).
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Receptores P2Y (1,2, 4,

6,11,12, 13, 14)
Receptores Adenosina P1 (A}, Ay,

Azp,49) g

Figura 8: Receptores envolvidos na resposta fisioldgica dos nucleotideos e
nucleosideos extracelulares de adenina (http://ars.sciencedirect.com/content/image/1-
s$2.0-S0005273612000065-grl.jpg)

Os niveis extracelulares de nucleotideos e nucleosideos de adenina, e a
consequente sinalizacdo purinérgica por eles induzida através dos receptores, sdo
regulados através de uma variedade de enzimas localizadas na superficie celular ou
sollveis no meio intersticial, denominadas ecto-nucleotidases (ZIMMERMANN et al.,
2007). Este conjunto de enzimas inclui a familia das E-NTPDases (ecto-nucleosideo
trifosfato  difosfoidrolase), a familia das E-NPPs (ecto-nucleosideo
pirofosfatase/fosfodiesterase), as fosfatases alcalinas, a ecto-5-nucleotidase e a
adenosina desaminase (ADA) (ROBSON et al., 2006; YEGUTKIN, 2008).

Estas enzimas atuam em conjunto, formando uma cadeia enzimatica que tem
inicio com a agdo da E-NTPDase e da E-NPP, que catalisam a hidrolise de ATP e do
ADP formando AMP (ZIMMERMANN et al., 2007). A seguir, a enzima 5’-nucleotidase
hidrolisa a molécula de AMP formando a adenosina, que, posteriormente, sofre
desaminacao pela acdo da ADA, formando a inosina (INO) (Figura 9) (YEGUTKIN,
2008).
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Figura 9: Enzimas envolvidas na degradacgédo extracelular de nucleotideos e nucleosideos de
adenina. Adaptado de Yegutkin (2008).

Sabe-se que E-NTPDase € o termo genérico para designar uma familia de
enzimas presentes na membrana plasmatica de diversos tecidos, que catalisam a
hidrolise de nucleotideos difosfatos e trifosfatos até suas formas monofosfato
(ZIMMERMANN et al., 2007). Atualmente, oito membros da familia das E-NTPDases
ja foram identificadas (Figura 10), as quais sdo denominadas E-NTPDases 1-8 e
diferem entre si quanto a especificidade ao substrato (NDP ou NTP) e a cétions
divalentes (ROBSON et al., 2006).

A NTPDase 1 degrada o ATP e ADP em iguais propor¢des (1:1), diferindo da
NTPDase 2, que hidrolisa preferencialmente o ATP (BALZ et al.,, 2003). As
NTPDases 3 e 8, por sua vez, apresentam uma preferéncia maior pelo substrato
ATP em relagdo ao ADP (ROBSON et al.,, 2006). Além disso, ao contrario da
NTPDase 1 e 2, as NTPDases 3 e 8 sdo, preferencialmente, ativadas pelo Ca* em
relacéo ao Mg?* (BIGONNESSE et al., 2004; LAVOIE et al., 2004; VORHFF et al.,
2004). Estas diferencas entre os subtipos nas propriedades cataliticas podem ser
devido a diferencas na sequéncia de aminoacidos, como, também, nas estruturas

secundaria, tercearia e quaternaria das enzimas (GRINTHAL e GUIDOTTI, 2004).
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Além das diferencas quanto a preferéncia a substratos e a cétions divalentes,
estas enzimas apresentam diferencas em relacdo a distribuicdo tecidual e
localizacdo celular. Um grupo de E-NTPDases (NTPDase 1, 2, 3, 8) estdo
localizadas na superficie das células, com um sitio catalitico extracelular. Outro
grupo é composto pelas enzimas NTPDase 4, 5, 6 e 7 e caracterizam-se por
apresentar localizacao intracelular (ZIMMERMAN, 2001; ROBSON et al., 2006).

Tem-se relatado que a E-NTPDase € expressa em sinaptossomas isolados,
bem como em cultura de neurbnios primarios de cortex cerebral, astrocitos e células
do sistema imune (BATTASTINI et al., 1991; WANG et al., 2007). Estudos imuno-
histoquimicos tém demonstrado que esta enzima € amplamente distribuida no
encéfalo de ratos, encontrando-se presente em neurbnios de cortex cerebral,
hipocampo, cerebelo, células gliais e células endoteliais (WANG e GUIDOTTI, 1998).

A NTPDase 1 (ATP difosfoidrolase, Apirase, Ecto/CD39) foi a primeira enzima
da familia E-NTPDase a ser descrita, e ja foi identificada em uma ampla variedade
de organismos, tais como: protozoarios, plantas, invertebrados, peixes, aves, ratos e
humanos (ANICH et al., 1990; VASCONCELOS et. al.,, 1993; FRASSETO et al.,
1995; MATOS et al., 2001; SCHETINGER et al., 2001; RICO et al., 2003; LEAL et
al., 2005). Estd ancorada na superficie celular através de duas regides
transmembranas préximas ao grupamento amino e carboxi terminal, com o seu sitio
catalitico voltado para o meio extracelular (Figura 10). Esta enzima hidrolisa tanto
ATP como ADP, formando AMP na presenca de ions Ca®* e Mg®* (ZIMMERMAN,
2001).
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Figura 10: Membros da familia da E-NTPDase (Robson et al., 2006).

Ja a ecto-5-nucleotidase € uma glicoproteina ancorada a membrana
plasmatica via uma molécula de glicofosfatidil inositol (GPI), com seu sitio catalitico
voltado para o meio extracelular (Figura 11). Por outro lado, formas sollveis e
clivadas desta enzima também ja foram descritas (ZIMMERMANN, 2001,
HUNSUCKER et al., 2005). Ela é amplamente encontrada em uma variedade de
tecidos, como rins, figado, encéfalo, pulmao, endotélio vascular, plaguetas e células
do sistema imune (COLGAN et al., 2006).
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Ecto-5"-
Nucleotidase

NH.,

Figura 11: Estrutura da ecto 5-
nucleotidase ancorada a membrana
plasmatica via uma molécula de GPI.
Adaptado de Zimmermann (2001).

A reacao catalisada pela ecto 5-nucleotidase é a desfosforilagdo de varios
nucleotideos 5’-monofosfatados, como CMP, IMP, UMP, GMP e AMP a seus
respectivos nucleosideos (ZIMMERMANN, 1996). No entanto, foi demonstrado que
a 5 -nucleotidase hidrolisa mais eficientemente o AMP, sendo, por isto, considerada
a principal enzima responsavel pela formacdo de adenosina (ZIMMERMANN, 1996;
ZIMMERMAN, 1998; ZIMMERMANN, 2001).

A enzima ADA também faz parte do conjunto de enzimas responsaveis pela
degradacdo sequencial dos nucleotideos e nucleosideos de adenina (YEGUTKIN,
2008). E responsavel por realizar a desaminacdo da ADO com consequente
producdo de inosina (INO), seu metabolito inativo, regulando, assim, as
concentracdes extracelulares deste nucleosideo (FREDHOLM et al., 2005). A ADO
pode ser sintetizada tanto no meio intracelular quanto extracelular, cujas acdes séo
exercidas através de um grupo de receptores metabotrépicos classificados como Ay,

Aza, Azg, Az, sendo que a maioria do conhecimento sobre a distribuicdo e
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funcionalidade dos purinoreceptores P1 corresponde a estudos referentes aos
receptores A; e Axa (FREDHOLM et al., 2001; BURNSTOCK, 2006).

Portanto, as ecto-enzimas, junto com o0s nucleotideos e nucleosideos de
adenina, apresentam importantes funcdes fisiologicas. Em relacdo ao sistema
nervoso, as enzimas NTPDase e 5’-nucleotidase, amplamente distribuidas no
cérebro de ratos (neurdnios de cortex cerebral, hipocampo, cerebelo, células gliais e
células endoteliais), desempenham fun¢bes importantes na neurotransmissao e
neuromodulacdo (WANG e GUIDOTTI, 1998; CUNHA e RIBEIRO, 2000;
DUNWIDDIE e MASINO, 2001), uma vez que o ATP hidrolisado por estas enzimas €,
essencialmente, um neurotransmissor excitatério nas sinapses nervosas
purinérgicas e, também, age como um neuromodulador. Esse nucleotideo pode ser
armazenado e liberado no meio extracelular juntamente com o0s outros
neurotransmissores, tais como a ACh, glutamato e noradrenalina, através das
vesiculas pré-sinapticas dependentes de Ca®" (ILLE e RIBEIRO, 2004). J4 a ADO
formada pela hidrolise do AMP, reacdo catalisada pela enzima 5’-nucleotidase, é
capaz de regular a liberacdo de varios neurotransmissores, agindo tanto pré-
sinapticamente quanto pos-sinapticamente (CUNHA, 2001; DNWIDDIE e MASIMNO,
2001; RIBEIRO et al., 2003). Além disso, a acdo da ADO tem se tornado relevante
em varios processos patoldgicos, pois ela pode limitar o dano causado pela
excitotoxicidade desses neurotransmissores, exercendo, assim, uma acao protetora
no SNC (ZIMMERMANN et al., 1998; DUNWIDDIE e MASINO, 2001; PURVES et al.,
2005).

Além das propriedades neurotransmissoras e neuromoduladoras, estudos
colocaram em evidéncia muitas funcdes dos nucleotideos e do nucleosideo de
adenina no sistema imunolégico. As enzimas NTPDase e 5’-nucleotidase sédo
encontradas, também, em células do sistema imunoldgico, estando envolvidas na
regulacdo de muitas respostas imunes e inflamatorias (BOURS et al.,, 2006;
COLGAN et al., 2006). O ATP é uma molécula que possui fungdes pro-inflamatérias,
como a estimulacdo e a proliferacédo de linfécitos, sendo essencial para a liberagédo
de citocinas, como a interleucina 2 (IL-2) e o interferon y (IFN-y) (LANGSTON et al.,
2003; BOURS et al., 2006). Por outro lado, a adenosina tem potentes atividades

anti-inflamatorias e imunossupressoras, por inibir a proliferacdo de células T através
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da ativacao de receptores A2A e a liberacdo de citocinas pro-inflamatoérias (GESSI et
al., 2007).

Nos ultimos anos, o papel da NTPDase, 5-nucleotidase e ADA tem sido
avaliado em varias condi¢cdes patoldgicas e toxicolégicas, como no diabetes
(LUNKES et al., 2003; SCHMATZ ET AL., 2009a), na sindrome da imunodeficiéncia
adquirida (AIDS) (LEAL et al., 2005), no cancer (ARAUJO et al., 2005;
MALDONADO et al., 2010), na esclerose multipla (SPANEVELLO et al., 2010 a,b) e
na intoxicacao por aluminio (KAIZER et al., 2007).

Além disso, alguns trabalhos foram realizados, também, in vitro, visando
esclarecer os efeitos do Cd sobre estes nucleotideos e sobre as enzimas
relacionadas ao seu catabolismo (DAHM et al.,, 2006; SENGER et al.,, 2006),
demonstrando a importancia destas no processo de neurotransmissdo (ABDALLA et
al., 2003; GONCALVES et al., 2013). Abdalla et al., (2013) observou um aumento na
atividade das enzimas NTPDase, 5-nucleotidase e ADA no sinaptossoma do cortex
cerebral de animais expostos cronicamente ao Cd (2,5 mg/kg durante 45 dias),
sugerindo que o aumento na atividade destas enzimas poderia levar a conversao
final de INO e, consequentemente, com a diminuicdo de moléculas neuroprotetoras,
como o ATP e ADO, o qual poderia contribuir para os efeitos neurotdéxicos do metal
no SNC. Estes resultados estdo de acordo com os observados por Gongalves et al.,
(2013), que encontrou um aumento na atividade das enzimas NTPDase e 5'-
nucleotidase em sinaptossomas do cortex cerebral de ratos expostos ao Cd (2
mg/kg) durante 30 dias.

Levando em consideracdo os dados acima mencionados, torna-se relevante o
estudo da atividade das ecto enzimas do sistema purinérgico em diferentes tipos
celulares de animais expostos ao Cd, bem como faz-se necessario associar a
atividade dessas enzimas com outras respostas bioquimicas e comportamentais
relacionadas a intoxicacao por esse metal.

Neste contexto, destacamos a enzima Na', K*-ATPase (E.C. 3.6.1.3), que
também possui um papel importante na neurotransmissao sinaptica por atuar na
manutencdo do gradiente eletrolitico de fons Na® e K*, que contribuem para a
homeostase intracelular de eletrolitos, além da manutencdo do volume e do pH
celular (LINGER, 1992; LINGER et al., 1994a,b). Sabe-se que uma diminuicdo na

atividade ou expressao dessa enzima pode prejudicar, diretamente, a sinalizacdo de
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neurotransmissores, com consequéncias deletérias sobre a memoéria, o0
comportamento e a ansiedade (DOS REIS et al., 2002; MOSELEY et al., 2007).
Além disso, estudos in vitro demonstram que inibidores da enzima, como a
ouabaina, aumenta o influxo de Ca?*, induz a liberagéo do glutamato por transporte
reverso de Na** e causa toxicidade em neurénios do hipocampo (FJISAWA et al.,
1965; Ll e STYS, 2001; LEES et al., 1990).

Véarios estudos demonstraram que certos ions metdlicos bivalentes sé&o
potentes inibidores da enzima Na’, K'-ATPase no encéfalo (HEXUM, 1974;
PRAKASH et al.,, 1973; RAJANNA et al., 1983; CHETTY et al., 1992; ANTONIO et
al., 2002). Ha relato de que a exposi¢do ao Cd causou uma diminui¢cado na atividade
da enzima no cortex cerebral, no hipotalamo e ceberelo de animais expostos a
tubérculos de batata com Cd, sugerindo que esta inibicdo da Na®, K'-ATPase
poderia ser prejudicial para os neurdnios, levando ao edema e degeneracgao celular
(GONCALVES et al., 2012).

Além da Na’, K'-ATPase, diversas enzimas podem ter suas atividades
reduzidas pelo aumento na concentracdo de metais toxicos no organismo. Esses
metais podem ligar-se a grupos sulfidrilicos (-SH) e/ou substituir metais essenciais
de algumas enzimas, alterando suas atividades cataliticas (CASALINO et al., 2000).
Desta maneira, outra enzima importante a ser avaliada é a enzima 0-ALA-D,
amplamente utilizada como marcador de intoxicacdo por varios metais, como 0
mercurio (ROCHA et al., 2000), chumbo (RODRIGUES et al., 1996) e Cd (LUCHESE
et al., 2007). A d-ALA-D é uma metaloenzima que requer ions zinco para sua
atividade catalitica méxima (JAFFE et al, 2000). Esta enzima catalisa a
condensacdo assimétrica de duas moléculas do acido &-aminolevulinico (6-ALA),
formando o porfobilinogénio (PBG), em um dos passos iniciais da biossintese do
heme (GIBSON et al., 1955). A inibicdo da ©-ALA-D pode prejudicar a rota
biossintética do heme (SASSA et al., 1989; GOERING, 1993) e resultar no acumulo
do substrato ALA, o qual pode estar relacionado com a superproducédo de EROs
(PEREIRA et al., 1992; BECHARA et al., 1993).

Estudos vém sendo realizados na tentativa de reverter ou minimizar os efeitos
causados pelo Cd, principalmente aos danos relacionados ao SNC e ao sistema
imunoldgico. Destaca-se que o interesse pela prevencéo e cura de doencgas através

da alimentacdo vem aumentando a cada dia, e cada vez com mais embasamento

42



cientifico. Neste contexto, um crescente nimero de estudos epidemioldgicos tem
associado o consumo de compostos flavonoides a uma variedade de efeitos
benéficos para a saude. Além da atuacdo antioxidante, ja foi descrito que estes
compostos possuem, ainda, diversas propriedades farmacologicas, tais como:
propriedade anticarcinogénica, vasodilatadora, anti-inflamatoria, imunoestimulante,
antialérgica, vasoprotetora, neuroprotetora, entre outras (COOK e SAMMAN 1996;
RICE-EVANS et al., 1995; MIDDLETON et al., 2000; CHO et al., 2003; PRIOR, 2003;
KANG et al., 2005).

Os flavonoides sdo uma classe de compostos que diferem entre si pela sua
estrutura quimica e caracteristicas particulares (NIJVELDT, 2001). Apesar de
apresentarem diferencas estruturais, todos incluidos nesta classe, apresentam uma
organizacao genérica composta por 15 atomos de carbono reunidos em um nucleo
fundamental triciclico, ou seja, consistem de um esqueleto de difenil propano com
dois anéis benzénicos (A e B) ligados a um anel pirano (C) (Figura 12)
(AHLENSTIEL, 2003). Estima-se que existam em torno de 8.000 variedades de
flavonoides, sendo que a estrutura de cada um, a partir de seu nucleo fundamental,
€ 0 que permite classifica-los em: antocianidina, flavandis, flavanona, flavonas,
flavondis e isoflavonas (Tabela 1) (RICE-EVANS et al., 1995; YAO et al., 2004).

Figura 12: Nucleo genérico de um flavondide. Os anéis A e
B sdo arométicos e o0 anel C é um heterociclo (COOK &
SAMMMAN, 1996).
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Os flavonoides comp6em uma ampla classe de substancias de origem natural
e n&do podem ser sintetizados pelo metabolismo humano, fazendo com que sejam
obtidos através da alimentacéo (MIDDLETON et al., 2000; CHO et al., 2003; PRIOR,
2003; KANG et al., 2005). Estes compostos sdo encontrados em frutas, legumes,
vegetais, acucares, graos, vinho tinto, chas de ervas, café e chocolate (SCALBERT
e WILLIAMSON, 2000; AHERNE e O’BRIEN, 2002). De acordo com Pierpoint (1986)
o teor de flavonoides em alimentos consumidos diariamente é: 44 mg em cereais, 79
mg em batatas, 45 mg em graos e nozes e 162 mg em vegetais e ervas. Além disso,
sabe-se que maior parte dos flavondides consumidos, aproximadamente 420 mg/dia,
provém do cacau, da cola, do café, do cha preto, da cerveja e do vinho, com um

adicional de 290 mg/dia provenientes de frutas e sucos.

Tabela 1. Sub-Classes dos flavonoides, caracteristicas e fontes. Adaptada de
(Pedriali, 2005).

Sub-Classes Cor Flavonoides representativos Fontes

Azul,vermelho,

Antocianidina . Cianidina Frutase flores
violeta
Incolor Catequinas, epicatequinas Macas, cha, cerveja
Flavanol — -
Amarelo Procianidina Sucos de frutas, vinho
Flavanona Incolor,amarelo Hesperidina, Naringenina Frutascitricas
. . . Cereais
Flavona Amareloclaro Apigenina, luteolina ! .
frutas,flores,vegetais
Cebolas,
Quercetina, Miricetinae rutina macas,tomates,vinho
Flavonol Amareloclaro . )
tinto, trigo sarraceno,
cha
L o Legumes (derivados
Isoflavona Incolor Genisteina, daizeina g (

de soja)

Os flavonoides sdo considerados substancias lipossoluveis e hidrossoluveis,
sendo encontrados em forma livre de acglcares, mais apolares, e em formas
glicosiladas, mais polares (BRAVO, 1998). A maioria deles se apresentam na forma
glicosilada, sendo mais comumente encontrados os carboidratos D-glicose, L-
ramnose, glicoramnose, galactose e arabinose ligados principalmente na posicédo 3
(RICE-EVANS et al., 1995). Sabe-se que, dificilmente, a forma intacta, a glicosilada,

€ absorvida no intestino delgado, devido ao favorecimento da sua hidrofilicidade
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(CRESPY, 1999). O metabolismo dos flavonoides é amplamente conhecido em
animais, porém ndo se tem muitas informac¢des do seu mecanismo em humanos.
Hoje se tem um interesse grande em esclarecer esse mecanismo, assim como 0
comportamento destes compostos no organismo, visto que apresentam inumeras
propriedades farmacoldgicas (MIDDLETON et al., 2000; MUROTA, 2003).

Estes compostos sdo moléculas especialmente grandes e passam por um
processo de quebra, auxiliados por enterobactérias, liberando a aglicona, uma
molécula que pode ser absorvida com maior facilidade pelas células epiteliais do
intestino grosso devido a sua lipofilicidade (HOLLMAN e KATAN, 1999;
MIDDLETON et al.,, 2000; HAVSTEEN, 2002; MUROTA, 2003; BHATIA e JAIN,
2004). Apos passarem pelo trato digestivo, estas moléculas migram pela corrente
sanguinea até o figado, onde sdo submetidos a metilacdo, glucoronidacédo e/ ou
sulfatacdo e, por fim, encontrarem-se livres no sangue. Uma vez livres, podem
alterar o estado redox de 6rgdos, melhorar a atividade antioxidante enzimética,
modificar a expressao de algumas proteinas, alterar o crescimento celular, promover
reparo ao material genético danificado, desencadear apoptose de células aberrantes
entre outros efeitos (YAO et al., 2004).

Alguns estudos tém apontado a capacidade dos flavonoides em atravessar a
BHE através da quantificagdo dos mesmos no SNC (MENDEZ-ARMENTA et al.,
2001; MENDEZ-ARMENTA e RIOS, 2007). A BHE possui certa seletividade quanto
a passagem de moléculas polares e, também, de moléculas grandes como
polimeros. Todavia, apesar desta seletividade, j4 foi registrada a presenca de
catequinas, antocianidinas, naringeninas, hesperetina, quercetina, rutina, dentre
outros flavonoides e derivados, no encéfalo de roedores que receberam oralmente
estes compostos (YOUDIM et al., 2003).

O efeito neuroprotetor dos flavonoides foi evidenciado em varios estudos que
demonstraram que estes compostos protegem as células neuronais da morte celular
em modelos animais de doencgas neurodegenerativas, como a doenca de Parkinson,
a doenca de Alzheimer, a isquemia cerebral unilateral ou global e, ainda, em
modelos de estresse oxidativo por peroxido de hidrogénio (ARUOMA et al., 2003;
KANG et al.,, 2005; MANDEL et al., 2005). Além disso, os efeitos benéficos dos
flavonoides no SNC, atuando como neuroprotetores, podem ser atribuidos,

principalmente, pela atividade antioxidante do composto, através da reducdo das
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EROs, bem como evitando a neurotoxicidade de substancias, e agindo pela
modulacdo de atividades de enzimas, como as ectonucleotidases e a AChE
(ABDALLA et al, 2013; SCHMATZ et al, 2009a; SCHMATZ et al., 2009b;
GONCALVES et al., 2010). Além dos efeitos destes compostos no SNC, tém sido
amplamente reportado os efeitos benéficos dos flavonoides ao sistema imunoldgico,
devido a propriedade antioxidante, anti-inflamatéria e antitumorais, como
apotenciacdo de apoptose, inibicdo da proliferacdo de células e inibicdo da
metastase, que ja esta bem descrita na literatura (CHINEMBIRI et al., 2014).

Dentre todos os flavonoides, destaca-se um em especial, a quercetina, que é
considerada um dos compostos (3,3’,4’,5,7-pentaidroxiflavona) mais abundantes,
sendo encontrados em frutas, legumes e vegetais (Figura 13). Também €& um dos
componentes mais conhecidos na Ginkgo biloba e na erva de Sao Jo&o (Hypericum
perforatum) (PRIOR, 2003; WILLIANS et al., 2004). Acredita-se que a cebola (284-
486 mg/kg), a maca (21-72 mg/kg) e o brécolis (30mg/Kg) sdo as fontes majoritarias
de quercetina (HERTOG et al., 1993; MURQOTA, 2003).

OH
OH

HO O

OH
OH O

Figura 13. Estrutura do flavonoide Quercetina. Destague para as estruturas
envolvidas na sua atividade farmacolégica e antioxidante. O grupamento mais
importante é o catecol (amarelo) outros grupamentos importantes: presenca de
insaturacdo no anel C (vermelho), presenca de funcédo 4-oxo no anel C (verde). O
grupo catecol e as outras fun¢des (azul) possuem a habilidade em quelar metais de
transicdo como o cobre e o ferro. (Adaptado de Spencer et al., 2003).
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A quercetina € um composto ndo carcinogénico e possui baixa toxicidade
(NATIONAL TOXICOLOGY PROGRAM, 1992, CHOI et al., 2003). Em experimentos
animais, a dose oral segura da quercetina é de 1000 mg/dia e, por via intravenosa,
756 mg/dia (HARWOOD et al., 2007). Ja em humanos, 4 g/dia de quercetina nao
apresentam efeitos colaterais. Além disso, a estimativa calculada de ingesta por
individuo é de aproximadamente 25 mg/dia (NATIONAL TOXICOLOGY PROGRAM,
1992; COOK e SAMMAN, 1996; CHOI et al., 2003). Este flavonoide € um composto
facilmente absorvido por pequenas células intestinais, onde sofre hidrélise para,
posteriormente, entrar na corrente sanguinea e seus metabdlitos ndo utilizaveis
serem excretados pela urina. Uma vez atingido a corrente sanguinea, a quercetina
sera metabolizada no figado e distribuida através da circulacdo sanguinea para
todos os tecidos, onde, por sua vez, realizara uma gama de efeitos, em sua grande
maioria, benéficos (MUROTA e TERAO, 2003; MANACH et al., 2005). No que diz
respeito a biodisponibilidade, sabe-se que apenas 60 % da quercetina ingerida é
absorvida, e a sua eliminacéo € lenta (GUGLER et al., 1975).

Pesquisas tém descrito varias aplicacfes terapéuticas para este flavonoide,
incluindo a atividade antioxidante, antiinflamatéria e neuroprotetora (CHO et al.,
2003, CHOI et al.,, 2003, ABDALLA et al., 2013). Acredita-se que em muitas
situacOes, estas acdes, provavelmente, envolvem sua propriedade antioxidante
(PRIOR, 2003), a qual pode ser explicada por sua participacdo em inibir enzimas
como a ciclooxigenase, lipoxigenase e xantina oxidase, que estdo envolvidas na
citotoxicidade oxidativa (KAHRAMAN, 2003).

Estudos in vitro demonstram o efeito antitumoral da quercetina em cultura de
células de melanoma, relatando que a quercetina, em baixas doses, afeta a
viabilidade celular e, em altas doses, induz a apoptose celular (HOLLMAN et al.,
1997). Zhang e colaboradores (2005) sugerem que a quercetina induz a apoptose de
células de melanoma (B16-BL6) através do aumento da atividade da caspase-3.
Além disso, ja foi relatado que a quercetina inibe o crescimento e a metastase do
melanoma in vivo (CAO et al., 2013).

Em relacdo ao efeito protetor da quercetina no SNC varios estudos relatam o
efeito neuroprotetor do composto. PU et al., (2007) observaram uma acgéo protetora
da quercetina em testes de memoria espacial e a reducdo da morte neuronal em

ratos. Existem, também, registros da acdo protetora da quercetina na discinesia
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orofacial induzida por tratamento crénico com neurolépticos (haloperidol) (NAIDU et
al., 2003), no modelo de isquemia (SARKAR e DAS 2006), em insultos por privagao
de glicose e oxigénio (HA et al., 2003) e na injuria de células corticais causada por
EROs (HA et al., 2003). Destaca-se que, recentemente, 0 N0SSoO grupo de pesquisa
avaliou o efeito da quercetina na atividade de enzimas do sistema purinérgico e
colinérgico em sinaptossomas do cortex cerebral de ratos expostos ao Cd e
confirmou-se que, de fato, a quercetina exerce um efeito neuroprotetor em relacdo a
toxicidade do Cd nas enzimas do sistema colinérgico e purinérgico (ABDALLA et al.,
2013).

Com base no acima mencionado e considerando-se o0s efeitos toxicos da
exposicao ao Cd ao SNC e SNP, o objetivo do presente trabalho foi investigar os
parametros comportamentais e bioquimicos, como a atividade das enzimas AChE,
Na®, K*-ATPase, & - ALA - D, NTPDases , ADA, BUChE e MPO, bem como o perfil
oxidativo em ratos submetidos a intoxicacao por Cd. Em adicao, torna-se relevante
avaliar o efeito protetor da quercetina, composto com acdo antioxidante, anti-

inflamatoria e neuroprotetora, em ratos submetidos a este tipo de exposicao.
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2. OBJETIVOS

2.1 Objetivo geral

O objetivo do presente estudo foi investigar alteragdes nos testes comportamentais e

de memodria bem como os parametros bioquimicos em ratos expostos ao Cd e

tratados com quercetina.

2.2 Objetivos especificos

Investigar o comportamento do tipo ansiogénico e a memodria em ratos

expostos ao CdCl, e/ou tratados com quercetina;

Determinar a presenca de Cd em diferentes estruturas encefalicas de ratos
expostos ao CdCl, e/ou tratados com quercetina a fim de verificar a
possibilidade do metal em acumular-se no encéfalo além das propriedades

guelantes da quercetina;

Avaliar a atividade das enzimas AChE e Na’, K'-ATPase em diferentes
estruturas encefalicas de ratos expostos ao CdCl, e/ou tratados com quercetina
a fim de relacionar os resultados dos parametros comportamentais com as

possiveis alteracdes enzimaticas;

Avaliar a atividade da enzima &-ALA-D no encéfalo de ratos expostos ao
CdCl; e/ou tratados com quercetina com o propésito de confirmar a toxicidade

induzida pelo metal,

Determinar os parametros de estresse oxidativo como: 0s niveis intracelulares
de EROs, niveis de peroxidacao lipidica, oxidacéo de proteinas, a presenca de
DNA dupla fita bem como os niveis de vitamina C, tiois totais, glutationa
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reduzida, a atividade das enzimas glutationa redutase e glutationa transferase
em diferentes estruturas encefalicas de ratos expostos ao CdCl, e/ou tratados
com quercetina com o proposito de relacionar estes resultados com as
possiveis alteracfes enzimaticas e comportamentais, além de esclarecer os

possiveis mecanismos de toxicidade induzida pela exposi¢ao ao Cd;

Avaliar a atividade das enzimas NTPDase, ADA e AChE em linfécitos
periféricos de ratos expostos ao CdCl, e/ou tratados com quercetina a fim de
verificar possiveis alteracdes no sistema purinérgico e colinérgico destes

animais;

Analisar a atividade da enzima BuChE no soro e da MPO no plasma de ratos
expostos ao CdCl, e/ou tratados com quercetina para confirmar a presenca do
processo inflamatorio e relacionar com a atividade anti-inflamatéria da

guercetina;
Verificar o efeito da quercetina in vitro, nas atividades da NTPDase, da ADA,

da AChE em linfécitos periféricos, atividade da BUuChE no soro e da MPO no

plasma a fim de comparar com os resultados in vivo.
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APRESENTACAO

Os resultados desta tese estao apresentados sob a forma de dois artigos, o0s
quais encontram-se no item “ARTIGOS”. As sec¢des Materiais e Métodos,
Resultados, Discussdo e Referéncias encontram-se nos proprios artigos e
representam a integra deste estudo.

Os itens DISCUSSAO e CONCLUSOES, encontrados no final desta tese,
apresentam interpretacdes e comentarios gerais a respeito dos resultados
apresentados nos artigos. As REFERENCIAS referem-se somente as citagdes que
aparecem nos itens INTRODUCAO e DISCUSSAO desta tese.
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1. Introduction

Cadmium (Cd) is a heavy metal with a long biological half-life
(15-30 years) in humans which presents low rate of excretion [1]. The
natural and anthropogenic sources of Cd may lead to the contamination
of soils and to increased uptake of this metal by crops and vegetables
grown for human consumption [2]. Based on these evidences, diet is
the most important source of the Cd exposure in the general population
(non-occupational and non-smoking), since Cd is not degraded in the
environment and can enter into the food chain [1]. In this way, the
prolonged exposure to Cd has been linked to toxic effects triggered by
the accumulation of this metal in a variety of structures of the central
nervous system (CNS) [3].

In fact, Cd is able to cross the blood-brain barrier (BBB) and accumu-
late in the brain [3] leading to cerebral edema, cellular dysfunction and
also the worsening of the synaptic neurotransmission and the antioxi-
dant levels [4-6]. Some studies have demonstrated that the exposure
to Cd can produce impairment of attention, learning and memory as
well an increase in aggressive and anxiogenic-like behaviors [7-11]. In
addition, Cd can cause changes in important enzymes of the CNS includ-
ing acetylcholinesterase (AChE), Na* K*-ATPase and 6-aminolevulinate
dehydratase (6-ALA-D) [10,12-14]

Acetylcholine (ACh) is a neurotransmitter with an important role
in many functions of both the peripheral and central nervous sys-
tems [ 15] acting in the learning and memory processes as well as lo-
comotor control and cerebral blood flow [16-20]. ACh levels in
synaptic cleft are regulated by AChE activity. It has been shown
that the AChE activity is implicated in cell proliferation [21] and
neurite outgrowth [22]. Interestingly, AChE responds to various in-
sults including oxidative stress, an important event that has beenre-
lated to the pathogenesis and progression of a variety of CNS
disorders [23]. Thus, this enzyme is a target for the emerging thera-
peutic strategies to treat cognitive disorders like Alzheimer's disease
(AD) [24].

Furthermore, the enzyme Na ™ K" -ATPase also plays an important
role in synaptic neurotransmission. This enzyme plays a key role in
the maintenance of electrolytic gradient of Na* and K™ ions, contribut-
ing to the intracellular electrolyte homeostasis as well as to the mainte-
nance of volume and cellular pH [25-27]. It has been reported that a
decrease in this enzyme activity or expression directly impairs neuro-
transmitter signaling with deleterious consequences on memory and
anxiety behavior [28,29]. Moreover, ouabain, a Na*,K*-ATPase inhibi-
tor, increases Ca* ™" influx in brain slices [30] and causes hippocampal
cell death in rats [31].

Another important target enzyme in our study is the &-ALA-D.
This metalloenzyme requires zinc ions for its activity, and it
catalyzes the asymmetric condensation of two molecules of &
aminolevulinic acid (6-ALA) to porphobilinogen in the initial steps
of heme biosynthesis [32]. 6-ALA-D is a sulfhydryl enzyme and nu-
merous metals such as mercury [33], lead [34], Cd [13] and other
compounds canoxidize sulfhydryl groups, modifying its activity [35].
Therefore, 5-ALA-D is inhibited by substances that compete with
zinc and/or oxidize the — SH groups [36],and it islinked to situations
associated with oxidative stress [13].

The molecular mechanisms of Cd toxicity are not yet well defined;
however, the accumulation of Cd can damage various tissues including
the brain [14,37]. Studies have shown increased levels of lipid peroxida-
tion, protein carbonylation, inhibition or reduction of antioxidant
enzymes such as catalase ( CAT), superoxide dismutase (SOD), glutathi-
one reductase (GR), glutathione peroxidase {GPx) and DNA damage in-
duced by Cd [38,39]. Therefore, we can assume that the toxicity effects
of this metal probably occur due generation of reactive oxygen species
(ROS), since Cd does not directly participate in oxidation-reduction
[40].

On the other hand, antioxidant compounds have an important
role in the neuroprotection against the establishment of oxidative

stress. In this context, the quercetin is a natural antioxidant present
in a variety of vegetables and fruits which are regularly consumed in
our diet, Quercetin belongs to the flavonoid family and has phenolic
groups in their structure [41]. This compound has been studied due
to its wide therapeutic benefits that involve its antioxidant effects,
chelating properties of some elements as metals [42] and neuropro-
tective capacity [41].

In this context, considering the toxic effects and neurological
damage caused by Cd exposure and that quercetin has important anti-
oxidant and neuroprotective actions, the aim of this study was to eval-
uate the possible protective effects of this flavonoid in memory and
anxiogenic-like behavior, AChE, Na™ K*-ATPase and &-ALA-D activities
in Cd exposed rats. In addition we also checked oxidative stress param-
eters, such as protein and lipid oxidation, intracellular ROS production
and double-stranded DNA (dsDNA) level, as well as, antioxidant
enzymes activities and endogenous non-enzymatic antioxidant
content.

2. Material and methods
2.1. Chemicals

Acetylthiocholine iodide, cadmium chloride monohydrate (CdCls),
5,5'-dithio-bis-2-nitrobenzoic acid (DTNB), Tris-(hydroxymethyl)-
aminomethane, ouabain octahydrate, Coomassie Brilliant Blue G and
quercetin were obtained from Sigma Chemical Co. (St. Louis, MO,
USA). All other reagents used in the experiments were of analytical
grade and of the highest purity.

2.2, Animals

Adult male Wistar rats (70-90 days; 220-300 g) from the Central
Animal House of the Federal University of Santa Maria (UFSM) were
used in this experiment. The animals were maintained at a constant
temperature (23 £+ 1 °C) on a 12 h light/dark cycle with free access to
food and water. All animal procedures were approved by the Animal
Ethics Committee (protocol under number: 031/2011).

2.3. Experimental procedure

(Cd is derived primarily from the ingestion of food and water contam-
inated with Cd. CdCls is the principal form of Cd associated with oral
exposure, since it is highly soluble in water [43]. Thus, in the present
study rats received by oral administration (gavage): Cd as CdCl» (Cd
2.5 mg/kg) dissolved in saline and/or quercetin (5, 25 and 50 mg/kg)
dissolved in ethanol 25%. The choice of Cd doses was made based on
previous works of our research group, in which Cd-exposed rats showed
a small but significant amount of Cd in their brain structures enough to
cause brain injury and hematological injuries [ 10,14,44,45]. The choice
ofthe doses 5, 25 or 50 mg/kg of quercetin was made based on previous
studies that showed beneficial effects of this compound in the CNS.
Moreover, our research group showed that these doses of quercetin
prevented the toxic effect caused by Cd exposure on important enzymes
of the CNS [37,41,46,47]. Both solutions were administered 5 days a
week for 45 days. Animals were randomly divided into eight groups of
10-14 animals each: saline/control, saline/Querc 5 mg/kg, saline/
Querc 25 mg/kg, saline/Querc 50 mg/kg, Cd/ethanol 25%, Cd/Querc
5 mg/kg, Cd/Querc 25 mg/kg, and Cd/Querc 50 mg/kg.

Quercetin was administered 30 min after Cd. The solutions were
freshly prepared. Cd was diluted in saline and the quercetin in ethanol
25% and both were administered (1 ml/kg) between 9 and 11 a.m.

In the last day of treatment (after 45 days ), animals were subjected
to training and behavioral parameter estimation. After, the animals
were submitted to euthanasia being previously anesthetized with halo-
thane. The total brain was collected to 5-ALA-D assay, and the cerebral
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cortex, hippocampus, striatum, hypothalamus and cerebellum were col-
lected for the subsequent enzymatic assays.

It is important to note that controls for all ex vivo tests were per-
formed to correct for vehicle ( ethanol) interference. However, no signif-
icant differences between the results obtained to the vehicle and to the
control were observed in the parameter analyzed in this study (data not
shown).

2.4. Behavioral procedure

2.4.1. Inhibitory avoidance task

At the final day of treatment (45 days), animals were subjected to
training in a step-down inhibitory avoidance apparatus as previously
described. Next, 24 h after training the animals were subjected to a
test in a step-down inhibitory avoidance task. Briefly, rats were subject-
ed to a single training session ina step-down inhibitory avoidance appa-
ratus, which consisted of a 25 x 25 x 35 cm box with a grid floor whose
left portion was covered by a 7 » 25-cm platform, 2.5 cm high. The rat
was placed gently on the platform facing the rear left corner, and
when the rat stepped down with all four paws on the grid, a 3-5 0.4-
mA shock was applied to the grid. Retention test took place in the
same apparatus 24 h later, Test step-down latency was taken as a mea-
sure of retention, and a cut-off time of 300 s was established.

2.4.2. Open field

Immediately after the inhibitory avoidance test session, animals
were transferred to an open-field measuring 56 x 40 x 30 cm, with
the floor divided into 12 squares measuring 12 x 12 cm each. The
open field session lasted for 5 min and during this time, an observer,
who was not aware of the treatments, recorded the number of crossing
responses and rearing responses manually. Crossing was defined as the
total number of areas crossed with the four paws and rearing was de-
fined as the total number of stand-up responses on two paws. This
test was carried out to identify motor disabilities, which mightinfluence
inhibitory avoidance performance at testing.

2.4.3. Foot shock sensitivity test

Reactivity to shock was evaluated in the same apparatus used for in-
hibitory avoidance, except that the platform was removed and was used
to determine the flinch and jump thresholds in experimentally naive
animals [48,49]. Animals were placed on the grid and allowed a 3 min
habituation period before the start of a series of shocks (1 s) delivered
at 10 s intervals. Shock intensities ranged from 0.1 to 0.5 mA in
0.1 mA increments. The adjustments in shock intensity were made in
accordance with each animal response. The intensity was raised by
one unit when no response occurred and lowered by one unit when a
response was made. A flinch response was defined as withdrawal of
one paw from the grid floor, and a jump response was defined as with-
drawal of three or four paws. Two measurements of each threshold
(flinch, and jump) were made, and the mean of each score was calculat-
ed for each animal.

2.4.4. Elevated plus maze task

Anxiolytic-like behavior was evaluated using the elevated plus maze
task as previously described [50,51]. The apparatus consisted of a wood-
en structure raised to 50 cm from the floor. This apparatus was com-
posed of 4 arms of the same size, with two closed-arms (walls of
40 cm) and two open-arms, Initially, the animals were placed on the
central platform of the maze in front of an open arm. The animal had
5 min to explore the apparatus. The time spent and the number of en-
tries in open and closed arms were recorded. The apparatus was thor-
oughly cleaned with 30% ethanol between each session.

25. Brain tissue preparation

After behavioral tests, animals were anesthetized with halothane
and submitted to euthanasia. The cranium was opened and the struc-
tures were gently removed and separated into the cerebral cortex, hip-
pocampus, striatum, hypothalamus and cerebellum. To verify the Cd
concentration in the brain structures, six or seven animals per group
were randomly chosen. For the others all the brain structures were ho-
mogenized in a glass potter in a solution of 10 mM Tris-H, with pH 7 4,
on ice, at a proportion of 1:10 (w/v). The resulting homogenate was
used to determine the Na* K*-ATPase activity. A fraction of homoge-
nate was centrifuged at 1800 rpm for 10 min and the resulting supema-
tant was used to determine AChE and &-ALA-D activities, oxidative
stress parameters, antioxidant enzymes activities and endogenous
non-enzymatic antioxidant content.

2.6. Cadmium concentration in the brain tissue

For Cd determination, digestion of the cerebral cortex, hippocampus,
striatum, hypothalamus and cerebellum (up to 0.2 g) was performed by
a conventional heating block (Velp Scientifica, model DK, Italy) with
open glass vessels. In this case, samples were weighed inside the vessels
and 6 ml of concentrated nitric acid ( Merck, Darmstadt, Germany) was
added. Digestion procedure was carried out for 2 h up to 120 °C.In a
second step, 1 ml of 30% (w/w) H,0, was added and the digests were
heated up to 80 “Cfor 1 h. After cooling, digests were diluted with puri-
fied water (Milli-Q system, Millipore Corp., Bedford, USA) to 25 mlin
polypropylene vessels for further analysis.

A spectrometer Spectro Ciros CCD (Spectro Analytical Instruments,
Kleve, Germany) was used for the determination of Cd at 226,502 nm
by inductively coupled plasma optical emission spectrometry (ICP-
OES). This instrument was equipped with an axial view configuration
and a cross flow nebulizer coupled to a Scott type double pass nebuliza-
tion spray chamber. Argon (99.996%, White Martins-Praxair, Sdo Paulo,
SP, Brazil) was used for plasma generation, for nebulization and as aux-
iliary gas. For the accuracy evaluation, a certified reference material
(CRM) of dogfish liver (DOLT-3) from the National Research Council
Canada was used.

Cd certified (1 g ™")
194 + 06

Cd measured (g g~ ")
106 + 0.8

Sample

DOLT-3

2.7. AChE enzymatic assay

The AChE enzymatic assay was determined as previously described
[52] with a modification of the spectrophotometric method as described
previously [53]. The reaction mixture (2 ml final volume) contained
100 mM K*-phosphate buffer, with pH 7.5 and 1 mM 5,5'-dithio-bis-
nitrobenzoic acid (DTNB). The method is based on the formation of
the yellow anion, 5,5'-dithio-bis-acid nitrobenzoic, measured by absor-
bance at 412 nm during 2 min of incubation at 25 °C. The enzyme was
pre-incubated for 2 min. The reaction was initiated by adding 0.8 mM
acetylthiocholine iodide (AcSCh). The protein content was adjusted
for each structure: cerebral cortex (0.8 mg/ml), hippocampus
(0.8 mg/ml), striatum (0.4 mg/ml), hypothalamus (0.6 mg/ml) and
cerebellum (0.6 mg/ml). All samples were run in triplicate and enzyme
activity was expressed in pmol AcSCh/h/mg of protein.

2.8. Na” K" -ATPase enzymatic assay

The Na*,K*-ATPase activity was measured as previously described
[54] with minor modifications [55]. Briefly, the assay medium consisted
of 30 mM Tris-HCI buffer (pH 7.4), 0.1 mM EDTA, 50 mM NaCl, 5 mM
KCl, 6 mM MgCl, and 50 pg of protein in the presence or absence of oua-
bain (1 mM), in a final volume of 350 . The reaction was started by the
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addition of adenosine triphosphate to a final concentration of 3 mM.
After 30 min at 37 °C, the reaction was stopped by the addition of
70 pl of 50% (w/v) trichloroacetic add. Saturating substrate concentra-
tions were used and the reaction was linear with protein and time. Ap-
propriate controls were included in the assays for non-enzymatic
hydrolysis of ATP. The amount of inorganic phosphate (Pi) released
was quantified colorimetrically, as previously described [56], using
KH,PO, as reference standard. Specific Na* K" -ATPase activity was cal-
culated by subtracting the ouabain-insensitive activity from the overall
activity (in the absence of ouabain) and expressed in nmol of Pi/mg of
protein/min.

2.9, 6-Aminolevulinic acid dehydratase activity (6-ALA-D)

Brain &-ALA-D activity was assayed according to the method of Sassa
[57] by measuring the rat of porphobilinogen (PBG) formation, 5-ALA-D
activity was expressed as nmol porphobilinogen ( PBG)/mg of protein/h.

2.10. Measurement of intracellular reactive oxygen species (ROS)
production

2'-7'-Dichlorofluorescein (DCF) levels were determined as an
index of the reactive species production by the cellular components
[58]. Aliquots (50 pl) of brain supernatants were added to a
medium containing Tris-HCI buffer (10 mM; pH 7.4) and 2'-7'-
dichlorofluorescein diacetate DCFH-DA (1 mM). After DCFH-DA ad-
dition, the medium was incubated in the dark for 1 h until fluores-
cence measurement procedure (excitation at 488 nm and emission
at 525 nm, and both slit widths used were at 1.5 nm). DCF levels
were determined using a standard curve of DCF, and results were
corrected by the protein content.

2.11. Thiobarbituric acid reactive substance (TBARS) measurement

TBARS levels were determined according to Ohkawa et al. [59] by
measuring of the concentration of malondialdehyde (MDA) as an end
product of lipid peroxidation by reaction with thiobarbituric acid
(TBA). Briefly, the reaction mixture, containing 200 ul of brain supema-
tants or standard { 0.03 mM MDA, 200 ul of 8.1% sodium dodecyl sulfate
(SDS), 500 pl of 0.8% TBA and 500 pl of acetic adid solution (2.5 M HCI,
pH 3.4) was heated at 95 °C for 120 min. The absorbance was measured
at 532 nm. TBARS tissue levels were expressed as nmol MDA/mg of
protein.

2.12. Protein carbonyl levels

The carbonylation of proteins was determined by a modified Levine
method [ 60]. Firstly, from 1 ml of brain supernatants, proteins were pre-
cipitated using 0.5 ml of 10% trichloroacetic acid (TCA) and centrifuged
at 1800 g for 5 min, discarding the supernatant. One half milliliter of
10 mmol 17! 2,4-dinitrophenylhydrazine (DNPH) in 2 mol 17! HCI
was added to this protein predpitate and incubated at room tempera-
ture for 30 min. During incubation, the samples were mixed vigorously
every 15 min. After incubation, 0.5 ml of 10% TCA was added to the pro-
tein precipitate and centrifuged at 1800 g for 5 min. After discarding the
supernatant, the precipitate was washed twice with 1 ml of ethanol/
ethylacetate (1:1), centrifuging out the supematant in order to remove
the free DNPH. The precipitate was dissolved in 1.5 ml of protein dis-
solving solution (2 g sodium dodecyl sulfate and 50 mg EDTA in
100 ml 80 mmol 1! phosphate buffer, with pH 8.0) and incubated at
37 °C for 10 min. The color intensity of the supernatant was measured
using a spectrophotometer at 370 nm against 2 mol 1~ ! HQl. Carbonyl
content was calculated by using the molar extinction coefficient (21 x
10® 1/mol am), and results were expressed as nmol/mg of protein.

2.13. Double-stranded DNA (dsDNA) assay

To evaluate the cytotoxic effect of Cd in different brain structures,
the presence of double-stranded DNA (dsDNA) in supernatant was de-
termined, using a Quant-IT TM PicoGreen® dsDNA kit (Invitrogen-Life
Technologies) according to manufacturer's instructions. Briefly, the
assay is based on quantifications of cell death. Because of that, when
the cell dies the membrane is disrupted and dsDNA fractions are re-
leased into the extracellular medium [61]. The DNA PicoGreen® dye
presents high affinity with the dsDNA and is able to quantify the
dsDNA released. In relation to the dsDNA, it was measured by using
50 wl of the sample and 50 pl of the DNA PicoGreen® dissolved in TE
buffer, 1x (1:1; v/v), following the incubation for 5 min in a dark
room. The fluorescence was measured at an excitation of 485 nm and
an emission of 520 nm recorded at room temperature,

2.14. Measurement of vitamin C

Vitamin C levels were determined by the method of Jacques-Silva
et al. [62]. Proteins of the brain were precipitated in a cold 10%
trichloroacetic acid (TCA) solution at a proportion of 1:1 (v/v) and
submitted to centrifugation again. This supernatant was then used for
analysis.

A 300 pl aliquot of the sample in a final volume of 575 ul of solution
was incubated for 3 h at 37 °C then 500 pl of H,S04 at 65% (v/v) was
added to the medium. The reaction product was determined using a
color reagent containing 4.5 mg/ml dinitrophenyl hydrazine (DNPH)
and CuS0, (0.075 mg/ml). Vitamin C levels are expressed as mg ascor-
bic acid/g tissue.

2.15. Determination of total thiols

Total thiol groups (T-SHs) were assayed spectrophotometrically by
the method of Boyne and Ellman [63] with some modifications. An ali-
quot of 200 pl for brain supernatants (S1) in a final volume of 900 p
of solution was used for the reaction. The reaction product was
measured at 412 nm after the addition of 10 mM 5-5-dithio-bis (2-
nitrobenzoic acid) (DTNB) (0.05 ml). A standard curve using cysteine
was added to calculate the content of thiol groups in samples, and was
expressed as nmol T-SH/g tissue.

2.16. Measurement of reduced glutathione ( GSH)

GSH was measured spectrophotometrically with Ellman’s reagent
[64]. An aliquot of 200 pl for supernatants in a final volume of 900 ul
of solution was used for the reaction. The reaction product was mea-
sured at 412 nm after the addition of 10 mM 5-5-dithio-bis(2-
nitrobenzoic acid) (DTNB) (0.05 ml). A standard curve using cysteine
was added to calculate the content of thiol groups in samples, and was
expressed as nmol GSH/g tissue.

2.17. Assay of reductuse glutathione (GR)

For the measurement of GR activity, we used a method previously
described by Carlberg and Mannervik [65], with some modifications.
The method is based on the utilization the enzyme oxidized glutathione
(GSSG), to convert GSSG to GSH in the presence of the cofactor NADPH.
Briefly, brain supernatant (0.050 ml) was added to medium containing
0.2 M phosphate buffer (0.2 M KsHPO4 and 2 mM EDTA, pH 7.0) and
NADPH (2 mM). The reaction was initiated by adding substrate GSSG
(20 mM). The measurement of GR levels was measured by absorbance
at 340 nm during 2 min of incubation. GR activity was determined
using the molar extinction coefficient 6220 M~ ' cm™ ! and expressed
as pmol/min/mg of protein.
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Latency (s)

Quercetin (mg/kg)

Cadmium (2.5 mg/kg)

Fig. 1. Effect of Cd-exposed (2.5 mg/kg ) rats and treated with quercetin in different doses
(5, 25 or 50 mg/kg) on step-down latencies. After one treatment-free day, animals were
tested in a step-down latency test. Data are median &+ interquartile range of training
and test. *p < 0.05 compared with the saline/control, and #p < 005 compared with
the Cd/ethanol group at testing by the Dunn's non-parametric multiple comparison task
(n=10-14).

2.18. Assay of glutathione S-transferase (GST)

The GST enzymatic assay was determined as previously described by
Habig et al. [66] with a modification of the spectrophotometric method.
GST activity was quantified in tissue homogenates in a reaction mixture
containing 1-chloro-2 4-dinitrobenzene (1 mM CDNB) and GSH (1 mM)
as substrates in 0.1 M K*-phosphate buffer, with pH 7.5, at 37 °C. The
reaction was initiated by adding GSH substrate. Enzyme activity was
calculated by the change in the absorbance value from the slope of the
initial linear portion of the absorbance time curve at 340 nm for 2 min
of incubation. Enzyme activity was determined using the molar extinc-
tion coefficient 9.6 mM~ ! an~! and expressed as pumol/CDNB/min/mg
of protein.

2.19. Protein determination

Protein content was determined colorimetrically according to
the Bradford [67] method using bovine serum albumin (1 mg/ml) as
standard solution.

2.20. Statistical analyses

Statistical analyses of training and test step-down latencies were
carried out by Kruskal-Wallis followed by post-hoc analyses (non-para-
metric Dunn's test). Crossing, rearing and foot shock sensitivity test re-
sponses were analyzed by one-way ANOVA. p < 0.05 was used as the
criterion for statistical significance. All other parameters evaluated

Table 1

were analyzed by one or two-way ANOVA, followed by the Tukey test
where p < 0.05 was considered to represent a significant difference in
all experiments. The retention latencies are expressed as the median
and interquartile ranges and all other data are expressed as mean +
SEM.

3. Results
3.1. Behavioral tests

3.1.1. Quercetin prevents memory impairment induced by Cd exposure

Fig. 1 shows the effect of the treatmentwith quercetin perse and Cd-
exposed rats on step-down latendes. Statistical analyses ( non-paramet-
ric two-way ANOVA ) showed a significant Cd (2.5 mg/kg) vs. quercetin
(5,25 or 50 mg/kg) or vehicle interaction (control ), revealing that the
treatment with quercetin was able to reverse the impairment of mem-
ory induced by Cd [H(7): 31.79; p< 0.001].

Statistical analysis of training showed no difference between groups.
Because motivational disparities in the training session may account for
differences in inhibitory avoidance at testing, experiments were per-
formed to assess whether Cd or quercetin affected shock threshold or
locomotor ability of the animals. Statistical analysis of open-field data
(one-way ANOVA) revealed that Cd did not alter the number of crossing
(p = 0.05) or rearing (p > 0.05) responses in a subsequent open-field
test session, suggesting that neither Cd nor quercetin caused gross
motor disabilities at testing (Table 1). Moreover, Cd did not alter foot
shock sensitivity as demonstrated by the similar flinch (unpaired t
test, p> 0.05) and jump (unpaired t test, p = 0.05) thresholds exhibited
by the animals. These data suggest that neither Cd intoxication nor
quercetin treatment administered before training of inhibitory avoid-
ance caused motor disabilities or altered foot shock sensitivity (Table 1).

3.1.2. Effect of Cd exposure and quercetin treatment on anxiolytic-like
behavior

Fig. 2 shows the effect of Cd exposure and quercetin treatment on
the anxiolytic-like behavior in the elevated plus-maze task. Statistical
analysis of testing (one-way ANOVA) showed that rats exposed to Cd
spent more time in closed arms and entered the closed arms more
times compared with those of the other groups indicating a possible be-
havior induced by Cd (Fig. 2A and B). Moreover, quercetin 5, 25 or
50 mg/kg was able to prevent this increase of time in closed arms and
the number of entries in closed arms induced by Cd (Fig 2A and B).
Fig. 2C shows that Cd decreased the time in center, and quercetin 5,
25 or 50 also was able to prevent this anxiogenic effect induced by Cd.
Fig. 2D shows that Cd and quercetin did not alter the number of entries
inarms in the elevated plus-maze task, showing that the treatments did
not impair locomotor activity in this test.

Effect of oral administration of quercetin (Querc 5, 25 or 50 mg/kg ), cadmium (Cd) and cadmium (Cd) plus quercetin ( Querc) on the latency to training in the inhibitory avoidance
apparatus, on the behavior of rats (number of crossing and rearing responses) in the open-field immediately after the inhibitory avoidance testing session and on foot shock sensitivity

(flinch, jump and vocalization).

Group Latency of training (s) Crossing Rearing RAinch { m-A) Jump (m-A) Vocaization (m-A)
Control 9.80 + 2.63 2350 £ 390 1810 &+ 340 0.42 4+ 0.02 028 £ 0.01 042 + 002
Querc 5 730 +£3.25 2150 + 292 1740 + 259 0.40 + 0.02 027 + 0.02 040 + 0.03
Querc 25 490 + 093 23,60 + 3.00 1980 + 248 041 + 001 025 + 0.01 035+ 0.02
Querc 50 820 4+ 2.5¢4 2430 4+ 298 1985 + 284 037 + 001 027 + 0.01 0324+ 00
Cd 492 + 0.85 2785+ 231 2354 4+ 219 039 + 0.02 027 + 0.01 037 + 0.02
Cd+0Q5 5.70 + 0.67 2821+ 251 2471 £+ 249 037 £+ 0.00 028 + 0.01 041 + 0.01
Cd+ Q25 725 +2.22 2625 + 226 21982 + 211 037 £ 0.0 027 + 0.01 039 + 0.02
Cd + Q50 515 £ 0.84 2669 £ 270 2323 £ 207 0.40 +£ 0. 030 £ 0.01 040 £ 0.02
Statistical analysis Fize0) = 125 Fizo0) = 092 Fize0) = 116 Fi7s0) = 106 Fiz0) = 085 Fizs0) = 199
p= 005 p=0.05 p = 0.05 p= 005 p=005 p =005

Data are means 4+ SEM. for 10-14 animals in each group.
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Fig. 2. Effect of Cd-exposed rats and treated with quercetin in different doses (mg/kg) on time in dosed arms (A), number of entries in closed arms, time spent in center (C) and number of
total entries in arms (D) measured in the elevated plus maze over the 5 min test. *p = 0,05 compared with the saline/control, and #p < 0.05 compared with the Cd/ethanol group. Bars
represent means + SEM. One-way ANOVA-Student, followed by Newman-Keuls (SNK) (p< 0.05) (n = 10-14).

3.2, Atomic absorption

All the brain structures analyzed showed a similar Cd concentration
in the same group of rats. Control rats (saline) and rats treated with
quercetin alone presented Cd concentrations lower than 0.20 pg/g '
in the different brain structures. Rats exposed to Cd alone or Cd plus
quercetin showed Cd concentrations greater than 0.20 ug/g ' in the dif-
ferent brain structures. Moreover, a significant effect of Cd (p < 0.05)
and quercetin (p < 0.05) on Cd concentrations in the different brain
structures was observed (data not shown). Results demonstrated that
Cd exposure alone or in combination with quercetin caused an increase
in Cd brain concentration. Therefore, the quercetin administration was
ineffective in restoring Cd levels to normal values in the cerebral cortex,
hippocampus, striatum, hypothalamus, and cerebellum evaluated.

3.3. Quercetin prevented the alterations induced by Cd in AChE activity in
the cerebral cortex, hippocampus and hypothalamus

Fig. 3 shows the effect of Cd and/or quercetin on the activity of AChE
in different brain structures. The exposure to Cd decreased (53%) the
AChE activity in the cerebral cortex when compared with control,
while the treatment with quercetin 5, 25 or 50 mg/kg prevented this
decrease (p < 0.05) (Fig. 3A). AChE activity was decreased (51%) in
the hippocampus of rats exposed to Cd, while the treatment with quer-
cetin5, 25 or 50 mg/kg prevented this reduction (p< 0.05) (Fig. 3B). On
the other hand, the AChE activity in the hypothalamus increased (58%)
in Cd-exposed rats; however, the treatment with quercetin 5, 25 or
50 mg/kg was able to prevent this elevation (p < 0.05) (Fig. 3C). There

were no significant alterations in the AChE activity in the striatum and
cerebellum (Fig. 3D and E).

3.4. Quercetin prevented the decrease in Na™* K *-ATPase activity induced
by Cd in the cerebral cortex, hippocampus and hypothalamus

Results obtained for Na*,K*-ATPase activity in different brain struc-
tures are presented in Fig. 4. The exposure to Cd decreased Na* K-
ATPase activity in the cerebral cortex (36%) and the treatment with
quercetin 5, 25 or 50 mg/kg (p < 0.05) prevented this reduction
(Fig. 4A). On the other hand, the exposure to Cd decreased the Na™,
K*-ATPase activity in the cerebral cortex (36%), hippocampus (28%)
and hypothalamus (27%). The treatment with quercetin 5, 25 or
50 mg/kg prevented this effect on the cerebral cortex but only the treat-
ment with quercetin 25 or 50 mg/kg prevented this effect in the hippo-
campus and hypothalamus (p < 0.05) (Fig. 4A, B and C). No significant
differences (p < 0.05) were observed in the Na*,K*-ATPase activity in
the striatum and cerebellum (Fig, 4D and E).

3.5. o-Aminolevulinic acid dehydratase activity

Fig. 5 shows the effect of Cd and/or quercetin on the activity of &-
ALA-D in the brain. The exposure to Cd decreased the 5-ALA-D activity
(53%) in the brain when compared with the saline/control group. The
quercetin administration was ineffective in restoring &-ALA-D activity
to normal values.
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Fig. 3. Acetylcholinesterase (AChE) activity in cerebral cortex (A), hippocampus (B), hypothalamus (C), striatum (D) and cerebellum (E) of Cd-exposed rats and treated with quercetin. *p
< 0.05 compared with the saline/control, and #p < 0.05 compared with the Cd/ethanol group. Bars represent means + SEM. (Two-way ANOVA followed by Tukey test; n = 10-14.)

3.6. Effect of Cd exposure and quercetin treatment on ROS production in the
cerebral cortex, hippocampus, hypothalamus, striatum and cerebellum

Table 2 shows the effect of Cd exposure and quercetin treatment on
ROS production. As can be seen, in the cerebral cortex, hippocampus
and hypothalamus, ROS production was significantly increased in the
Cd/ethanol group when compared to the saline/control group (84.2%,
88.1%, 92.8% respectively) (p < 0.05). However, the treatment with
quercetin 5,25 or 50 mg/kg was able to prevent the increase on ROS
production in the cerebral cortex, hippocampus and hypothalamus (p
= 0.05) when compared to the Cd/ethanol group (p < 0.05). No signifi-
cant differences (p < 0.05) were observed in the ROS production in the
striatum and cerebellum. When quercetin was given per se, no signifi-
cant difference in the cerebral cortex, hippocampus, hypothalamus,

striatum and cerebellum were observed in the saline/Querc 5, saline/
Querc 25 or saline/Querc 50 groups when compared to the saline/con-
trol group.

3.7. Quercetin prevented the alterations in lipid peroxidation levels induced
by Cd exposure in the cerebral cortex, hippocampus, hypothalamus, stria-
tum and cerebellum

TBARS levels in the different brain structures are given in Table 3. As
can be observed, the exposure to Cd increased TBARS levels in the cere-
bral cortex (82%) hippocampus (64%) and hypothalamus (132%), while
the treatment with quercetin 5, 25 or 50 mg/kg prevented this increase
(p < 0.05). No significant differences in the TBARS levels were observed
in the striatum and cerebellum. Moreover, when quercetin was given
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Fig. 4. Na* K*-ATPase activity in homogenate of cerebral cortex (A}, hippocampus (B), hypothalamus ( C), striatum (D) and cerebellum (E) of cadmium ( Cd )-exposed rats and treated with
quercetin. *p = 0.05 compared with the saline/control, and #p < 005 compared with the Cd/ethanol group. Bars represent means + SEM. One-way ANOVA-Student-Newman-Keuls

(SNK) (p =< 005) (n = 10-14).

per se, no significant differences in the cerebral cortex, hippocampus,
hypothalamus, striatum and cerebellum were observed in the saline/
Querc 5, saline/Querc 25 or saline/Querc 50 groups when compared to
the saline/control group.

3.8. Quercetin prevented the alterations induced by Cd in protein carbonyl
levels in the cerebral cortex, hippocampus and hypothalamus

The protein carbonyl levels in the cerebral cortex, hippocampus and
hypothalamus were significantly higher in the Cd/ethanol group when
compared to the saline/control group (226.3%, 178%, 140% respectively)
(p=0.05) (Table 4). The co-treatment with quercetin was able to pre-
vent the rise of protein carbonyl levels in the Cd/Querc 5, Cd/Querc 25

and Cd/Querc 50 groups, when compared to the Cd/ethanol group (p
< 0.05). No significant differences were observed in the protein carbon-
yl levels in the striatum and cerebellum. Moreover, when quercetin was
given per se, no significant differences were observed in the saline/
Querc 5, saline/Querc 25 or saline/Querc 50 groups when compared to
the saline/control group.

3.9. Cytotoxic effects of Cd in the cerebral cortex, hippocampus and hypo-
thalamus of cadmium Cd-exposed rats were prevented by quercetin

treatment

The cerebral cortex, hippocampus and hypothalamus dsDNA frac-
tions (Table 5) presented a significant increase in the Cd/ethanol
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Fig. 5. b-Aminolevulinic acid dehydratase activity in the total brain of cadmium (Cd)-
exposed rats and treated with quercetin. *p < 0,05 compared with the saline/control,
and #p < 005 compared with the Cd/ethanol group. Bars represent means + SEM.
(Two-way ANOVA followed by Tukey test; n = 7-10.)

group when compared to the saline/control group (495%, 114%, 42% re-
spectively) (p < 0.05). The co-treatment with Cd and quercetin
prevented this increase in dsDNA fractions in the cerebral cortex, hippo-
campus and hypothalamus in the Cd/Querc 5, Cd/Querc 25 and Cd/
Querc 50 groups when compared to the Cd/ethanol group. No signifi-
cant differences (p < 0.05) were observed in the dsDNA levels in the
striatum and cerebellum. Moreover, when quercetin was given per se,
no significant differences were observed in the saline/Querc 5, saline/
Querc 25 or saline/Querc 50 groups when compared to the saline/
control group.

3.10. Effect of Cd exposure and quercetin treatment on vitamin C levels in
the cerebral cortex, hippocampus, hypothalamus, striatum and cerebellum

The results obtained for vitamin C levels presented no significant dif-
ference among the different groups treated with Cd alone or Cd co-
treated with quercetin. Moreover, when quercetin was given per se,
no significant differences were observed in the saline/Querc 5, saline/
Querc 25 or saline/Querc 50 groups when compared to the saline/
control group (data not shown).

3.11. Effects of quercetin on the glutathione redox system

The effects of Cd exposure and quercetin treatment on T-SH, GSH, GR
and GST in the cerebral cortex, hippocampus, hypothalamus, striatum
and cerebellum are shown in the Tables.

Results obtained for T-SH, CSH and GR in different brain structures
are presented in Tables 6, 7 and 8 respectively. The exposure to Cd de-
creased T-SH, GSH and CR activities significantly in the cerebral cortex
(51.3%, 67.6% and 80.6% respectively), hippocampus (56%, 42.2% and
71% respectively) and hypothalamus (55%, 59% and 72% respectively)
when compared with the saline/control group. On the other hand, co-

Table 2

treatment with quercetin 5, 25 or 50 mg/kg was able to prevent these
reductions (p < 0.05). On the other hand, GST activity was significanty
higher in the Cd/ethanol group in the cerebral cortex ( 163%), hippocam-
pus (70%) and hypothalamus (61%) when compared with the saline/
control group (p < 0.05) (Table 9). Interestingly, the co-treatment
with quercetin prevented significantly the rise of GST activity in the
Cd/Querc 5, Cd/Querc 25 and Cd/Querc 50 groups in both structures
(p=0.05).

When quercetin was given perse, no significant differences were ob-
served in the saline/Querc 5, saline/Querc 25 and saline/Querc 50
groups when compared to the saline/control group. Moreover, no sig-
nificant differences were observed in the T-SH, GSH, GR and GST activ-
ities in the striatum and cerebellum.

4. Discussions and conclusion

The Cd exposure to the general population occurs mainly through
the ingestion of contaminated food |68]. This element is one of the
most environmentally abundant and distributed toxic metals that affect
many organs of the body including the CNS because of its elevated half-
life in the organisms [1]. It is important to point out that the CNS has
fewer antioxidant defenses besides being rich in easily oxidizable lipid
and containing high levels of transition metals involved in the formation
of free radicals [69]. Thus, the CNS may be seriously affected by Cd indi-
rectly producing ROS and gradually damaging the BBB. This way, it
could facilitate the accumulation of Cd in the brain and contribute to
the development of cerebral edema and cellular dysfunction [70].

The aim of the present study was to investigate the possible neuro-
toxic mechanism caused by Cd exposure in memory and anxiogenic-
like behavior as well as the therapeutic potential effect of quercetin
against cerebral disorders triggered by Cd intoxication. In this context,
it is important to note that Cd exposed rats showed a small but signifi-
cant amount of Cd in the brain structures (data not shown), which
was enough to cause brain injury as observed by alterations in oxidative
stress parameters and cerebral enzymes evaluated. These alterations
are probably linked with cerebral disorders triggered by Cd intoxication.

The inhibitory avoidance task is a classical model of behavior, which
uses an aversive stimulus to evaluate learning and memory in rats and
mice [71]. A significant decrease in the step-down latency to Cd-
exposed rats was observed in our study suggesting learning and mem-
ory impairment in these animals. In addition, our results corroborate
with data recently published by our research group in which Cd salt
(1,5 or 25 mg/kg) and Cd accumulated in potato tubers and promoted
memory impairment in rats [14]. Really, some studies have reported
that Cd induces neurotoxicity in animals with a wide spectrum of clini-
cal alterations such as changes in the normal brain neurochemistry as
well as neurological and behavioral disturbances [12,14,38].

Moreover, we observed that Cd exposed rats co-treated with querce-
tin presented similar results in the step-down latency in the inhibitory
avoidance test when compared to the saline/control group. These find-
ings indicate that the treatment with this flavonoid was able to prevent
learning and memory impairment induced by Cd exposure. In addition,

Intracellular reactive oxygen species (ROS) production by 2°-7*-dichlorofluorescein (DCF) levels in the cerebral cortex, hippocampus, hypothalamus, striatum and cerebellum of cadmium

Cd-exposed rats and treated with quercetin.

ROS Cortex Hippocampus Hypothalamus Striatum Cerebellum
13.04 4+ 094 557 4 034 1293 & 1.55 555 + 1.05 223 4 015
1087 + 079 608 + 010 1081 & 0.72 447 4+ 0,69 222 4+ 064
1215 4+ 088 638 + 075 11.03 & 0.60 468 + 092 255 4+ 035
Saline/Querc 50 1098 4+ 078 490 + 097 1098 4 0.78 491 + 076 202 4+ 018
Cd/ethanol 2402 4 1.30* 1048 + 139" 2457 + 1.63* 379+ 1.19 202 + 021
Cd/Querc 5 1099 + 085% 355 + 075% 13.02 & 1.71% 356 + 0.62 157 + 023
Cd/Querc 25 11.89 + 077% 306 + 072% 1160 + 031% 479 + 0.84 232 + 022
Cd/Querc 50 12.86 + 1.96% 304 + 1.12% 1333 4 1.07% 405 + 0.49 157 + 007

Data are expressed as means + S.D. *p < 0.05 compared with the saline/control, and *p < 0.05 compared with the Cd /ethanol group. (Two-way ANOVA followed by Tukey test.)
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Table 3

Thiobarbituric acid reactive substances (TBARSs) in the cerebral cortex, hippocampus, hypothalamus, striatum and cerebellum of cadmium Cd-exposed rats and treated with quercetin.

TBARS level Cortex Hippocampus Hypathalamus Striatum Cerebellum
1531+ 177 16.06 + 1.30 1216 + 1.96 17.30 + 157 1531 £ 1.77
15214238 17.79 £ 1.86 12124 204 18.85 + 208 1521 £ 2.38
1608 + 128 1546 + 227 1411 + 1.04 18.16 + 054 1608 +1.28
1604 + 145 1843 + 252 1264 + 1.72 17.88 + 084 1604 + 1.45
Cd/ethanol 1739 + 229* 2639 + 3.05" 2820 £ 1.23% 21.03 + 287 17.39 +2.29
Cd/Querc 5 1740 + 215% 16.16 + 1.04% 18.48 4 0.276% 18.02 + 185 17.40 + 2.15
Cd/Querc 25 1732 + 1.37% 16.18 + 2.37* 17.73 + 1.37% 19.31 + 200 17.32 £ 1.37
Cd/Querc 50 1669 + 2.37% 7359 + 1.93*% 8797 + 0.59% 18.74 + 242 1669 +2.37

Data are expressed as means + SD. *p < 0.05 compared with the saline control, and *p < 0.05 compared with the Cd/ethanol group. { Two-way ANOVA followed by Tukey test.)

our results corroborate with data recently published by our research
group in which treatment with quercetin and another antioxidant, N-
acetylcysteine, partially prevented neurotoxicity effects caused by Cd
exposure [37], suggesting a role of antioxidant compounds in the pro-
tection of the memory deficits [10].

Immediately after the session of inhibitory avoidance, animals were
subjected to an open-field test in order to identify any motor disorders
that could influence the performance in this task [72]. Our results dem-
onstrated that Cd did not alter the number of crossing or rearing re-
sponses in the open-field test session, suggesting that neither Cd nor
quercetin caused gross motor disabilities at testing. We also observed
that Cd did not alter foot shock sensitivity as demonstrated by similar
flinch and jump thresholds exhibited by the animals. Therefore, these
data exclude the possibility that locomotor activity or shock sensitivity
may have contributed to the alterations in step-down latencies ob-
served in the inhibitory avoidance test in Cd-exposed rats.

Another central effect that we highlighted was the anxiolytic prop-
erty of quercetin against Cd anxiogenic properties. Our results have
shown that Cd exposure caused an increase in anxiogenic-like behavior,
as observed in the elevated plus-maze task. In fact, some studies have
shown that Cd exposure increases anxiety. Goncalves et al. [14] showed
that 2 mg/kg Cd in the diet caused higher anxiety in rats. Moreover,
Antonio et al. [73] showed that rats co-exposed to Cd (10 mg/1) and
Pb (300 mg/) in drinking water from the beginning of pregnancy
until weaning showed an increased anxiety-like behavior. Although
the mechanism by which these metals are able to alter behavior in the
elevated plus-maze is still not fully established, it is suggested that
there is a link with hippocampal serotoninergic and dopaminergic neu-
rons as well as the involvement of AChE and Na* K "-ATPase activities
in the anxiety alterations [14,73].

On the other hand, in this study we showed that the treatment with
quercetin was able to prevent the anxiogenic effect induced by Cd expo-
sure. These results are in accordance with several studies that have
showed that quercetin produces a variety of anxiolytic-like behavioral
effects [74-76]. Among the mechanisms by which the quercetin pro-
duces these effects is the modulation of neurotransmitter systems asso-
ciated with anxiety and depression-like GABAergic and serotonergic
systems [50]. Therefore, considering our results, the present study is in
accordance with the anxiogenic effect caused by Cd exposure as well
as the anxiolytic-like effect reported for quercetin. To our knowledge,

this is the first work that reports the beneficial actions of quercetin
against Cd-mediated anxiolytic-like behavior and memory impairment
in rats.

Another important aspect to be discussed here is the effect of Cd on
the cholinergic system, which plays a crudal role in regulating learning,
memory, and cortical organization of movement [77]. AChE enzyme,
which hydrolyzes the neurotransmitter ACh in many tissues, is respon-
sible for correcting the cholinergic function [21]. In the present study, Cd
exposure decreased the AChE activity in the cerebral cortex and hippo-
campus. On the other hand, the activation of AChE activity in the hypo-
thalamus was observed in rats exposed tothis metal. In the striatum and
cerebellum there is no significant difference between groups. In con-
trast to our results, Goncalves et al. [10] showed a decrease in the
AChE activity in the hippocampus, cerebellum and hypothalamus,
while no alterations were observed in the cerebral cortex synaptosomes
and striatum of rats exposed to Cd (2 mg/kg). However, the dose of Cd
and the experimental period of exposure to this metal were less than
those used in this study.

It is important to point out that the results described in literature, re-
lated to the effects of Cd on the AChE activity are controversial [12,13].
Some studies have shown that Cd can influence the AChE activity in a
different way after short- and long-term administration [12,78,79]. In
another study, Carageorgiou et al. [12,79] showed an increase in the
AChE activity in the brain of rats exposed to 1 mg/kg Cd intraperitone-
ally for 14 days or intramuscularly for 4 months. Taking these studies
together, it is plausible to suggest that the different results with respect
to AChE activity in Cd-exposed animals in our study could be explained
by the different routes and doses of Cd administration as well as differ-
ences in the biological samples assayed and different periods of
exposure.

Several mechanisms have been proposed to explain the effects of Cd
on AChE activity. Casalino et al. [80] suggested that Cd may alter the
AChE activity either by the displacement of metallic ions from the active
site or by the direct deactivation of the site from the enzyme. In addi-
tion, Appleyard [21] suggested that the inactivation of the AChE enzyme
could be aresult of the occupation of its active sites by heavy metals. Itis
important to note that an inhibition in the AChE activity caused by Cd
can lead to a lesser hydrolysis of the ACh neurotransmitter in synapse
and consequently an abnormal amount of this neurotransmitter can
cause an overactivation of cholinergic receptors and possible toxic

Table 4
Carbonylation of proteins in cerebral cortex, hippocampus, hypothalamus, striatum and cerebellum of cadmium Cd-exposed rats and treated with quercetin.
Protein carbonyl Cortex Hippocampus Hypothalamus Striatum Cerebellum
133+ 017 149 4+ 018 160+ 019 146 £+ 019 163 £021
1.30 + 0.08 165 + 009 1.19 + 0.08 1524+ 014 144 + 021
1.19 + 0.85 117 £ 010 109 + 025 117 + 010 1.39 + 0.05
132 + 007 144 + 014 127 + 0.06 119 + 0.08 1.19 £ 0.08
Cd fethanol 434 £+ 067" 415 4+ 024* 384 + 030° 132 £+ 007 1.56 £ 0.18
Cd/Querc 5 1.85 + 039" 246 + 020% 189 + 031% 133+ 017 1.45 4+ 0.16
Cd/Querc 25 142 + 019" 209 + 022" 114 + 012" 130 + 017 117 £ 0.0
Cd/Querc 50 1.19 + 0.04% 121 + 002*% 104 + 0.10% 119 + 0.08 1.19 + 0.85

Data are expressed as means + SD. *p < 0.05 compared with the saline/control, and *p < 0,05 compared with the Cd/ethanol group. { Two-way ANOVA followed by Tukey test.)

62



162 FH. Abdalla et al. / Physiology & Behavior 135 (2014) 152-167

Table 5
dsDNA fractions in the cerebral cortex, hippocampus, hypothalamus, striatum and cerebellum of cadmium Cd-exposed rats and treated with quercetin
dsDNA Cortex Hippocampus Hypothalamus Striatum Cerebellum
Saline/control 669 + 0.36 3554 + 052 498 + 037 967 + 0.14 964 + 1.81
810 + 033 4269 + 3.09 474 + 008 974 + 034 11.29 + 1.15
785 + 039 3504 4+ 262 447 £ 014 967 + 014 922 + 046
Saline/Querc 50 762 £ 0.02 4030 £ 290 435 £ 022 0744 024 837 + 106
Cd/ethanol 39.80 + 1.%4° 7617 + 298 705 £ 076* 1128 £ 076 833 4+ 076
Cd/Quere 5 736 + 0.15% 3020 + 380% 503 4+ 022% 1201 + 036 916 + 051
Cd/Quere 25 673 + 0.25% 2251 + 255% 546 4+ 015% 1205 + 038 043 + 144
Cd/Quere 50 708 L 0.18% 2250 4 1.28% 506 4+ 014% 11.10 + 0.84 768 + 085

Data are expressed as means + S.D. *p < 0.05 compared with the saline/control, and *p < 0.06 compared with the Cd/ethanol group. (Two-way ANOVA followed by Tukey test.)

effects [81]. On the other hand, it has been reported that the AChE acti-
vation leads to fast ACh degradation and a subsequent down stimula-
tion of ACh receptors causing undesirable effects on cognitive
functions [82,83].

In the present study the treatment with quercetin was able to
abolish these undesirable effects caused by Cd exposure. Quercetin
treatment prevents alterations in the AChE activity in all cerebral struc-
tures, suggesting that this compound is able to modulate the level of
ACh on the CNS in Cd-exposed rats. Moreover, these results are also in
accordance with those observed by our research group, which showed
that cerebral AChE activity was restored by various natural compounds
that have antioxidant activity such as resveratrol, N-acetylcysteine and
ce-tocopherol as well as quercetin, suggesting that these compounds
may modulate the cholinergic neurotransmission and improve cogni-
tion [10,37,84,85]. In line with this, we can suggest that the antioxidant
property of quercetin may contribute to the prevention of cholinergic
dysfunction in Cd-exposed rats.

Another important enzyme evaluated in our study was Na™* K*-
ATPase which presented a reduced activity in the cerebral cortex, hippo-
campus and hypothalamus in rats exposed to Cd. However, in the stria-
tum and cerebellum there was no significant difference between the
groups. These results are in agreement with those found by Goncalves
et al. [14], who showed a decreased activity of this enzyme in the cere-
bral cortex, hypothalamus, and cerebellum of rats exposed to Cd salt or
Cd from contaminated tubers. The inhibition of Na™* K*-ATPase activity
by Cd could contribute to cerebral damage leading to an earlier stage of
edema, followed by a later stage of degeneration and necrosis. More-
over, it has been reported that Na* K" -ATPase inhibition can impair
learning and memory in the Morris water maze and step-through pas-
sive avoidance tasks [87,88], showing an important role of this enzyme
in learning and memory processes which could be associated with Cd-
induced impaired cognition observed in the present investigation.

Several hypotheses have been proposed for the inhibition of Na™,
K*-ATPase in Cd exposure. Rajanna et al. [89] proposed that Cd may
compete with ATP and Na™ sites on Na* K*-ATPase inhibiting its activ-
ity inrat brain synaptosomes. On the other hand, Chetty et al. [90] re-
ported that Cd interferes with the phosphorylation state of the
enzyme which results in its inhibition. Furthermore, recent research
has suggested that the Na™*, K" -ATPase is susceptible to free radical-in-
duced damage [31]. Thus, we suggest that the decrease in Na* K*-

Table 6

ATPase activity found in animals exposed to Cd may be associated
with the elevation of the lipid peroxidation in cerebral structures ob-
served in this study, since similar to AChE, the Na* K*-ATPase is a bio-
logical component of the membrane and therefore can respond to
oxidative deterioration of this structure.

Interestingly, the treatment with quercetin was able to reverse this
effect caused by Cd exposure. In fact, Stefanello et al. [91] showed that
the administration of antioxidants (vitamins E plus C) partially
prevented the inhibition of the Na* K"-ATPase activity caused by
acute and chronic hypermethioninemia, which strongly suggests the
oxidative damage as a possible mechanism involved in the reduction
of this enzyme activity. Therefore, considering that the antioxidant po-
tential of quercetin is already well established, we suggest that the
treatment with this flavonoid can protect against Cd-induced oxidative
stress, as observed by the prevention of increased TBARS levels in our
study. In this context, we believe that the prevention of increased
TBARS levels may prevent modifications of the conformational state of
Na* K'-ATPase and maintain the resting membrane potential of
neurons.

Another important aspect observed in this study was the decrease in
6-ALA-D activity in Cd exposed rats. Of particular importance, this inhi-
bition of §-ALA-D may impair the heme biosynthetic pathway [57] and
lead to the accumulation of its substrate, ALA [35], which can auto-
oxidize, leading to reactive ROS. These, in turn, are harmful to biological
systems, since it can oxidize numerous biomolecules leading to tissue
injury and cell death [92]. The 5-ALA-D is a metalloenzyme that requires
Zn?™* for maximal catalytic activity and data support the hypothesis of a
direct competition between bivalent metals and Zn®* on 6-ALA-D from
mammals and bacteria [34,40]. Thus, a probable mechanism to decrease
&-ALA-D activity in Cd exposed rats could be Zn?* displacement caused
by Cd increase.

Several authors have demonstrated that the use of chelating and/or
antioxidants could be a good alternative in the treatment of poisoning
by Cd [13,14,37]. These compounds act by increasing the excretion of
these toxic elements, decreasing toxicity by preventing binding of
these molecules to target cell [93]. In this context, studies in our labora-
tory have shown that antioxidant chelating agents such as quercetin
and N-acetylcysteine are able to reverse damage caused by Cd in the
CNS [10,37]. However, in the present study quercetin was not effective
in reversing the inhibition of 6-ALA-D activity caused by Cd exposure.

Effect of cadmium and treated with quercetin on total thiol groups (T-5Hs) in the cerebral cortex, hippocampus, hypothalamus, stiatum and cerebellum.

T-SH Cortex Hippocampus Hypothalamus Striatum Cerebellum
Saline/control 11.85 £ 0.80 845 1 044 810 & 046 1004 £ 0.65 10.51 & 097
1224 + 093 866 + 0.71 7.88 + 0.90 10.19 + 0.58 10.24 + 148
13.39 + 0.37 1006 + 0.11 952 + 030 1150 + 0.78 11.72 £ 131
Saline/Querc 50 13.63 + 0.57 1093 + 035 10.59 + 0.92 1201 + 1.19 13.63 + 057
Cd/ethanol 577 + 0.39* 371 + 063 363 + 0.42* 935 + 040 10.04 + 125
Cd/Querc 5 960 + 0.47% 782 + 096" 834 + 0.83* 902 + 074 10.03 + 056
Cd/Querc 25 904 + 0.71% 937+ 116" 9.13 + 0.85" 1016 + 0.74 10.23 + 103
Cd/Querc 50 1163 + 1.60% 976 & 1.40¢ 994 + 0.66* 1070 £ 0.46 953 & 106

Data are expressed as means + S.D. *p < 0.05 compared with the saline/control, *™ p < 0.05 compared with the Cd/ethanol group. (Two-way ANOVA followed by Tukey test.)
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Table 7
Effect of cadmium and treated with quercetin on reduced glutathione (G5H) in the cerebral cortex, hippocampus, hypothalamus, striatum and cerebellum.
GSH Cortex Hippocampus Hypothalamus Striatum Cerebellum
Saline/control 170 £+ 0.22 142 £+ 007 145 +£ 011 088 £ 001 112 £ 012
185 + 0.02 148 + 009 1.57 + 0.07 106 +£ 013 1.06 £ 0.18
206+ 013 182 £+ 005 1.61 £ 017 112+ 011 1.14 £ 0.15
Saline/Querc 50 2.10 £ 0.06 226+ 003 1.55 £ 0.15 126 + 003 1.36 + 0.05
Cd/ethanaol 055 + 0.06° 082 + 004 0.60 + 0.06* 099 + 009 0.97 +0.03
Cd/Querc 5 043 + 0.05* 112 + 007% 099 + 0.05*% 095 + 0.03 1.03 + 0.07
Cd/Querc 25 134 4 0.14% 140 + 020% 109 + 0.10% 120 + 014 1.12 + 0.08
Cd/Querc 50 159 + 0.16% 215 + 0.10% 114 + 0.12*% 119 + 0.16 1.23 + 017

Data are expressed as means + SD. *p < 0.05 compared with the saline/control, and *p < 0.05 compared with the Cd/ethanol group. ( Two-way ANOVA followed by Tukey test.)

These data are consistent with data found by Luchese [13] who showed
that antioxidants such as ascorbic acid and NAC failed to reverse the in-
hibition of the activity of &-ALA-D induced metal.

Knowing that, the potential pro-oxidant property of Cd is an impor-
tant mechanism that has been proposed to explain the undesirable ef-
fects of Cd and considering the results obtained in this study related to
AChE, Na™* K" -ATPase and &-ALA-D activities, we investigated, further,
the effects of Cd exposure on parameters of oxidative stress as well as
antioxidant enzyme activities and endogenous non-enzymatic antioxi-
dants to understand the possible mechanisms by which the Cd induced
neurotoxicity and caused alterations in different brain structures. More-
over, these data can better clarify the possible mechanism by which the
quercetin exerts its neuroprotective effects.

The oxidative effect of Cd is associated mainly with the depletion of
the sulfhydryl (SH)-group containing compounds [94]. Thus, one of the
possible effects of Cd toxicity is the indirect production of ROS [40]. In
this context, it is important to note that of all the organs, the brain
must be considered more sensitive to oxidative stress due to the follow-
ing features: high oxygen consumption, high levels of iron crucial to
lipid peroxidation of the membrane through the Fenton reaction, rela-
tively low levels of protective antioxidants agents, presence of
exdtotoxic amino acids (glutamate ), and ability of microglia (CNS mac-
rophages) to produce ROS in activation and secrete inflammatory cyto-
kines among others. Therefore, animportant result to be discussed here
is that, we observed an increased production of ROS in the cerebral cor-
tex, hippocampus and hypothalamus. It is suggested that these brain
structures are more vulnerable to the action of ROS compared to the cer-
ebellum and striatum wherein change was not observed. Moreover, it is
also important to note that, each brain structure presents a structural
feature and functions differently, which may have contributed in differ-
ent responses in relation to the cerebellum and striatum. However, al-
though there are differences in vulnerability between the brain
structures in animals exposed to Cd, there have been no studies in the
literature that explain these differences.

Increased production of ROS has been observed inmany crop species
exposed to toxic levels of the metals Cd, Pb, Fe, Ni, Cu, As, etc., and ROS
production has been considered as one of the consequences of metal
toxicity [95] since the constant increase in ROS production may de-
crease the effectiveness of the antioxidant system installing a condition
called oxidative stress. Oxidative stress affects numerous cellular

components, such as proteins, DNA and lipids through oxidation reac-
tions. These alterations in structure produce significant changes in cellu-
lar function [ 70].

In fact, the elevation in ROS production found in our study was ac-
companied by an increase in TBARS, protein carbonyl and dsDNA levels
in the cerebral cortex, hippocampus and hypothalamus of Cd exposed
rats. Oxidative damage to proteins can occur directly by the interaction
of the protein with ROS or indirectly by the interaction of the protein
with a secondary product (resulting from the interaction of the radical
with lipid or sugar molecule). Protein damage can be an irreversible ox-
idative damage, often leading to the loss of protein function as well as
cell death [96]. Inthe present study, Cd exposed rats showed an increase
InTBARS parallel to an increase in protein carbonyl levels. Taken togeth-
er these findings suggest that the decrease in 6-ALA-D activity in Cd ex-
posed rats observed this study may be closely associated with increased
production of ROS. Consequently, this increase in ROS production in Cd
exposed rats induces a significant increase in oxidative stress resulting
to anincrease in TBARS and consequently oxidative damage to proteins,
in the cerebral cortex, hippocampus and hypothalamus of Cd-exposed
rats, that can alter membrane function process that can cause cell
death in several tissues including the brain [4,97,98].

In this context, it is important to note that enzymes such asAChE and
Na* K*-ATPase are significant components of the biclogical mem-
branes and, thus, can be important targets of oxidation of membrane
caused by Cd exposure [99]. These results allow us to infer that, these al-
terations may explain the changes in the activities of these enzymes
found in our study and, consequently, impairment of memory and
anxiogenic-like behavior observed in Cd exposed rats ( Fig. 6). Recent re-
sults published by our research group are in agreement with the results
of the present study [10,14], suggesting that alterations in the lipid
membrane observed after the Cd exposure could be a decisive factor
in the modification of the conformational state of the AChE molecule.

Another important result to be discussed is the DNA strand breaks.
In view of this, it is clear that the oxidative stress can affect DNA through
oxidation reactions. Moreover, there are studies showing that Cd is able
to generate apoptosis both dependently and independently of the con-
centration and time of exposure [100]. Cd induces DNA damage [101],
interferes with DNA repair processes and enhances genotoxic damage
[102]. Corroborating with these studies, our results showed an increase
in dsDNA levels in the cerebral cortex, hippocampus and hypothalamus

Table 8

Effect of cadmium and treated with quercetin on reductase glutathione (GR) in the cerebral cortex, hippocampus, hypothalamus, striatum and cerebellum.
GR Cortex Hippocampus Hypothalamus Striatum Cerebellum
Saline/control 1351 + 1.23 1032 + 024 0.89 + 007 0554+ 009 1.20 £ 0.15
Saline/Querc 5 13.86 + 2.07 1031 + 044 0.95 +£ 021 059+ 011 1.27 £ 0.24
Saline/Querc 25 1523 + 072 994 + 084 1.05 £ 021 054 4+ 007 1.13 £ 025
Saline/Querc 50 1467 + 242 1041 £ 130 1.15 £ 014 0.71 4+ 005 1.24 £ 020
Cd/ethanol 262 + 0.7 309 + 062 0.25 + 001* 051+ 047 1.03 + 0,04
Cd/Querc 5 1273 + 0.81% 482 + 200* 0.31 + 0.09% 055 + 006 112 £ 013
Cd/Querc 25 1676 + 2.82" 559 + 196" 0.44 +0.11* 047 + 002 113 £0.14
Cd/Querc 50 17.92 + 1.39% 528 + 165* 0.49 + 0.10% 0514013 117 £ 032

Data are expressed as means + SD. *p < 0.05 compared with the saline/control, and *p < 0.05 compared with the Cd/ethanol group. ( Two-way ANOVA followed by Tukey test.)
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Table 9

Effect of cadmium and treated with quercetin on glutathione S-transferase (GST) in the cerebral cortex, hippocampus, hypothalamus, striatum and cerebellum.
GST Cortex Hippocampus Hypothalamus Striatum Cerebellum
Saline/control 182 4+ 0.01 812 + 0.44 092 + 0.04 119 £ 010 145 +0.11
Saline/Querc 5 161 + 020 8.02 +0.87 0.78 + 0.03 107 £ 016 139 +£0.21
Saline/Querc 25 175+ 015 7.93 +£1.02 0.69 + 0.82 1.04 + 003 1.10 £ 0.13
Saline/Querc 50 147 + 026 733 £ 071 040 + 0.01 107 £ 005 1.01 £0.21
Cd/ethanol 478 + 0.38* 13.77 + 0.99* 1.48 + 0.15* 129 +0.19 1.54 +0.23
Cd/Querc 5 230 + 052* 8.14 + 0.96% 073 + 0.07* 107 +0.14 1.06 + 0.084
Cd/Querc 25 175 + 0.09* 629 + 1.42% 0.63 + 0.06% 1.04 +008 1.04 +0.17
Cd/Querc 50 161 + 0.16* 422 +1.25% 049 + 0.05* 089 +0.14 097 +0.09

Data are expressed as means + S.D. *p < 0.05 compared with the saline/control, and *p < 0.05 compared with the Cd/ethanol group. (Two-way ANOVA followed by Tukey test.)

of Cd exposed rats. However, in the striatum and cerebellum there was
no significant difference between the groups. Taken together, these
findings suggest that Cd exposure caused an increase in DNA damage
indirectly due to the interaction of DNA with ROS and/or due to the di-
minished repair capacity of DNA in the cerebral cortex, hippocampus
and hypothalamus of Cd-exposed rats.

Parallel to this increase in ROS production and increase in TBARS,
protein carbonyl levels and dsDNA levels in the cerebral cortex, hippo-
campus and hypothalamus of Cd exposed rats, we also found alterations
in the antioxidant system of cells, including an decrease in GR activity

0y ¥

and T-SH and GSH levels, as well as an increase in GST activities. More
over, it is important to note that no significant difference was observe
in the striatum and cerebellum.

GSH is part of a non-enzymatic defense system. It is a central protec
tive antioxidant and considered the first line of defense against oxidz
tive damage and free radical generation in the brain tissue. It ca
directly scavenge free radicals or act as a substrate for GPx and GST i
the detoxification of hydrogen peroxide [ 103]. Moreover, GSTs are ir
volved in response to the oxidative stress including heavy metal
Based on the results of the present study, we suggest that the depletio
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Fig. 6. Possible neuroprotective mechanism of quercetin in the brain of Cd exposed rats.
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of GSH and T-SH levels and GR activity upon Cd intoxication could be
due to increased utilization to overwhelm the free radicals and lipid per-
oxidation and protein oxidation products in the brain. Moreover, the de-
crease in the activities of antioxidant enzymes might be due to the
binding of Cd with the — SH groups of enzymes and oxidative modifica-
tions of amino add chains, which alter the enzyme structure and lead to
the inactivation or decreased activity of enzyme. On the other hand, in
the present study, we found the increase in the GST activity in the cere-
bral cortex, hippocampus and hypothalamus of Cd-exposed rats. It is
important to note that under oxidative stress, the excessive ROS induces
an increase in GST levels, and then the GSTs metabolize the toxic prod-
ucts of lipid peroxidation, protein oxidation, damaged DNA and other
molecules [104]. Thus, we suggest that the increase in the GST activity
can be a compensatory mechanism to metabolize the toxic products of
lipid peroxidation, protein oxidation and damaged DNA observed in
the cerebral cortex, hippocampus and hypothalamus of Cd-exposed
rats.

Taking these results together, we believe that one of the mecha-
nisms associated with differential responses to Cd in different brain
structures, found in our study may be related to different structures of
the vulnerability to oxidative stress. Because of that, although the cere-
bellum and striatum showed an increase in the levels of Cd similar to
that observed in other brain structures, increased ROS production and
levels of lipid peroxidation, protein oxidation and DNA damage oc-
curred only in the hippocampus, hypothalamus and cerebral cortex.
Moreover, we observed alterations of enzymatic and non-enzymatican-
tioxidants only in these structures.

Onthe other hand, the beneficial effects of flavonoids in the CNS, act-
ing as neuroprotector, primarily by reducing ROS, as well as avoiding
the neurotoxicity of other substances are well established in the litera-
ture [10,37,86]. Moreover, several studies have established that the
presence of these compounds in the CNS has been found in rats supple-
mented with quercetin, suggesting that quercetin can cross the BBB and
exert neuroprotective effects [105]. Therefore, another important point
to note in this study is that the co-administration of quercetin was able
to totally or partially prevent the undesirable effects caused by Cd expo-
sure in lipid peroxidation, protein carbonyl and DNA damage as well as
in the enzymatic and non-enzymatic antioxidant defenses. This effect
can be reached through the antioxidant properties of quercetin or due
to chelating some elements as metals involved in producing free radi-
cals, sweeping of ROS, and, furthermore, increasing or protecting the an-
tioxidant defenses [42]. Corroborating with these results, other studies
have demonstrated that quercetinis able to decrease lipid peroxidation,
improve the CAT and SOD activities [98,106], prevent the glutathione
depletion as well as attenuate the neuronal death in the hippocampus,
resulting in improved learning and memory in the arm maze test [86].
These observations emphasize the antioxidant potential of quercetin
in the brain and allow us to suggest that the possible mechanism of
the neuroprotective effects of quercetin in Cd exposed rats is the estab-
lishment of oxidative stress as well as the antioxidant system (Fig. 6).
Thus, we can suggest that orally administrated quercetin can be a
coadjuvant in the treatment of mental stress, depression and possible
metal poisoning such as Cd.

In condusion, to our knowledge, this is the first work that reports the
possible mechanism of quercetin on effective protection against the
neurotoxicity and consequent memory impairment in Cd exposed
rats. Our findings suggest that quercetin can modulate cholinergic neu-
rotransmission resting membrane potential of neurons by modulation
in the enzymatic and non-enzymatic antioxidant defense system, pre-
serving the cellular integrity. These effects, consequently improved the
memory deficits and anxiogenic-like behavior observed in Cd exposure,
possibly by modulation of AChE, Na™ K*-ATPase and &-ALA-D activities.
Thus, this study may contribute to a better understanding of the neuro-
protective role of quercetin, emphasizing the influence of this polyphe-
nol and other antioxidants in the diet for human health, possibly
preventing brain injury associated with Cd poisoning.
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Abstract The ex vivo and in vitro effects of quercetin on
NTPDase, adenosine deaminase (ADA), and acetycholin-
esterase (AChE) activities in lymphocytes, as well as the
effects of quercetin on butyrylcholinesterase (BChE) activity
in serum and myeloperoxidase (MPO) activity in plasma
were determined in rats. For the ex vivo experiment, animals
were orally exposed to Cadmium (Cd) for 45 days. Animals
were divided into eight groups: saline/ethanol, saline/Querc
5 mg/kg, saline/Querc 25 mg/kg, saline/Querc 50 mg/kg,
Cd/ethanol, Cd/Querc 5 mg/kg, Cd/Querc 25 mg/kg, and
Cd/Querc 50 mg/kg. The ex vivo data showed an increase in
the ATP and ADP hydrolysis and ADA activity in
Cd-exposed rats when compared to the control group. The
treatment with quercetin 25 and 50 mg/kg prevented this
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increase in the ATP and ADP hydrolysis, while the treat-
ment with quercetin 5, 25, and 50 mg/kg prevented the
increase in the ADA activity. AChE, BChE, and MPO
activities ex vivo presented an increase in the Cd-exposed
group when compared to the control group, and the treat-
ment with quercetin 5, 25, and 50 mg/kg prevented this
increase caused by Cd exposure. The in vitro experiment
showed that quercetin 5, 10, 25, or 50 uM decreased the
ADA activity proportionally to the increase of the concen-
trations of quercetin when compared to the control group.
Thus, we can suggest that the quercetin is able to modulate
NTPDase, ADA, AChE, and MPO activities and contribute
to maintain the levels of ATP, adenosine, and acetylcholine
normal, respectively, exhibiting potent pro-inflammatory
and anti-inflammatory actions.

Keywords Purinergic system - NTPDase - Cholinergic
system - Cadmium - Antioxidant - Lymphocyte

Introduction

Cadmium (Cd) is a heavy metal used in the manufacture of
fertilizers, paints, plastics, and batteries, being also one of
the major constituents of cigarette smoke [1]. Natural and
anthropogenic sources of Cd may lead to the contamination
of soils and to increased uptake of this metal by crops and
vegetables grown for human consumption. Diet is the most
important source of Cd exposure in the general population
(non-occupational and nonsmoking) [2, 3]. Studies have
reported that Cd exposure has been associated with several
clinical manifestations including toxicity in the immune
system [4, 5], where this metal is able to cause damage
to humoral immune response, as well as cell-mediated
immunity [6].
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The immune system is essential to host defenses com-
prising an interactive network of lymphoid organs and
immune cells [7]. The inflammatory process is complex and
during the activation of the immune system, an interaction
between various components occurs [8], including mole-
cules of the purinergic and cholinergic systems that con-
tribute to the regulation of the inflammatory process [9-11].

NTPDase (EC 3.6.1.5, CD39) is a member of the ecto-
nucleoside triphosphate phosphohydrolase (E-NTPDase)
family recognized as a marker of the lymphocyte activation
[12]. NTPDase catalyzes the hydrolysis of extracellular
nucleotide tri-and/or diphosphates (preferably ATP and
ADP), and this sequential hydrolysis of nucleotide tri-
phosphates generates ADP, AMP, and adenosine molecules
involved in the regulation of immune defenses [13]. The
extracellular ATP acts as pro-inflammatory and conse-
quently as stimulation and proliferation of lymphocytes
and cytokine release [11], whereas adenosine exhibits some
potent anti-inflammatory and immunosuppressive action by
inhibiting the proliferation of T cells and secretion of
cytokines and migration of leukocytes across endothelial
barriers [14]. The adenosine deaminase (ADA, E.C 3.5.4.4)
enzyme participates in the degradation of purines by cat-
alyzing the conversion of adenosine into inosine [15, 16].
The ADA activity is known to be increased in inflamma-
tory diseases [17, 18].

Another important resource of regulation in the immune
response is the cholinergic system. Immune cells possess a
complete cholinergic system consisting of acetylcholine
(ACh), muscarinic and nicotinic receptors, choline acetyl-
transferase, and acetylcholinesterase (AChE, E.C. 3.1.1.7)
[10]. In the peripheral blood, the ACh circulating may reg-
ulate various physiological functions, including immune
modulation [19]. When this molecule is found at high con-
centrations in blood, it acts as an anti-inflammatory agent
[20]. However, the level of ACh is prevented by cholines-
terase, which is able to hydrolyze ACh into choline and
acetate [21]. Among the cholinesterases, AChE enzyme is
present in neurons, lymphocytes, erythrocytes, ganglia of the
autonomic nervous system, and motor plates, whereas the
butyrylcholinesterase enzyme (BChE, E.C. 3.1.1.8) is present
in serum, liver, glia, and pancreatic digestive tube walls [22].

Myeloperoxidase (MPO) is also an important molecule
that contributes to the regulation of the inflammatory pro-
cess. This molecule is a heme-enzyme released from leu-
kocytes at the site of injury, and it reflects the activation of
both neutrophils and lymphocytes. Several studies have
demonstrated that the MPO from leukocytes is a classic
inflammatory marker and has been used to aid the diag-
nosis of several diseases involved in the inflammatory
process [23, 24].

Considering that Cd exposure can affect various mech-
anisms of the immune system, the administration of some
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anti-inflammatory agents such as flavonoid compounds in
the Cd intoxication process may be important. Thus, there
is increasing interest in the biological activities of plant
extracts, such as flavonoids. These compounds are widely
distributed in a variety of vegetables and fruits regularly
consumed in our diet [25]. The average daily intake of
flavonoids in the occidental diet is about 23 mg/day, and
quercetin is one of the most abundant, representing about
60-75 % of the polyphenol ingestion [26]. Moreover,
quercetin has been studied due to its wide therapeutic
property that involves its antioxidant capacity, as well as
antithrombotic and anti-inflammatory activities. It can also
act on the processes of mitosis and cell apoptosis [27, 28].

Based on the above mentioned, the purpose of this study
was to evaluate the ex vivo effects of quercetin at different
doses on the NTPDase, ADA, and AChE activities in
peripheral lymphocytes, as well as the BChE activity in
serum and MPO activity in plasma of Cd-exposed rats. In
addition, we also checked the in vitro effects of quercetin
in order to evaluate the effect per se of this compound on
the enzymes studied.

Materials and methods
Chemicals

Acetylthiocholine  iodide, butyrylthiocholine iodide,
5,5'dithio-bis-2-nitrobenzoic acid (DTNB), tris (hydroxy-
methyl)-aminomethane GR, Coomassie brilliant blue G,
Nucleotides, Trizma, 4-aminoantipyrine, quercetin, and
cadmium chloride (CdCl,) were obtained from Sigma
Chemical Co (St. Louis, MO, USA). Ficoll-Histopaque
(Lymphoprep™) was purchased from Nycomed Pharma
(Oslo, Norway). All other reagents used in the experiments
were of analytical grade and highest purity.

Animals

Adult male Wistar rats (70-90 days; 220-300 g) from the
Central Animal House of the University Federal of Santa
Maria (UFSM) were used in this experiment. Animals were
maintained at a constant temperature (23 £ 1 °C) on a
12 h light/dark cycle with free access to food and water.
All animal procedures were approved by the Animal Ethics
Committee from the Federal University of Santa Maria
(protocol under number: 031/2011).

Ex vivo experimental procedure

Cd is derived primarily from the ingestion of food and
water contaminated with Cd, and CdCl, is the principal
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form of Cd associated with oral exposure, since it is highly
soluble in water [29]. Thus, in the present study rats were
received by oral administration (gavage) Cd as CdCl,
dissolved in saline (Cd 2.5 mg/kg) [30]. The choice of the
doses of Cd was made based on previous works of our
research group, in which Cd-exposed rats showed an
increased Cd concentration in plasma, spleen, and thymus
[31] and a small, but significant amount of Cd in brain
structures, which was enough to cause brain injury [5]. On
the other hand, the choice of the doses of quercetin 5, 25,
and 50 mg/kg was made also based on previous works,
which obtained beneficial results of this compound in rats
[27. 32].

Animals were randomly divided into eight groups
of 10-12 animals each: Control/Querc, control/Querc
5 mg/kg, control/Querc 25 mg/kg, control/Querc 50 mg/
kg, Cd/control, Cd/Querc 5 mg/kg, Cd/Querc 25 mg/kg,
and Cd/Querc 50 mg/kg.

Both solutions were administered five days a week for
45 days by oral gavage (1 mL/kg) between 9 and 11 a.m.
Quercetin was administered 30 min after Cd. The solutions
were freshly prepared and administered (1 mL/kg) between
9 and 11 am. After the treatment period, animals were
submitted to euthanasia being previously anesthetized with
halothane. The whole blood was collected in tubes con-
taining EDTA as anticoagulant and the plasma, as well as
lymphocytes were isolated for the subsequent enzymatic
assay. Additionally, blood was collected without antico-
agulant to serum separation.

It is important to note that controls for all ex vivo tests
were performed to correct for vehicle (ethanol 25 %)
interference. No differences between vehicle and control
activities were observed (data not shown).

Experiments performed in vitro

To evaluate the effect of quercetin in nucleotide hydrolysis
in the peripheral lymphocytes, an in vitro assay was per-
formed using different concentrations of quercetin (1, 5,
10, 25, and 50 pM) diluted in methanol in the presence of
ATP and ADP as substrate with the incubation medium as
described below. The same concentrations of quercetin
were used to evaluate ADA, AChE, BChE, and MPO
activities. The choice of the concentrations of the quercetin
for the in vitro experiment was made based on several
in vitro studies that used similar ranges of concentrations
and obtained satisfactory results [33, 34].

The final concentrations of methanol, when tested alone
in the incubation medium did not affect the enzyme
activities. All the other procedures for enzymatic assays
were the same as those described below.

Preparation of samples and enzyme assays
Isolation of mononuclear cells from rat blood

The whole blood was collected in tubes containing EDTA
as anticoagulant. Peripheral lymphocytes were isolated
using Ficoll-Hypaque density gradients as described by
Boyum [35]. Lymphocyte viability and integrity were
confirmed by determining the percentage of cells, exclud-
ing 0.1 % trypan blue, and measuring lactate dehydroge-
nase (LDH) activity [36].

NTPDase and ADA activities in peripheral lymphocytes

After isolation of mononuclear cells, NTPDase activity
was determined by measuring the amount of released
inorganic phosphate using a colorimetric assay, according
to the method of Leal et al. [37]. NTPDase activity was
determined in a reaction medium containing 5 mM CaCl,,
1,200 mM NaCl, 50 mM KCI, 600 mM glucose, and
500 mM Tris—=HCI buffer, pH 8.0 in a final volume of
200 pL. Twenty microliters of intact lymphocytes sus-
pended in saline solution was added to the reaction medium
(01-02 mg/mL of protein) and pre-incubated for 10 min at
37 °C. The reaction was started by adding the substrate
(ATP or ADP) at a final concentration of 2 mM and
stopped with 200 uL of 10 % trichloroacetic acid (TCA) to
provide a final concentration of 5 %. The samples were
chilled on ice for 10 min before assaying for the release of
inorganic phosphate (P;) as described by Chan et al. [38],
using malachite green as colorimetric reagent and KH>PO,4
as standard. Controls with the addition of the enzyme
preparation after the addition of TCA were used to correct
for non-enzymatic hydrolysis of the substrate.

For the in vitro assay, variable quercetin concentrations
were added to a final volume of 200 pL. All samples were
run in triplicate and specific activity of NTPDase is
reported as nmol P; released/min/mg protein.

The ADA activity was assessed according to the color-
imetric method of Giusti and Gakis [39], which is to
quantify spectrophotometrically the amount of complexes
of ammonia released per minute, from the degradation of
adenosine. The activity of ADA was expressed in U/L. For
the in vitro assay, the variable quercetin concentrations
were added to a final volume of 525 pL to the reaction
(37 °C) at the same time of the addition of the enzyme.

Cholinesterase activities in peripheral lymphocytes
The AChE activity in lymphocytes was determined by the

colorimetric method described by Ellman et al. [40] mod-
ified by Fitzgerald and Costa [41]. The proteins of all
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samples were adjusted to 0.1-0.2 mg/mL. Two hundred
microliters of intact cells was added to a reaction mixture
composed of 1.0 mM acetylthiocholine (AcSCh), 0.1 mM
5,50-dithio-bis-2-nitrobenzoic acid (DTNB), and 0.1 M
phosphate buffer (pH 8.0). For the in vitro assay, the var-
iable quercetin concentration was added to a final volume
of 2 mL. Immediately before and after incubation for
30 min at 27 °C, the absorbance was read on a spectro-
photometer at 412 nm. The specific activity of lymphocyte
AChE was calculated from the quotient between lympho-
cyte AChE activity and protein content, and the results are
expressed as pmol AcSCh/h/mg of protein.

The BChE enzymatic assay was determined in serum by
a modification of the spectrophotometric method of Ellman
et al. [40]. The reaction mixture (2 mL final volume)
contained 100 mM potassium phosphate buffer, pH 7.5,
and 1.0 mM DTNB. The method is based on the formation
of the yellow anion, 5,5-dithio-bis-acid nitrobenzoic,
measured by absorbance at 412 nm during 2 min incuba-
tion at 25 °C. The enzyme was pre-incubated for 2 min.
The reaction was initiated by adding 0.8 mM butyrylthi-
ocholine iodide (BSCh). For the in vitro assay, the variable
quercetin concentration was added to a final volume of
2 mL. Immediately before and after incubation for 2 min at
25 °C, the absorbance was read on a spectrophotometer at
412 nm. All samples were run in duplicate or triplicate, and
enzyme activity was expressed in pmol BuSCh/min/mg of
protein.

MPO activity in plasma

MPO activity was measured in plasma from blood of rats
collected with EDTA and followed by centrifugation at
1,800x g for 10 min. The MPO activity was analyzed
spectrophotometrically by a modified peroxidase-coupled
assay system involving phenol, 4-aminoantipyrine (AAP)
and H-O, [42]. Briefly, 390 pL of 2.5 mM AAP and
20 mM phenol were placed in each tube, followed by
450 pL of 1.7 mM H,0,. In the presence of H,O, as
oxidizing agent, MPO catalyzed the oxidative coupling of
phenol and AAP yielding a colored product, quinoneimine,
with a maximum absorbance at 500 nM. The millimolar
absorbance coefficient for the quinoneimine was deter-
mined to be Y = 14 4+ 0.1/mM/cm, close to the previ-
ously reported values [43]. For the in vitro assay, the
variable quercetin concentrations were added to a final
volume of 870 pL. Results were expressed in micromolar
of quinoneimine produced at 30 min.

Protein determination

Protein was measured by the method of Bradford [44]
using bovine serum albumin as standard.
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Statistical analysis

Statistical analysis was done by the commercial SPSS
package for Windows©. All data were expressed as
mean + S.EEM. Data of ex vivo experiments were ana-
lyzed statistically by two-way ANOVA, followed by Tu-
key’s multiple range tests. Results of in vitro experiments
were submitted to one-way ANOVA, followed by Tukey’s
multiple range tests. Differences were considered signifi-
cant when the probability was P < 0.05.

Results
Ex vivo assay in the peripheral lymphocytes

NTPDase and ADA activities in the peripheral lymphocytes
of Cd-exposed rats

The results of the present study demonstrate that the cas-
cade of ecto-enzymes was altered in the Cd exposure rats
and after treatment with quercetin. Figure 1 shows the
results obtained for the NTPDase and ADA activities.
Statistical analysis showed a significant Cd versus quer-
cetin interaction [F(2,34) = 5.26; P < 0.05] for ATP
hydrolysis. Post hoc comparisons revealed that NTPDase
activity with ATP as substrate was significantly increased
in the Cd-exposed group (88 %) when compared with the
Control/Querc group (P < 0.05) (Fig. 1a). When quercetin
25 or 50 mg/kg was co-administrated with Cd, this flavo-
noid prevented this decrease in the NTPDase activity (46
and 53 % decrease, respectively) (P < 0.05). In addition,
we observed a negative correlation between NTPDase
activity with ATP as substrate and different doses
of quercetin used in this experiment (r= —0.7525;
P < 0.0001), indicating that higher doses of quercetin co-
administered with Cd could lower the NTPDase activity
with ATP as substrate (Table 1).

In relation to the NTPDase activity using ADP as sub-
strate, we observed a significant Cd versus quercetin inter-
action [F(2,34) = 6.79; P < 0.05]. Post hoc comparisons
revealed an increase in the NTPDase activity with ADP as
substrate in Cd-exposed rats (92 %) when compared with
the Control/Querc group (Fig. 1b). On the other hand, when
the animals received co-treatment with Cd and quercetin 25
or 50 mg/kg, the decrease in the NTPDase activity was
prevented (25 and 69 % decrease, respectively) (P < 0.05).
We also observed a negative correlation between NTPDase
activity with ADP as substrate and the different quercetin
doses used in this experiment (r = —0.8444; P < (0.0001).
Therefore, these results indicate that higher doses of quer-
cetin co-administered with Cd may lower the NTPDase
activity with ADP as substrate (Table 1).
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Fig. 1 ATP (a) and ADP (b) hydrolysis and ADA activity (¢) ex vivo
in peripheral lymphocytes of Cd-exposed rats and co-treated with
different doses of guercetin (mg/kg). Asterisk indicates significant
differences from the control group (P < 0.05). Ash indicates signif-
icant differences from the control Cd (P < 0.05). Bars represent
mean £ SEM. (n = 10-12). Two-way ANOVA-Duncan’s test
(P < 0.05)

The ADA activity in the peripheral lymphocytes showed a
significant Cd versus quercetin interaction [F(2,32) = 4.40;
P < 0.05]. Moreover, post hoc comparisons revealed that

Table 1 Correlation between molecules that contribute to the regu-
lation of the inflammatory process

Variables Quercetin doses (from 0

to 50 mg/kg)

r value P value
NTPDase activity with ATP as substrate —0.7525 < 0.0001
NTPDase activity with ADP as substrate —(0.8444 < 0.0001
ADA activity —(.6608 < .0015
ACHhE activity —~(0.7180 < 0.0001
MPO activity —0.6168 =< 0.0029
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Fig. 2 AChE (a) and BChE (b) activities ex vivo in peripheral
lymphocytes of Cd-exposed rats and co-treated with quercetin (mg/
kg). Asterisk indicates significant differences from the control group
(P < 0.05). Ash indicates significant differences from the control Cd
(P < 0.05). Bars represent mean = S EM. (n = 10-12). Two-way
ANOVA-Duncan’s test (P < 0.05)

ADA activity was significantly increased in the Cd-exposed
group (213 %) when compared with the Control/Querc
group (P < 0.05) (Fig. 2¢). However, when quercetin 5, 25,
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or 50 mg/kg was co-administrated with Cd, the increase in
ADA activity caused by this metal was prevented by treat-
ment with this flavanoid (46, 64, and 65 % decrease,
respectively) (P < 0.05). In addition, we observed anegative
correlation between ADA activity and quercetin doses used
in this experiment (r = —0.6608; P < 0.0015) indicating
that higher doses of quercetin co-administered with Cd
lowered the ADA activity (Table 1).

Cholinesterase activities in the peripheral lymphocytes
of Cd-exposed rats

A significant Cd versus quercetin interaction [F(232) =
7.35; P < 0.05] for AChE activity was observed (Fig. 2a).
Moreover, post hoc comparisons demonstrated that AChE
activity in the peripheral lymphocytes was significantly
increased in the Cd exposure (98 %) when compared with
the Control/Querc group (P < 0.05). When the animals
were co-treated with Cd and quercetin 5, 25, or 50 mg/kg,
this effect was prevented by this flavanoid (47, 54, 56 %
decrease, respectively) (P < 0.05). In addition, we observed
a negative correlation between the AChE activity and
quercetin doses used in this experiment (r= —0.7180;
P < 0.0001) indicating that a higher doses of quercetin
co-administered with Cd lowered the AChE activity (Table 1).

The effect of quercetin on the BChE activity from serum is
presented in Fig. 2b. There was a significant Cd versus
quercetin interaction [F(2,32) = 6.30; P < 0.05]. Post hoc
comparisons demonstrated that BChE activity significantly
increased in Cd exposure (66 %) when compared with the
Control/Querc group (P < 0.05). However, the treatment
with quercetin at the doses of 5, 25, or 50 mg/kg co-admin-
istrated with Cd prevented this effect caused by Cd exposure
alone (29, 29, and 33 % decrease, respectively) (P < 0.05). It
is important to point out that differently from the AChE
activity, in the BChE activity, there was no correlation
between the BChE activity and different doses of quercetin
used in this experiment (r = —0,3834; P = 0,0532).

Myeloperoxidase activity in plasma of Cd-exposed rats

A significant Cd versus quercetin interaction [F(2,30) =
5.32; P < 0.05] for MPO activity was observed (Fig. 3).
Post hoc comparisons demonstrated that the exposure to Cd
increased the MPO activity (46 %) and the co-treatment Cd
and quercetin 5, 25, or 50 mg/kg prevented this effect
(41, 51, and 53 % decrease, respectively) (P < 0.03). In
addition, we observed a negative correlation between MPO
activity and the different quercetin doses used in this
experiment (r = 0.6168; P < 0.0029), indicating that
higher doses of quercetin co-administered with Cd lowered
the MPO activity (Table 1).

@ Springer

- -
(=] L]
1 ]

pmol Quinoneimine
)
L

Quercetin (mg/kg)

Cadmium (2.5 mg/kg)

Fig. 3 MPO activity ex vivo in peripheral lymphocytes of Cd-
exposed rats and co-treated with quercetin (mg/kg). Asterisk indicates
significant differences from the control group (P < 0.05). Ash
indicates significant differences from the control Cd (P < 0.05). Bars
represent mean = S.EM. (n = 10-12). Two-way ANOVA-Duncan’s
test (P < 0.05)

In vitro effects of quercetin on NTPDase, ADA,
and cholinesterase activities

The effect of quercetin on the NTPDase activity is pre-
sented in Fig. 4. When peripheral lymphocytes were
incubated with 1, 5, 10, 25, and 50 pM of quercetin, no
significant differences were observed in the NTPDase
activity when ATP or ADP were used as substrate (Fig. 4a,
b). On the other hand, the ADA activity in vitro showed a
significant decrease (60, 49, 37, and 42 %, respectively)
proportional to the increase of the concentrations of quer-
cetin when compared to the control group (quercetin 0 pM)
(P < 0.05) (Fig. 4c).

In relation to in vitro AChE, BChE, and MPO activities,
no significant differences were observed (data not shown).

Discussion and conclusion

It has already been reported that the Cd-exposed rats pre-
sented an increase of Cd concentration in several tissues
including in lymphoid organs [5, 45]. This fact could be a
result of the long biological half life of Cd and mainly due
to its low rate of excretion from the body [3]. In according
to Lafuente et al. [6], Cd may cause changes in the immune
system and inhibit the humoral and cellular response
besides increasing significantly pro-inflammatory cyto-
kines, including tumors necrosis factor-o (TNF-o), inter-
leukin-1ot (IL-12t), and interleukin-6 (IL-6). Moreover, the
involvement of metal intoxication in modifying the cho-
linergic system has been proposed in studies performed in
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Fig. 4 In vitro effect of different concentrations of quercetin on ATP
(a) and ADP (b) hydrolysis and ADA activity (c¢) in peripheral
lymphocytes of rats. The first bar represents the control. The other
bars represent different concentrations of quercetin (uM). ATP and
ADP hydrolysis in lymphocytes was expressed as nmol Pi/min/mg of
protein and ADA activity was expressed as U/L. Each column
represents mean + SEM. (n =5). Asterisk indicates significant
differences (P < (0.05) from the control group

our research group, showing that the enzymes of the cho-
linergic systems are altered in Cd intoxication [5, 31, 32]
and in rats exposed to cigarette smoke, which has a sig-
nificant amount of Cd [46].

Considering that the literature widely reports the
involvement of heavy metals in changes in the immune
system [6, 31], it is of great importance to evaluate the
involvement of quercetin, which is an important flavonoid
with anti-inflammatory and anti-carcinogenic activities [6,
27, 28] in orally Cd-exposed rats. It is important to note
that the current study is the first one evaluating the role of
quercetin in protecting peripheral NTPDase, ADA, AChE,
BChE, and MPO activities in lymphocytes of Cd-exposed
rats co-treated with quercetin. This way, this study was
developed in order to contribute to the understanding of the
involvement of Cd in the modulation of purinergic and
cholinergic components of the immune system, as well as
understanding the effect of quercetin in this condition.

In the present study, Cd exposure was strongly associ-
ated with an increase in lymphocytic NTPDases (hydro-
lyzing ATP and ADP) activities when compared to other
groups. It is possible to infer that Cd exposure may be
associated with a large quantity of ATP that is released by
stressed cells in order to decrease the inflammatory state
that is developed during this exposure [11, 47, 48]. How-
ever, the increase in enzyme activities found in our study
may lead to a decrease in ATP levels in the extracellular
medium contributing to the inflammatory process observed
in Cd poisoning, since ATP is an important anti-inflam-
matory molecule.

In addition, our results showed that Cd exposure was
also strongly associated with an increase in ADA activity
in lymphocytes, which possibly indicates that a low con-
centration of adenosine is available in the extracellular
medium. Adenosine is a molecule that has a role in sup-
pressing effector cells, though A-A receptor-mediated
signaling, thus a low availability of this nucleoside may
contribute to the inflammatory process that occurs due to
Cd exposure. Taken together, these data suggest that an
increased nucleotide hydrolysis and adenosine deamination
in lymphocytes of Cd-exposed rats may contribute to the
immune and inflammatory alterations in rats poisoning
with this metal.

Interestingly, the co-administration of quercetin was
able to abolish these undesirable effects caused by Cd
exposure preventing the increase in the NTPDase and ADA
activities. As already well reported in the literature, quer-
cetin has antiinflammatory properties and this compound
may have the ability to lower cellular damage [49-51].
Taken together these data, we can suggest that the
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treatment with quercetin may cause a reduction in
inflammatory processes caused by Cd exposure, since the
inhibition of activities of these enzymes may result in an
increase in ATP and adenosine concentrations in the
extracellular medium, which has antiinflamatory effects.
Thus, the modulation of ecto-enzymes activities by quer-
cetin is likely to be one of the mechanisms through which
this flavonoid exerts anti-inflammatory properties.

It is known that quercetin can chelate metals, such as Al
and Cd, and consequently reduces its toxicity [52-54].
Consequently, the co-administration of quercetin in Cd-
exposed rats found in our study could reduce the toxic
effect of this metal and contribute to the reduction of
inflammatory processes. Furthermore, the prevention of
toxic effects of Cd by chelating effects of quercetin may
contribute to prevent oxidative damage [25] in several
cellular components and consequently alterations in
enzymes linked the membranes such as NTPDase and
ADA.

In addition, it is important to note that there was a
negative correlation between NTPDase or ADA activities
when different doses of quercetin were used in this
experiment. This result reinforces that the treatment with
quercetin 3, 25, or 50 mg/kg in Cd-exposed rats leads to
lower NTPDase and ADA activities. Moreover, we
observed that this diminution was more pronounced, when
the quercetin doses were higher. Therefore, we believe that
the protective effect of quercetin in the purinergic system is
dose dependent. Taking this into account, we can suggest
that this modulation may be very important in case of the
accidental Cd exposure to maintain the extracellular con-
centration of ATP and adenosine, molecules that exhibit
potent actions signaling the fine-tuning of inflammatory
and immune responses.

Another important aspect to be discussed here is the
effect of Cd on the cholinergic system. Several studies
from our laboratory have demonstrated that the cholinergic
system is also a signalization way that modulates the
immunity through the action of neurotransmitter ACh,
molecule that binds to nicotinic receptors in lymphocyte
surfaces [31, 55, 56]. This neurotransmitter inhibits the
proliferation of cytokines, serotonin, histamine, nitric
oxide, lysosomal enzymes, prostaglandins, and leukotri-
enes, which are among the mediators of the inflammatory
process [10, 57].

This way, in order to evaluate the effect of Cd on the
cholinergic system, we investigated the AChE activity in
lymphocytes and BChE activity in serum of Cd-exposed
rats treated with quercetin at different doses. The present
study showed that Cd exposure increased activities of these
enzymes, which corroborates with other studies that have
shown alterations in the AChE and BChE activities in
various diseases and in intoxication processes [32, 56, 58].

@ Springer

On the other hand, a recent study developed by our
research group showed a decrease in the activities of
lymphocyte AChE, whole blood AChE and serum BChE of
Cd-exposed rats (2 mg/kg) [31]. Moreover, El-Demerdash
et al. [59] and Murugavel and Pari [45] showed an inhi-
bition in both plasma and brain AChE activities of rats
exposed to Cd. We believe that these controversial data
may be due to different doses, vehicle, or by the time of
exposure to the metal.

Taking into our results consideration, we suggest that
the increase in the AChE and BChE activities observed in
the present study occurs to due to inflammatory processes
caused by Cd exposure. Moreover, an increase in the
cholinesterase activities leads to a rapid degradation of
ACh and consequently a decrease of concentration of this
circulating molecule could decrease the anti-inflammatory
activity promoted by ACh.

It is important to note that the treatment with quercetin
prevented the increase caused by Cd exposure in the AChE
and BChE activities. This indicates that the treatment with
quercetin may cause a modulation in the cholinesterase
activities, preventing the rapid degradation of ACh and
maintaining the concentration of this molecule in potent
anti-inflammatory actions. This action of quercetin can be
considered extremely important in the prevention of the
negative effects caused by accidental Cd exposure. In
addition, we observed a negative correlation between the
AChE activity and the different doses of quercetin, sug-
gesting that higher doses of quercetin co-administered with
Cd promote a lower AChE activity.

It is important to point out that some studies have
reported that quercetin is able to bind the several important
amino acid residues of both enzymes, AChE and BuChE,
besides performing a number of hydrophobic interactions
with these enzymes. Thus, it is plausible to suggest that this
interaction compound-enzymes is one of the mechanisms
by which the quercetin inhibits AChE and BChE activities
found in our study [60].

To confirm the presence of an inflammatory condition in
Cd exposure, we evaluated the level of classic inflamma-
tory marker, MPO activity. Several studies have demon-
strated that the release of MPO from leukocytes at the site
of injury reflects the activation of both neutrophils and
lymphocytes. MPO is a heme-enzyme produced by
inflammatory mediators that catalyze the reaction of
chloride ion with hydrogen peroxide superoxide to gener-
ate large amounts of hypochlorous acid (HOCI), a reactive
oxygen species which reacts further to generate singlet
oxygen and hydroxyl radical as powerful oxidizing and
microbicidal agents [23].

In the present study, this inflammatory marker was
increased after Cd exposure, indicating the presence of an
inflammatory process. On the other hand, the treatment
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with quercetin prevented the increase caused by Cd expo-
sure in the MPO activity. Moreover, a negative correlation
between MPO activity and different quercetin doses co-
administrated with Cd was observed, showing that higher
doses of quercetin co-administered with Cd are able to
lower the MPO activity, which corroborates with several
studies that have shown that flavonoids, such as quercetin,
have anti-inflammatory effects [61, 62].

Reinforcing this line of reasoning, the next set of
experiments was performed to verify the in vitro effects of
the quercetin on NTPDase, 5-nucleotidase, ADA, AChE,
BuChE, and MPO activities in lymphocytes. It is important
to note that in vitro, we found that the NTPDase activity in
lymphocytes, when ATP or ADP were used as substrate,
presented no significant changes. On the other hand, ADA
activity in vitro presented a decrease when quercetin was
added to the reaction medium. These results are in accor-
dance with Melzig [63] who showed that flavonoids such
as quercetin can inhibit the ADA activity. These results
suggest that quercetin per se promotes an increase in
adenosine extracellular, playing an important anti-inflam-
matory and immunosuppressive action by inhibiting pro-
liferation of T cells and secretion of cytokines [14, 64].

In conclusion, the results found in the present study
demonstrate alterations in enzymes of the purinergic and
cholinergic systems, as well as in the MPO activity in Cd-
exposed rats, suggesting that these alterations may be due
to the inflammation process caused by the exposure to this
heavy metal. On the other hand, the treatment with quer-
cetin was able to modulate the alterations caused by this
metal probably by chelating effects of this compound or by
inflammatory process regulation caused by Cd. These
results support the suggestion that quercetin treatment was
able to prevent the changes caused by accidental Cd
exposure, maintaining normal levels of ATP, adenosine,
ACh, and MPO molecules that exhibit potent anti-inflam-
matory and immunosuppressive actions. Thus, based on
our results, we can suggest that the quercetin is a promise
compound as adjuvant in the treatment of poisoning by Cd.
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4. DISCUSSAO

O Cd é um metal pesado amplamente utilizado na fabricacéo de fertilizantes,
tintas, plasticos, pilhas e baterias, sendo, também, um dos principais componentes
da fumaca do cigarro (GODT et al, 2006). Produtos contendo Cd sao
frequentemente despejados junto com o lixo doméstico e, assim, contaminam o meio
ambiente, especialmente se os residuos sdo queimados. O Cd lancado no meio
ambiente pode ser absorvido pelos tecidos animais e vegetais, contaminando o
ecossistema terrestre e o aquatico, entrando, desta forma, na cadeia alimentar
(JARUP et al., 1998). Portanto, a dieta € considerada a principal fonte de exposicéo
ao metal na populacdo em geral (JARUP et al., 1998; JARUP e AKSSON, 2009).

Devido a meia vida bioldgica longa e a baixa taxa de excrecdo do Cd no
organismo, o mesmo pode acumular-se em varios orgaos (SANTOS et al., 2004;
SANTOS et al., 2005a,b; SANTOS et al., 2006; LUCHESE et al., 2007; BORGES et
al., 2008; GONCALVES et al., 2012). Neste contexto, ressalta-se que estudos
realizados pelo nosso grupo de pesquisa corroboram com estes dados, indicando
gue a exposicado ao Cd causa toxicidade a diferentes tecidos, podendo acumular-se
em diferentes estruturas encefalicas, bem como no sistema periférico (GONCALVES
et al., 2012a,b; ABDALLA et al., 2013; GONCALVES et al., 2013).

Entretanto, apesar da toxicologia do Cd ser amplamente estudada, ainda néao
esta bem esclarecido o mecanismo pelo qual o metal causa a toxicidade no SNC e
sistema imunolégico. Estudos sobre os efeitos crénicos do CdCl, relacionando a
atividade das enzimas colinesterases, mieloperoxidase (MPO), ectonucleotidases,
Na®, K*-ATPase e &-ALA-D com a bioacumulacdo de Cd em diferentes estruturas
encefalicas e com parametros do estresse oxidativo, comportamentais e de memoaria
ainda ndo foram completamente registrados na literatura. Além disso, néo é relatado
0 uso do flavonoide quercetina no tratamento deste tipo de intoxicagdo, interligando
0s parametros acima citados. Assim, estes dados podem nos fornecer uma melhor
compreensao dos mecanismos pelos quais o Cd pode causar toxicidade ao SNC e
SNP em animais experimentais. Adicionalmente, sabe-se que a utilizacdo de
compostos antioxidantes, como a quercetina, torna-se cada vez mais popular no
tratamento de transtornos relacionados ao dano oxidativo, sendo, desta forma,
considerados agentes terapéuticos promissores.
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Desta maneira, este é o primeiro trabalho no qual investigou-se os efeitos da
exposicao cronica do CdCl; sobre o perfil oxidativo, a atividade das enzimas AChE,
Na®, K'-ATPase e &-ALA-D no encéfalo de ratos, bem como o envolvimento da
atividade destas enzimas com parametros comportamentais. Além disso, investigou-
se, neste estudo, a atividade das enzimas dos sistemas purinérgico e colinérgico nos
linfécitos, a atividade da BUChE no soro e da MPO no plasma de animais expostos
ao CdCl,. Foi analisado, ainda, o possivel efeito protetor da quercetina, composto
com acao antioxidante, antiinflamatoria e neuroprotetora, através da analise dos
mesmos parametros citados acima em animais submetidos a exposi¢céo do CdCl, e
tratados com a quercetina em diferentes doses.

Dentre os resultados obtidos no presente trabalho destaca-se, primeiramente,
que, de fato, o Cd é capaz de atravessar a barreira hematoencefalica, pois, embora
a quantidade de Cd acumulada nas diferentes estruturas encefélicas estudadas
(cértex cerebral, cerebelo, estriado, hipocampo e hipotdlamo) tenha sido baixa, ela
ainda foi significativamente maior que o controle e suficiente para causar possiveis
danos cerebrais. Contudo, o tratamento concomitante da quercetina nos animais
expostos ao Cd foi ineficiente em diminuir estes niveis, sugerindo que os prejuizos
ocasionados pelo Cd, e que foram revertidos ou amenizados pela quercetina,
tenham sido, provavelmente, devido & sua atividade antioxidante e ndo a sua
atividade como quelante, uma vez que essa molécula ndo removeu o Cd dos
tecidos.

Tendo em vista os prejuizos das funcdes cognitivas observadas em animais
experimentais expostos ao Cd, foi investigado o efeito da exposicdo ao metal, bem
como do tratamento com a quercetina em diferentes doses sobre a aprendizagem e
memoria, através da tarefa de esquiva inibitéria, e o comportamento do tipo
ansiogénico, através da tarefa do labirinto em cruz elevada. Além disso, para
identificar possiveis alteragcdes que possam influenciar no desempenho dos testes
comportamentais, foi realizado o teste do campo aberto, que avalia a capacidade
motora e exploratéria do animal, e o teste de sensibilidade ao choque.

Observou-se um decréscimo na laténcia dos ratos expostos ao Cd quando
submetidos a essa tarefa, sugerindo prejuizos na aprendizagem e memoria. Estes
dados estdo de acordo com um recente estudo realizado pelo nosso grupo de

pesquisa onde animais expostos ao CdCl, (1, 5 ou 25 mg/kg) e a tubérculos de
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batata contendo Cd, também apresentaram alteracdo na aprendizagem e memoria
(GONCALVES et al., 2012). Contudo, € importante salientar que, quando os animais
expostos ao Cd foram submetidos ao tratamento concomitante com a quercetina, a
laténcia de descida da plataforma do teste de esquiva inibitoria foi similar aquela
encontrada em ratos controles. Estes dados sugerem que o tratamento com a
quercetina foi capaz de prevenir o déficit de aprendizagem e memadria nos animais
expostos ao metal. Os resultados do presente estudo corroboram com recentes
pesquisas realizadas pelo nosso grupo de pesquisa onde o tratamento com
compostos naturais, como a N-acetilcisteina e a quercetina, previnem a
neurotoxicidade causada pela a exposicdo ao Cd, sugerindo o papel antioxidante
dos compostos (GONCALVES et al., 2010; ABDALLA et al., 2013).

E importante ressaltar que, apos o teste de esquiva inibitoria, os ratos foram
submetidos ao teste do campo aberto e de sensibilidade ao choque. No teste do
campo aberto, observou-se que 0s ratos expostos ao Cd e os tratados somente com
a quercetina ndo apresentaram alteraces no niumero de cruzamento ou levantada.
Além disso, no teste de sensibilidade ao choque, os ratos expostos ao Cd nao
apresentaram sensibilidade nas patas quando avaliado os limiares de recuar e saltar
da plataforma. Assim, estes resultados excluem a possibilidade que a atividade
locomotora ou da sensibilidade do animal possam ter influenciado nos testes de
aprendizagem e memoria.

Em relacdo ao comportamento do tipo ansiogénico, avaliado pelo teste do
labirinto em cruz elevada, observou-se que o0s ratos expostos ao Cd apresentaram
um comportamento do tipo ansiogénico. Interessantemente, a quercetina apresentou
propriedades ansioliticas sobre o efeito do Cd. De fato, varios estudos relataram as
propriedades ansiogénicas do Cd; Goncalves et al., (2012b) observaram que ratos
expostos a 25 mg/kg de Cd apresentaram um aumento na ansiedade e diminuigao
da memoria, sugerindo o envolvimento do sistema colinérgico e da enzima Na*, K*-
ATPase, visto que esses animais apresentaram uma atividade aumentada da AChE
e diminuicdo na atividade Na®, K*-ATPase em diferentes estruturas encefalicas.
Leret et al. (2003) também observaram um comportamento do tipo ansiogénico em
ratos co-expostos ao Cd (10 mg/L) e ao Pb (300 mg/L), sugerindo que este efeito
poderia estar relacionada aos neurdnios serotonérgicos e dopaminérgicos, uma vez

que foi detectado um aumento nos niveis de serotonina e dopamina no hipocampo
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desses animais. Por outro lado, Minetti e Reale (2005) demonstraram que fetos
expostos pré-natalmente a 0,6 mg/kg de Cd apresentaram menor ansiedade. E
importante ressaltar que a dose de Cd utilizada por Minetti e Reale (2005) € menor
se comparada a dose utilizada no presente trabalho.

Um importante resultado observado no presente estudo foi o efeito ansiolitico
da quercetina nos ratos expostos ao Cd. Varios estudos tém relatado as
propriedades ansioliticas deste flavonoide em outros modelos experimentais
(KUMAR e GOYAL, 2008; BHUTADA et al.,, 2010; VISSIENNON et al., 2012).
Outrossim, diferentes mecanismos sédo sugeridos para explicar os efeitos ansioliticos
da quercetina, como a modulacdo dos sistemas gabaérgicos e serotonérgicos,
neurotransmossores envolvidos com a ansiedade e depressdo (FRUSSA-FILHO, et
al., 1999).

De acordo com os resultados obtidos no presente trabalho, sugere-se que as
alteracbes na ansiedade e memoria observada nos animais expostos ao Cd e
tratados com a quercetina possa estar associada a possiveis alteracfes no sistema
colinérgico, assim como com a atividade da enzima Na®, K*-ATPase, visto que o
neurotransmissor ACh tem um papel importante em muitas fungbes no SNC
(SCARR, 2011), atuando, principalmente, nos processos de aprendizagem e
memo©éria, além do controle locomotor e do fluxo sanguineo cerebral (KIEHN, 2006;
DEIANA et al, 2011; HAVEKES et al, 2011; HUT e VAN DER ZEE, 2011;
KLINKENBERG et al., 2011). E importante ressaltar, também, que a enzima Na*, K*-
ATPase desempenha um papel importante na neurotransmissao sinaptica através da
manutenc&o do gradiente eletrolitico de ions de Na'e K* e do volume de pH celular
(LINGREL, 1992; LINGREL et al., 1994a; LINGREL et al., 1994b).

Como forma de comprovar o possivel envolvimento do sistema colinérgico
com as alteracdes observadas no comportamento de animais expostos ao Cd, no
presente estudo, avaliou-se a atividade da enzima AChE em diferentes estruturas
encefélicas (cortex cerebral, hipocampo, hipotalamo, cerebelo e estriado), uma vez
gue a enzima AChE hidrolisa o neurotransmissor ACh em muitos tecidos, modulando
a concentracdo do mesmo na sinapse colinérgica (APPLEYARD, 1994). Observou-
se que a exposicado ao Cd reduziu a atividade da enzima AChE no cértex cerebral e
no hipocampo. Em compensacdo, uma ativagcdo da enzima foi observada no

hipotadlamo dos animais expostos ao Cd. Sugere-se que uma inibicdo da atividade
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da AChE, causado pela exposicdo ao metal, pode levar a uma diminuicdo na
hidrélise da ACh na sinapse neuronal e, consequentemente, um aumento do
neurotransmissor na fenda sinaptica, podendo causar uma superestimulacdo dos
receptores colinérgicos e possiveis efeitos toxicos. Por outro lado, a ativacdo da
AChE poderia levar a um aumento na degradacdo do neurotransmissor ACh e,
consequentemente, causar uma reducdo no estimulo dos receptores deste
neurotransmissor, causando efeitos indesejaveis sobre a neurotransmissao
colinérgica e um declinio cognitivo.

E importante observar que, em outro estudo realizado pelo nosso grupo de
pesquisa, uma ativacdo da AChE foi observada no sinaptossoma do cortex cerebral
de ratos expostos a mesma dose de Cd e com 0 mesmo tempo de exposicao
(ABDALLA et al., 2013). Acredita-se que estas diferencas de resultados encontrados
para a atividade da AChE, no homogeneizado do cértex em sinaptossomas da
mesma estrutura, possam ser explicadas devido as diversas formas moleculares da
enzima AChE no organismo, a forma globular e a assimétrica, ja que a forma
globular apresenta-se solUveis ou ancoradas a membrana, enquanto que as formas
assimétricas estéo incluidas na matriz extracelular (ALDUNATE et al., 2004).

Em contraste como resultados encontrados, Gongalves et al. (2010) mostram
uma diminuicdo na atividade da AChE no hipocampo, cerebelo e hipotalamo,
enquanto que nenhuma alteracdo na atividade da enzima foi observada no
sinaptossomas de coértex cerebral e estriado de ratos expostos ao Cd (2 mg/kg).
Neste caso, € importante salientar que a dose do Cd e periodo experimental de
exposicao a este metal utilizado por Gongalves et al. (2010) foi menor do que o
utilizado no presente estudo. Além disso, € importante ressaltar que os resultados
descritos na literatura relacionados aos efeitos do Cd na atividade da AChE séo
controversos (CARAGEORGIOU et al.,, 2004; LUCHESE et al.,, 2007). Alguns
estudos mostraram que o Cd pode influenciar a atividade de AChE de uma maneira
diferente dependendo do periodo da administragdo do metal (FASITSAS et al., 1991;
CARAGEORGIOU et al., 2004; CARAGEORGIOU et al., 2005). Tendo em vista
estes resultados encontrados na literatura, em relacdo a atividade da AChE, é
plausivel sugerir que a alteragcdo na atividade dessa enzima pode depender da via

de administragcéo, forma quimica, e, ainda, duracdo e dose de exposicdo do Cd.
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Em relacdo a atividade da Na®, K*-ATPase verificou-se uma diminuicdo na
atividade da enzima no cortex cerebral, hipocampo e hipotalamo de ratos expostos
ao Cd. Acredita-se que essa inibicdo causada pela exposicdo ao Cd seja devido a
competicdo do metal com locais de ATP e Na' na estrutura da enzima, a
interferéncia do estado de fosforilacdo da enzima, ou a mudangas nos grupos tidis
dessa molécula (RAJANNA et al., 1983; CHETTY et al., 1992; ANTONIO et al., 2002;
BORGES et al., 2005). Além disso, sabe-se que a exposicdo ao Cd pode aumentar a
producado de radicais livres, 0os quais podem reagir com os lipidios de membrana, e
causar desestruturagdo da bicamada lipidica com consequente alteracdo na
atividade de enzimas de membrana como a AChE e a Na®, K'-ATPase (KAKO et al.,
1988; MATTE et al., 2006). Uma vez que a Na‘, K'-ATPase desempenha uma
funcao crucial na comunicacao dos sinais extracelulares com o meio intracelular nos
tecidos neuronais, e que a sua inibicdo prejudica os processos de aprendizado e
memoria, supdem-se que a alteracdo na atividade das enzimas AChE e Na®, K*-
ATPase em algumas estruturas encefalicas poderia estar envolvida com o prejuizo
cognitivo observado em animais expostos ao Cd no presente estudo (ANTONIO et
al., 2002; SATO et al., 2004; ZHAN et al., 2004).

Interessantemente, a quercetina foi capaz de prevenir os efeitos indesejaveis
causados pela exposicdo ao Cd. O tratamento com a quercetina, concomitante a
exposicdo ao metal, impediu alteracées na atividade das enzimas AChE e Na*, K* -
ATPase em diferentes estruturas encefalicas. Desta maneira, considerando o
potencial antioxidante da quercetina, € plausivel sugerir que o tratamento com este
flavonoide preveniu o estresse oxidativo induzido pela exposicdo ao Cd, como
observado, neste trabalho, pela prevencdo no aumento da lipoperoxidacéao.
Consequentemente, o tratamento com a quercetina modulou os niveis de ACh no
SNC melhorando a neurotransmissao colinérgica e a cogni¢cdo. O tratamento com a
quercetina também preveniu modificagdes do estado conformacional da Na*, K'-
ATPase, mantendo, desta forma, o potencial de repouso na membrana neuronal.

Outro aspecto importante a ser observado neste estudo, é a diminuicdo na
atividade da 6-ALA-D no encéfalo de animais expostos ao Cd. A &-ALA-D é uma
metaloenzima que requer Zn®'para atingir a sua atividade catalitica méaxima.
Portanto, um dos mecanismos sugeridos para a inibicdo da enzima pela exposicéo

ao Cd é o deslocamento do fon Zn?* causado pelo aumento do metal no encéfalo
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(RODRIGUES et al., 1996; GALAN et al., 2001). Esta inibicdo na atividade d-ALA-D
pode prejudicar a via biossintética do heme (SASSA, 1982) e conduzir a um acumulo
do seu substrato, o ALA, que pode ser auto-oxidado e levar a um aumento na
producdo de espécies reativas de oxigénio (ERO) no SNC (EMANUELLI et al.,
1996).

A utilizacdo de compostos com propiedades quelantes ou antioxidantes tem
sido amplamente proposta como uma terapia alternativa no tratamento da
intoxicacdo ao Cd (LUCHESE etal., 2007; GONCALVES et al., 2012b; ABDALLA et
al., 2013), uma vez que compostos com estas propiedades atuam através do
aumento da excrecdo de elementos toxicos, impedindo a ligacdo a células alvo e,
consequentemente, reduzindo a toxicidade ao organismo (SANTOS et al., 2005).
Ressalta-se que estudos realizados pelo nosso grupo de pesquisa relatam a
capacidade dos compostos naturais, tais como quercetina e N-acetilcisteina, em
prevenir danos causados pela exposicdo ao Cd no SNC de animais (GONCALVES
et al., 2010; ABDALLA et al., 2013). Neste trabalho, entretanto, o tratamento com o
flavonoide quercetina ndo foi capaz de prevenir a inibicdo da atividade da enzima &-
ALA-D. Sugere-se, assim, que 0s prejuizos ocasionados pela exposi¢do ao Cd e que
foram revertidos ou amenizados pela quercetina tenham sido devido a sua atividade
antioxidante.

Tendo em vista a propriedade pré-oxidante do Cd, e na tentativa de melhor
compreender os efeitos indesejaveis causados pela exposicdo ao metal, como as
alteracbes comportamentais e enzimaticas observadas no presente estudo,
investigou-se, também, os efeitos da exposi¢cdo ao Cd em diferentes parametros do
estresse oxidativo. Supdem-se que estes dados poderiam esclarecer melhor o
mecanismo possivel pelo qual a quercetina exerce seus efeitos neuroprotetores
neste modelo experimental.

O presente trabalho confirmou que, de fato, houve um aumento na producao
de EROs nos animais expostos ao Cd, e, junto com este aumento na producéo de
EROs, observou-se, também, um aumento na lipoperoxidacdo, na oxidacdo de
proteinas e nos niveis de DNA dupla fita, no coértex cerebral, hipocampo e
hipotalamo dos animais expostos ao Cd. Estes resultados sugerem que a diminui¢ao
na atividade da enzima &-ALA-D em ratos expostos Cd possa estar intimamente

associada com o aumento na producdo de EROSs, devido ao acumulo do seu
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substrato, ALA. Consequentemente, este aumento na producdo de EROs induziu a
um estresse oxidativo, levando ao dano em lipideos e proteinas, fato este que pode
induzir a alteracdes nas funcdes das membranas, causando a apoptose celular, bem
como necrose, de varios tecidos, incluindo o encéfalo (MENDEZ-ARMENTA et al.,
2003; EL-DEMERDASH et al., 2004; KRISHNAKUMAR et al., 2012). Além disso, é
importante notar que as enzimas AChE e Na', K'-ATPase sdo importantes proteinas
presentes nas membranas biolégicas e, desta maneira, 0 aumento ha
lipoperoxidacdo e na oxidacdo de proteinas pode ser um fator decisivo na
modificacdo do estado conformacional dessas moléculas (DESCARRIES et al.,
1997). Estes resultados nos permitem inferir que o estresse oxidativo pode explicar
as mudancas enzimaticas observadas neste estudo, as quais, consequentemente,
podem causar uma diminuicdo da memoéria e um aumento no comportamento do tipo
ansiogénico observado nos animais expostos ao Cd.

Além do aumento na lipoperoxidacéo e do dano as proteinas, observou-se um
aumento nos niveis de DNA dupla fita em diferentes estruturas encefélicas dos
animais expostos ao metal. O Cd pode causar um aumento no dano ao DNA
indiretamente devido a interacdo das EROs produzidas pela exposi¢cao ao metal ou,
ainda, devido a capacidade de diminu¢cdo do reparo do DNA (WATJEN e
BEYERSMANN, 2004; VALVERDE et al., 2001). Outro importante resultado
verificado é a relacdo dos danos oxidativos, observados nos animais expostos ao
Cd, com o sistema antioxidante enzimatico e ndo enzimatico, como a atividade da
glutationa redutase (GR), os niveis dos tidis totais (T-SH) de glutationa reduzida
(GSH) e a atividade da glutationa S-transferase (GST). Paralelamente ao aumento
na producdo de EROs, da lipoperoxidacdo, oxidacdo de proteinas e 0s niveis DNA
dupla fita no coértex cerebral, hipocampo e hipotdlamo dos animais expostos Cd,
também houve alteracbes no sistema antioxidante destes tecidos, incluindo uma
diminuicdo na atividade da enzima GR e nos niveis de T-SH e GSH, bem como um
aumento na atividade da enzima GST.

A GSH € um antioxidante de protecdo central e é considerada a primeira linha
de defesa contra a geracdo de EROs e o dano oxidativo no tecido cerebral. Faz
parte de um sistema de defesa antioxidante ndo enzimatico, podendo eliminar,
diretamente, os radicais livres ou, ainda, agir como um substrato para a glutationa

peroxidase e GST na eliminacdo do peroxido de hidrogénio (LU, 2013). Assim,
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propde-se que a deplegcdo nos niveis de GSH, de T-SH e a diminui¢&do na atividade
da enzima GR observadas nos animais expostos ao Cd possam ser um efeito
compensatorio devido a maior demanda do sistema de defesa, a fim de eliminar as
EROs e produtos da lipoperoxidacdo e oxidacdo das proteinas. Além disso, a
diminuicdo da GR pode ser causada diretamente pelo Cd, que pode ligar-se a
grupos -SH de enzimas, causar modificacbes nas cadeias de aminoé&cidos, através
da oxidacdo dos mesmos, e, assim, alterar a estrutura enzimatica, levando a uma
diminuicdo da atividade ou inativando a enzima GR. Em contrapartida, verificou-se
um aumento na atividade de GST em animais expostos ao metal. Sobre este ponto,
sugere-se que, sob condi¢cbes de estresse oxidativo, como na exposi¢ao ao Cd, a
producado excessiva de ERO induz a um aumento na atividade da GST, uma vez que
esta enzima tem por finalidade metabolizar os produtos téxicos da peroxidacao
lipidica, da oxidagcdo de proteinas, e dos danos ao DNA dentre outras moléculas
(TOYAMA etal., 2011).

Tendo em vista os resultados obtidos neste trabalho, em relacdo aos
parametros do estresse oxidativo, avalia-se que o mecanismo de toxicidade do Cd
no encéfalo pode estar relacionado com a diferenga na vulnerabibidade das
estruturas encefalicas ao dano oxidativo, uma vez que, embora ambas as estruturas
encefélicas tenham apresentado um aumento significativo nos niveis de Cd, nos
animais expostos ao metal, ndo foi observado alteracbes nos parametros do
estresse oxidativo no cerebelo e estriado nesses animais. Observou-se alteracfes
relacionadas ao estresse oxidativo e na atividade de enzimas AChE, Na*-ATPase
somente no coértex, hipocampo e hipotdlamo de animais expostos ao metal.

Os beneficios dos flavonoides no SNC estdo bem definidos na literatura e
acredita-se que o efeito neuroprotetor ocorra, principalmente, devido as
propriedades antioxidantes destes compostos (FIORANI et al., 2001; GONCALVES
et al., 2010; ABDALLA et al.,, 2013). Ressalta-se, ainda, que varios estudos ja
relataram a presenca da quercetina no encéfalo de ratos suplementados com a
mesma, demonstrando a capacidade deste composto em atravessar a BHE para
exercer seus efeitos neuroprotetores (YOUDIN et al., 2004). Interessantemente,
notou-se, no presente estudo, que a co-administracdo da quercetina nos animais
expostos ao Cd foi capaz de impedir totalmente ou parcialmente os efeitos

indesejaveis causados pela exposicdo ao metal. Os efeitos benéficos da quercetina
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podem ocorrer devido as propriedades antioxidantes e pela sua propriedade
quelante (EZZATI NAZHADDOLATABADI et al., 2014). Assim, a quercetina pode
diminuir a producdo de EROs, a lipoperoxidacao, a carbonilacdo de proteinas e os
danos ao DNA, aumentando as defesas antioxidantes do organismo e prevenindo a
alteracdo na atividade ou na conformacdo de importantes enzimas. Corroborando
com estes resultados, varios trabalhos relataram que a quercetina diminuiu a
lipoperoxidacdo e aumentou a atividade das enzimas SOD e CAT, diminuindo o
esgotamento da glutationa e atenuando os danos neuronais, como a morte dos
neurdbnios do hipocampo, resultando, consequentemente, na melhora da
aprendizagem e da memoéria dos animais (PU et al., 2007; KRISHNAKUMAR et al.,
2012; FIORANI etal., 2001). Essas observacdes reforcam o potencial antioxidante da
guercetina no encéfalo e nos permitem sugerir que o0 possivel mecanismo para 0s
efeitos neuroprotetores deste flavonoide em animais expostos ao Cd é atraves da
modulacdo do sistema antioxidante, prevenindo os danos causados pelo estresse
oxidativo. Portanto, acredita-se que a quercetina, administrada por via oral, € um
forte coadjuvante no tratamento de possivel envenenamento por metais como o Cd.

Para obter-se uma melhor compreensao dos efeitos do CdCl;, e da quercetina
sobre o sistema periférico, decidiu-se avaliar os efeitos do CdCl, sobre a atividade
da enzima AChE em linfécitos, bem como sobre a atividade da BUChE em soro e a
MPO no plasma. Verificou-se, também, os efeitos do CdCl, e da quercetina sobre a
atividade da enzima NTPDase e ADA de linfocitos e o efeito in vitro da quercetina
nos parametros acima mencionados.

Em relacdo a atividade da enzima NTPDase e da ADA em linfécitos de
animais expostos ao Cd, notou-se um aumento na atividade das enzimas quando
comparado com o grupo controle. A partir desse resultado, pode-se inferir que o
aumento na atividade da NTPDase seja um efeito compensatorio devido ao provavel
aumento dos niveis de ATP na circulagéo, para que ocorra uma maior ativacao dos
linfécitos com a consequente liberacdo de mediadores inflamatérios (JUNGER,
2011; KANTHI et al., 2014). Apesar dos niveis aumentados de ATP, que estdao sendo
liberados no meio extracelular, a adenosina, que esta sendo formada e que poderia
estar exercendo suas acdes anti-inflamatorias, esta sendo hidrolisada e inativada
pelo aumento na atividade da enzima ADA (SCHENK et al., 2008; JUNGER, 2011).

E pertinente citar, também, que a quercetina foi capaz de prevenir os efeitos
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negativos causados pelo Cd na atividade de enzimas do sistema purinérgico. Desta
maneira, tendo em vista que as propriedades anti-inflamatérias da quercetina ja
estdo bem estabelecidas na literatura, sugere-se que o tratamento concomitante da
guercetina em animais expostos ao Cd pode levar a uma reducdo nos processos
inflamatoérios causados pela exposicdo ao metal, e, consequentemente, resultar na
inibicdo da atividade enzimatica e nos niveis de ATP e adenosina no meio
extracelular.

Em relacéo a atividade da AChE em linfécitos e BUChE no soro dos animais
expostos ao Cd, observou-se um aumento na atividade em ambas enzimas. Estes
resultados nos permitem sugerir que niveis diminuidos de ACh estédo disponiveis na
circulacao devido ao aumento na atividade das colinesterases periféricas. Portanto,
uma vez que a ACh € uma molécula com acdes anti-inflamatorias (DAS, 2007), uma
diminuicdo na sua concentracdo pode evidenciar o possivel quadro inflamatério
causado pela exposicdo ao metal. Diferentes resultados foram encontrados em
recentes trabalhos realizados pelo nosso grupo de pesquisa, onde verificou-se uma
diminuicao na atividade da BUChE no soro e da AChE em sangue total e linfécitos de
animais expostos a 2mg/kg de CdCl, (GONCALVES et al.,, 2012). Sendo assim,
acredita-se que uma alteracdo na atividade dessa enzima poderia ser notada em
outras circunstancias de intoxicacdo por Cd, o que ird depender da via de
administracdo, forma quimica, e, ainda, duracdo e dose de exposicdo de Cd no
modelo estudado.

E importante notar que o tratamento com quercetina preveniu 0 aumento na
atividade das enzimas AChE e BuChE causado por exposi¢cdo de Cd. O provavel
mecanismo de inibicio da AChE e BuChE é através da interacdo enzima —
composto, uma vez que a quercetina pode se ligar a residuos de aninoacidos além
de realizar interacfes hidrofébicas com ambas enzimas (LOIZZO et al., 2008). Deste
modo, estes resultados nos permitem inferir que, através de uma modulacdo
enzimatica na atividade de enzimas do sistema colinérgico, a quercetina diminui a
degradacdo da ACh, mantendo niveis normais desta molécula com potente agéo
anti-inflamatoria no meio extracelular.

Para confirmar a presenca de uma condicdo inflamatoria em animais
expostos ao Cd, bem como o possivel potencial anti-inflamatério da quercetina

7

nestas condi¢des, a atividade da enzima MPO, que é um marcador inflamatoério
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classico, liberado a partir de leucécitos ativados, foi avaliada. Os resultados
encontrados neste estudo mostraram um aumento na atividade da MPO em animais
expostos ao Cd, confirmando a presenca de um processo inflamatorio causado pela
exposicado ao metal. Por outro lado, o tratamento com a quercetina impediu o
aumento na atividade da MPO causado pela exposicao ao Cd, fato que ocorre,
provavelmente, pela diminuicdo do processo inflamatério.

E importante salientar que foi visualizado uma correlacdo negativa entre a
atividade das enzimas estudadas, NTPDase, ADA, AChE, BUChE ou MPO, e as
diferentes concentragdes de quercetina (5, 25 ou 50 mg/kg) co-administradas com o
Cd. Destaca-se que o efeito da quercetina no sistema periférico sobre a atividade
destas enzimas é dose dependente.

Analisou-se, também, o efeito da quercetina in vitro sobre a atividade da
NTPDase, ADA, AChE, BuChE e MPO. Os resultados demonstraram que n&o houve
alteracéo significativa na atividade da enzima NTPDase utilizando ATP ou ADP como
substrato em linfocitos periférico. Todavia, uma diminuicdo na atividade da ADA em
linfécitos periféricos foi observada. Estes resultados corroboram com Melzig (1996),
que relatou a capacidade de flavonoides, dentre eles a quercetina, em inibir a
atividade da enzima ADA. Assim, sugere-se que a quercetina in vitro, per se pode
promover um aumento da molécula de adenosina no meio extracelular, exercendo
uma importante acdo anti-inflamatéria, bem como imunossupressora, através da
inibicdo da proliferacdo de células T e secrecdo de citocinas (LINDEN, 2006;
DEAGLIO et al., 2007).

Contudo, este estudo permitiu desvendar, em parte, 0S mecanismos
relacionados aos processos de toxicidade do Cd no SNC e SNP. Observou-se que,
apesar das controvérsias em relacdo aos mecanismos propostos pelos quais o Cd
poderia causar alteragbes na atividade de importantes enzimas para a
neurotransmissao e para parametros comportamentais, € evidente que a exposicéo
ao metal é prejudicial para as funcdes cerebrais e, consequentemente, para o
comportamento animal, em aspectos relacionados a memodria e ansiedade. Os
dados do presente trabalho sugerem que os danos ao comportamento exibidos
pelos animais intoxicados pelo Cd podem estar intimamente associados ao estresse
oxidativo e & alteragdo na enzima a-ALA-D, que induz altera¢gfes nas atividades das

enzimas AChE e Na', K'-ATPase em diferentes estruturas encefalicas. Além disso,
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verificou-se que o Cd afeta sistematicamente o organismo dos animais, alterando a
atividade das enzimas NTPDase, AChE, BUuChE e MPO de diferentes tipos celulares.
E importante ressaltar a importancia dos achados relacionados a capacidade
antioxidante e anti-inflamatéria da quercetina em prevenir varios efeitos danosos
causados pelo Cd, sugerindo que este composto possa ser considerado, apos
estudos adicionais, um importante aliado em terapias contra a intoxicacao por esse

metal.
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. CONCLUSOES

A exposicdo ao Cd levou a um aumento no comportamento de ansiedade e déficit
de aprendizagem e memoria dos ratos, o que, provavelmente, resulta de uma
concentracdo aumentada do Cd no encéfalo, e de alteracdes na atividade das
enzimas AChE e Na',K'-ATPase em diferentes estruturas cerebrais devido a
exposicdo a esse metal. O co-tratamento com a quercetina néo foi capaz de
reduzir os niveis de Cd nas diferentes estruturas encefalicas mas previniu 0s
efeitos indesejaveis causados pela exposicdo ao Cd na memoria € no

comportamento do tipo ansiogénico.

O Cd foi capaz de atravessar a barreira hematoencefalica e acumular-se em
diferentes estruturas encefalicas, como o cortex cerebral, cerebelo, estriado,
hipocampo e hipotalamo. A quercetina foi ineficiente em diminuir os niveis de Cd
nas diferentes estruturas, sugerindo que os prejuizos ocasionados pelo Cd, e que
foram revertidos ou amenizados pela quercetina, tenham sido, provavelmente,
devido a sua atividade antioxidante e ndo a sua atividade como quelante, uma vez
gue a quercetina nao foi capaz de mudar as concentragdes de Cd encontradas no

encéfalo.

A reducdo na atividade da AChE poderia levar a mudanca na concentracdo do
neurotransmissor na fenda sinaptica e, consequentemente, causar efeitos
indesejaveis na neurotransmissdo. Sugere-se que a alteracdo na atividade da
Na®,K'-ATPase encefélicas poderia estar envolvida com o prejuizo cognitivo
observado em animais expostos ao Cd. A desestruturacdo da bicamada lipidica
ou 0 aumento da oxidacdo de proteinas, causadas pelo aumento na producédo de
EROs em animais expostos ao Cd, pode ser um dos provaveis mecanismos pelo

qual o Cd induz alteragbes na atividade dessas enzimas de membrana.

Verificou-se uma diminuicdo na atividade da 8-ALA-D no encéfalo de animais
expostos ao Cd. A inibicdo desta enzima pode prejudicar a sintese do heme, além
de acumular o substrato da mesma, o ALA, que pode aumentar a producéo de
EROs através da sua oxidacao.
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e A exposicdo ao Cd causou um aumento na producdo das EROs nos ratos devido,
provavelmente, as propriedades pro-oxidantes do metal, bem como pelo acumulo
do substrato da enzima &-ALA-D. O desequilibrio entre a producéo de EROs e o
sistema antioxidante levou ao desenvolvimento do estresse oxidativo, que
induziu, consequentemente, um aumento de danos nos lipideos, proteinas e
DNA.

e Apesar do co-tratamento com a quercetina em animais expostos ao Cd nao
prevenir as alteracbes na atividade da enzima a-ALA-D, verificou-se que o
flavonoide, em ambas as doses utilizadas no estudo, foi eficaz em diminuir a
produgéo de EROs, bem como reduzir os danos causados pelo estresse oxidativo
nos animais expostos ao Cd. Consequentemente, com a diminuicdo da
lipoperoxidacdo e a oxidacdo de proteinas, a quercetina preveniu alteracbes em
importantes enzimas presentes na membrana bioldgica, como a AChE e Na*,K*-
ATPase. Portanto, pode-se sugerir que o tratamento com a quercetina modulou a
concentracdo do neurotransmissor ACh na fenda sinaptica, e manteve o potencial
de repouso na membrana neuronal, prevenindo o deficit de aprendizagem e

memo©ria, além de diminuir efeito ansiogénico da exposicdo ao metal.

e O tratamento com a quercetina modulou a atividade das enzimas do sistema
purinérgico devido as propriedades anti-inflamatorias, sugerindo que, tratamento
concomitante da quercetina em animais expostos ao Cd, leva a uma reducao nos
processos inflamatoérios causados pela exposi¢do ao metal, e, consequentemente,
resulta na modulacdo na atividade enzimética, bem como nos niveis de ATP e

adenosina no meio extra-celular.

e O aumento na atividade da AChE nos linfécitos e BUChE no soro em ratos
expostos ao Cd permite-nos inferir que niveis diminuidos de ACh estdo
disponiveis na circulacdo, evidenciando um possivel quadro inflamatorio causado
pela exposicdo ao metal. Em adigcdo, o aumento na atividade da MPO nestes
animais confirma o processo inflamatorio desenvolvido pela exposi¢cdo ao Cd. Em

ratos co-tratados com a quercetina, o flavonoide preveniu 0 aumento na atividade
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dessas enzimas, provavelmente, através da diminuicdo do processo inflamatorio

ou pela interagédo entre a enzima e 0 composto.

A quercetina in vitro ndo alterou a atividade da NTPDase. Entretanto, a atividade
da ADA apresentou-se diminuida em linfocitos periféricos, sugerindo uma
capacidade da quercetina em aumentar, per se, 0s niveis de adenosina no meio

extracelular.
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6. PERSPECTIVAS

Este trabalho forneceu subsidios importantes para melhor esclarecer a
relacdo entre as enzimas dos sistemas purinérgico e colinérgico na intoxicagdo com
0 Cd no SNC e SNP, bem como o papel protetor da quercetina nestas condic¢des.

Neste sentido, para melhor esclarecer o real mecanismo de toxicidade do Cd
e da prevencao da quercetina sobre o sistema colinérgico e purinérgico aponta-se

como foco de futuros trabalhos, o seguinte:

1. Avaliar os efeitos do CdCl, e da quercetina sobre a expressdo génica das
enzimas ja estudadas nessa tese com a finalidade de obter um maior
esclarecimento sobre os mecanismos pelos quais esse metal atua sobre

essas proteinas.

2. Quantificar os niveis de nucleotideos e nucleosideos de adenina bem como
da ACh no SNC e sistema periférico de animais expostos ao CdCl, e tratados

com quercetina.

3. Determinar o possivel efeito protetor da quercetina em relagéo a intoxicacao
por CdCl, através da verificacdo da concentracdo de Cd em diferentes tecidos
como, no plasma, bagco e timo em ratos expostos ao CdCI2 e tratados com

quercetina.

4. Avaliar o possivel efeito protetor da quercetina em relagdo a intoxicacdo por
CdCl, através de dados hematoldgicos e também, da dosagem de

interleucinas em ratos expostos ao CdCl; e tratados com quercetina.
5. Avaliar no sistema periférico 0s possiveis mecanismos moleculares

envolvidos na modulacdo dos sistemas colinérgico e purinérgico de ratos

expostos ao CdCl, e tratados com quercetina.
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ANEXO A — Carta de Aprovacéo pelo Comité Interno de Etica em Experimentacéo
Animal - UFSM
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UNIVERSIDADE FEDERAL DE SANTA MARIA
_PRO-REITORIA DE POS-GRADUACAO E PESQUISA
COMITE INTERNO DE ETICA EM EXPERIMENTACAO ANIMAL-UFSM

CARTA DE APROVACAO

@] Comité Interno de Etica em Experimentagdo Animal-UFSM, analisou o protocolo de
pesquisa:

Titulo do Projeto: "Avaliacao da atividade de enzimas que degradam nucleotideos de
adenina e ésteres de colina e estudo do perfil oxidativo em ratos expostos ao cadmio e
tratados com quercetina”

Numero do Parecer: 031/2011

Pesquisador Responsavel: Cinthia Melazzo de Andrade Mazzanti

Este projeto foi APROVADO em seus aspectos éticos e metodoldgicos. Toda e qualquer

alteragao do Projeto, assim como os eventos adversos graves, deverao ser comunicados
imediatamente a este Comité.

Os membros da CIETEA-UFSM nao participaram do processo de avaliagao dos projetos
onde constam como pesquisadores.

DATA DA REUNIAO DE APROVACAO:

Santa Maria, 13 de Junho de 2011.

Ma.rta Lizandra do Régo Leal

Coordenadora do Comité Interno de Etica em Experimentacao
Animal-UFSM

Comité Interno de Etica em Experimentacao Animal - UFSM - Av. Roraima, 1000 — Prédio da Reitoria - 22
andar - Campus Universitario 97105-900 — Santa Maria — RS - - Tel: 0 xx 55 3220 9362
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