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O cadmio (Cd) é um dos metais mais téxicos tanto em nivel de intoxicacdo humana
guanto de contaminacdo ambiental. Pelo fato desse metal possuir uma longa meia-
vida biologica (10-30 anos), a exposicdo prolongada a ele tem sido associada a
efeitos danosos em muitos érgdos como rins, figado, pulmdes, 0ssos, e inclusive o
cérebro, provavelmente devido a geracdo de estresse oxidativo. Neste contexto,
sabe-se que o polifenol curcumina, composto natural obtido a partir de Curcuma
longa, exerce diversas funcfes terapéuticas, destacando-se o grande potencial
antioxidante, anti-inflamatério e neuroprotetor. Sendo assim, este trabalho visou
avaliar os parametros comportamentais e de memodria, a atividade das ectoenzimas
e acetilcolinesterase, bem com a peroxidacao lipidica em ratos intoxicados por Cd e
o possivel efeito protetor da curcumina. Para tanto, foram utilizados 120 ratos Wistar
machos, que receberam cadmio na forma CdCl, H,O (Cd; 1 mg/kg) e/ou curcumina
(Curc; 30, 60 ou 90 mg/kg) cinco vezes por semana durante 3 meses. Os animais
foram divididos ao acaso em 8 grupos (n=15): (1) Salina/6leo, (2) Salina/Curc 30, (3)
Salina/Curc 60, (4) Salina/Curc 90, (5) Cd/éleo, (6) Cd/Curc 30, (7) Cd/Curc 60 e (8)
Cd/Curc 90. Os resultados demonstraram um aumento nos niveis de peroxidacéo
lipidica e na atividade da enzima AChE em diferentes estruturas encefalicas. A
intoxicagdo por Cd também aumentou a atividade das enzimas AChE e NTPDase
(substratos ATP e ADP) e diminuiu a atividade da enzima 5’-nucleotidade em
sinaptossomas de cortex cerebral. Esses efeitos do Cd no sistema nervoso central
podem estar associados ao déficit de memaria, evidenciado através da diminui¢éo
do tempo de laténcia no teste de esquiva inibitoria. Além disso, o Cd também
aumentou a atividade da enzima AChE periférica (sangue total e linfocitos) o que
pode estar relacionado com um estado pré-inflamatério nesses animais. No entanto,
a Curc foi eficaz em reduzir os efeitos danosos do Cd, diminuindo a peroxidagéo
lipidica nas estruturas cerebrais, prevenindo o aumento da atividade da AChE e da
NTPDase, melhorando, assim, a neurotransmissdo € 0S Processos cognitivos,
sugerindo que este composto natural possa ser considerado apos estudos adicionais
um importante aliado em terapias contra a intoxicagéo por esse metal.

Palavras-chave: Cadmio. Curcumina. Ecto-nucleotidases. Acetilcolinesterase.
Peroxidacao lipidica.
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Cadmium (Cd) is one of the most toxic metals in relation to environmental
contamination and human poisoning. This metal has a long biological half-life (10-30
years) and prolonged exposure to Cd has been associated with toxic effects on many
organs as kidneys, liver, lungs, bone, including the brain, probably due to generation
of stress oxidative. In this context, it is known that the polyphenol curcumin, natural
compound derived from Curcuma longa, exerce several therapeutic functions,
highlighting the great antioxidant, anti-inflammatory and neuroprotective potential.
Thus, this work aims to evaluate the behavioral and memory parameters, the activity
of acetylcholinesterase and ectonzimas, as well as lipid peroxidation in rats
intoxicated by Cd and to determine the possible protective effect of curcumin. For
this, we used 120 male Wistar rats, that received CdCl,.H,O as cadmium (Cd; 1
mg/kg) and/or curcumin (Curc, 30, 60 or 90 mg/kg) five times a week during 3
months. The animals were randomly divided into 8 groups (n = 15): (1) Saline/oil (2)
Saline/Curc 30 (3) Saline/Curc 60, (4) Saline/Curc 90 (5) Cd/oil (6) Cd/Curc 30 (7)
Cd/Curc 60 and (8) Cd/Curc 90. The results showed an increase in the levels of lipid
peroxidation and in the AChE activity in different cerebral structures. The Cd was also
increase the AChE and NTPDase (ATP and ADP as substrate) and decrease the 5'-
nucleotidase activity from cerebral cortex synaptosomes. These Cd effects on central
nervous system may be associated with memory deficits, evidenced by decreasing in
step-down latency in the inhibitory avoidance test. Moreover, Cd also increased
peripheral AChE activity of AChE (whole blood and lymphocytes) which can be
associated with a pro-inflammatory state in these animals. However, Curc was
effective in reducing the harmful effects of Cd decreasing lipid peroxidation and
preventing increased AChE and NTPDase activities, thereby improving
neurotransmission and cognitives processes, suggesting that this natural compound
may be considered, after further study, an important ally in therapies against
poisoning by this metal.

Keywords: Cadmium. Curcumin. Ecto-nucleotidases. Acetycholinesterase. Lipid
peroxidation.
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APRESENTACAO

Os resultados que fazem parte desta dissertacdo estdo apresentados sob a
forma de um manuscrito, o qual se encontra no item Manuscrito. As secfes Materiais
e Métodos, Resultados, Discussdo e Referéncias encontram-se no proprio
manuscrito e representam a integra deste estudo.

O item ConclusGes encontra-se no final desta dissertacdo e apresenta
interpretacdes e comentarios gerais sobre 0 manuscrito contido neste trabalho.

As Referéncias equivalem somente as citagcbes que aparecem no item
Introducao desta dissertacéo.

O manuscrito esta estruturado de acordo com as normas da revista cientifica

para o qual serd submetido: BMC Complementary and Alternative Medicine



1. INTRODUCAO

Muitos metais sdo essenciais para a preservacao da vida, porém alguns sao
considerados toxicos e estes sao, provavelmente, as toxinas mais antigas
conhecidas pelo homem, e quando entram em contato com a populagdo tornam-se
um problema de saulde publica (GOYER, 1996; TAVARES & CARVALHO, 1992).
Um exemplo destes, é o cadmio (Cd), o qual teve seu primeiro registro realizado em
1817 por Friedrich Strohmeyer, e que apesar de ter sido reconhecido tardiamente se
comparado a outros metais, é considerado altamente téxico tanto em nivel de
intoxicacdo humana quanto de contaminacao ambiental (NORDBERG, 2004).

O Cd é um metal pesado de cor prata claro, com peso molecular 112,41 e
namero atémico 48, classificado como um metal de transicdo, pertencente ao grupo
12 da tabela periédica, possuindo pontos de fusédo e ebulicdo 321°C e 767,2°C,
respectivamente, densidade de 8,65 g/cm® e encontra-se geralmente associado ao
zinco, chumbo ou cobre (OSPAR Commission, 2002). Este metal € encontrado no
meio ambiente, devido ao processo natural de erosédo e abrasdo de rochas e solos,
além de eventos como incéndios florestais e erup¢des vulcanicas. Encontrando-se
principalmente na forma do mineral greenockita, composto por sulfeto de cadmio
(77,6% de Cd), e também é encontrado em outros minerais como 0 otavite
(carbonato de cadmio) (RAO et al., 2010).

Este elemento ndo essencial é encontrado na natureza, geralmente, em
concentragbes baixas, as quais variam entre 0,1 e 1,0 ppm (HUFF et al., 2007).
Porém, tem seus niveis aumentados no meio ambiente, devido ao seu amplo
emprego na industria, sendo um subproduto da mineracéo e fundi¢cdo de chumbo e
zinco sendo que em virtude de suas propriedades néo corrosivas, seu principal uso
é na galvanizagéo. O Cd é também encontrado na fabricagdo de baterias, plasticos,
corantes, pesticidas, fertilizantes e cigarros (ATSDR, 2012; JARUP et al., 1998;
2009; MENDEZ-ARMENTA et al., 2007). Assim este metal possui grande interesse
clinico, porque é quimicamente muito reativo, tem uma grande solubilidade em agua,
um elevado tempo de meia-vida biologica (10-30 anos) e a sua toxicidade € dificil de
tratamento (JARUP & AKESSON, 2009).

Estudos demonstram que o Cd possui trés principais formas de exposi¢cao aos
humanos: cutanea, pulmonar e gastrointestinal. A absor¢do dérmica de Cd € lenta,
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porém niveis de Cd podem atingir 8 a 12% (GODT et al., 2006; JARUP et al., 1998).
Jé a via de absor¢do pulmonar de Cd é cerca de 40 a 60% do total de Cd inalado.
Assim, durante a exposi¢cao ocupacional, onde o Cd é liberado no ar pelas industrias
gue empregam processos térmicos, por exemplo, na producao de ferro e queima de
combustiveis fésseis, o Cd inalado torna-se particularmente perigoso.

Além destas, temos a exposicdo gastrintestinal, que apesar de ter uma
absorcéo baixa, cerca de 5 a 8%, essa via se destaca, pois o Cd entra em contato
com quase todos os alimentos devido a contaminacdo das aguas e dos solos, uma
vez que os produtos contendo Cd séo langados juntamente com o lixo doméstico ao
meio ambiente, aplicados em fertilizantes, utilizados na adubacdo, o que promove
uma bioacumulacéo deste metal na cadeia alimentar atingindo a populacdo em geral
(ndo ocupacional e nao fumante) (GODT et al.,, 2006; JARUP et al., 1998;
SATARUG & MOORE, 2004; WESTER et al., 1992). Fato este ocorrido na década
de 50, antes e durante a Segunda Guerra Mundial em Fuchu, Japdo, onde as
pessoas que se alimentavam de arroz irrigado pelas &guas do rio Jinzu
contaminadas por Cd, apresentavam deformidades Osseas graves e insuficiéncia
renal crbnica. Essa doenca foi conhecida pelo nome de ltai-Itai (ai-ai), devido a dor
sentida pela fratura do osso (JARUP & AKESSON, 2009; NORDERG, 2004).

Sabe-se que a via de contaminacdo, dose, forma quimica, duracdo da
exposicao, a idade, o estilo de vida, bem como a nutricdo das pessoas podem afetar
0os niveis de Cd absorvidos, uma dieta pobre em calcio, ferro ou proteinas
aumentada a absorcao deste metal, por exemplo, as mulheres apresentam niveis
sanguineos de Cd absorvidos maiores do que os homens devido aos baixos niveis
de ferro perdidos durante a menstruacdo (BERGLUND,1994; REEVES & CHANEY,
2008; ZALUPS & AHMAD, 2003). A exposicado ao Cd através dos alimentos ocorre
principalmente pelos mariscos, tais como mexilhdes, vieiras e ostras podendo atingir
valores entre 100 e 1000 ug/kg, enquanto as sementes podem atingir valores na
faixa de 10 a 150 ug/kg de Cd. A carne, o peixe e os frutos podem conter entre 1 e
50 pg/kg, onde as maiores concentragfes estdo no figado e rins destes animais. A
ingestdo semanal toleravel deste metal € de 7 pg/kg de peso corporal, valor
estabelecido pela Organizacdo Mundial da Saude (OMS) (WHO, 1992; GOYER,
1996).

Apés sua absorcdo, o Cd é transportado no sangue ligado a proteinas de

elevado peso molecular, em particular a albumina plasmatica. No figado, o Cd é
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excretado na bile ligado a glutationa. Uma exposicao baixa e constante ao Cd tem
uma excrec¢ao urindria pequena e constante. Porém, quando ocorre uma exposi¢ao
mais prolongada, além de ter maiores concentracfes de Cd excretados na urina,
através da qual dosamos e determinamos a sua intoxicacdo, este metal tambéem
induz a sintese de metalotioneinas (MT) e é armazenado como o complexo Cd-MT,
que pode ser transportado através do sangue e redistribuido para varios tecidos e
orgaos (JARUP et al., 1998; KLAASSEN et al., 2001; TOHYAMA & SHAIKH, 1981).

O complexo Cd-MT também pode ser filtrado no glomérulo e reabsorvidos nos
tubulos renais, acumulando-se nos lisossomos do cortex renal. Este complexo €,
entdo, degradado e os ions de Cd liberados se ligam as MT renais. Quando a
guantidade de Cd presente no cortex renal excede a capacidade de ligacdo as MT,
este Cd nédo ligado a MT, pode induzir toxicidade renal (Figura 1) (GOYER
et al.,1995a; JARUP et al., 1998; ZALUPS & AHMAD, 2003).

BILE [ miianeamiamn)| PLASMA
CELULA HEPATICA

I

— G l

CoGSH~<CH-Ca GSH |
I

l

FLUIDO (e
TUBULAR CELULA RENAL

TUBULAR

Sitio
sensivel

para Urina
NMEMBRANA
GLOMERULAR

Figura 1 — Esquema representativo do metabolismo do Cd através do organismo e o
papel das metalotioneinas na acumulagéo do Cd no figado e nos rins.

Alb = albumina; aa = aminoéacidos; Cd = cadmio; GSH = glutationa; MT = metalotioneinas.
Fonte: Adaptado de Jarup et al., (1998).
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Sendo assim, além de induzir, primariamente, toxicidade aguda hepatica e
toxicidade crénica renal, o Cd pode afetar varios érgaos e tecidos como, sangue,
pulmdes, ovarios, 0ssos, testiculos e, inclusive, o cérebro (BORGES et al., 2008;
CHEN et al., 2009; LUCHESE et al., 2007; RIKANS & YAMANO, 2000; SANTOS
et al.,, 2005 a, b), porém os mecanismos de toxicidade do Cd ainda ndo estdo bem
estabelecidos. Acredita-se que esses efeitos séo, provavelmente, devido ao estresse
oxidativo, um desequilibrio entre a producdo e a remocao de espécies reativas ao
oxigénio (ERO), pois o Cd pode agir sobre as enzimas de defesa antioxidante como
a catalase, a superoxido dismutase, a glutationa redutase e a glutationa peroxidase.
Logo, os niveis aumentados desse metal e de ERO podem ocasionar a oxidacéo de
acidos nucléicos, proteinas e também lipidios, conduzindo a alteracdes tanto na
estrutura quanto nas funcdes celulares, um exemplo € perda na fluidez e alteracdes
na funcdo da membrana (Figura 2) (GONCALVES et al., 2007, 2009; HALLIWELL &
GUTTERIDGE, 2007).

Figura 2 — Danos oxidativo causados por espécies reativas em macromoléculas
biolégicas.

Fonte: Torres, (2003).

O cérebro possui uma ampla susceptibilidade a lipoperoxidacdo, devido ao
elevado fornecimento de acidos graxos poli-insaturados e alta utilizacdo de oxigénio
(CALABRESE et al.,, 2000), mas apesar do sistema nervoso central (SNC) ser
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protegido de muitas substancias toxicas pela barreira hematoencefélica (BHE),
pequenas quantidades de Cd podem chegar a ele. Essa neurotoxicidade causada
pelo Cd tem sido bem demonstrada em modelos animais (ABDALLA et al., 2013,
GONCALVES et al.,, 2013; VIAENE et al.,, 2000), onde relata-se mudancas
comportamentais e danos sobre diversas regides do SNC, com perda de memodria e
aumento da ansiedade e agressividade (GONCALVES et al.,, 2012; MENDEZ-
ARMENTA & RIOS, 2007; MINAMI et al., 2001). Estudos demonstram que o Cd
pode causar neurotoxicidade por promover tanto uma diminuicdo na liberacdo de
neurotransmissores excitatérios (glutamato e aspartato), quanto um aumento na
liberacdo de neurotransmissores inibitérios (glicina e GABA). Os metais pesados
também causam uma deficiéncia na absorcdo de neurotransmissores e de energia,
pois afetam as mitocondrias bem com a sintese e a utilizacdo de ATP (MINAMI
etal., 2001; RAJANNA et al.,, 1990). Sabe-se que sinaptossomas s&0 sacos
membranosos artificiais, obtidos a partir de fracbes homogéneas de vesiculas
sinapticas, que contém componentes sinapticos, como grande quantidade de
mitocondrias que promovem producdo de ATP. Assim, fatores que afetem
negativamente a capacidade das mitocondrias de gerar ATP, provavelmente,
provocardo consequéncias negativas para o desenvolvimento e fungéo cerebral (BAI
& WITZMANN, 2007; MILLAR et al., 2005).

Além da acdo neurotdxica, muitos estudos tém documentado os efeitos
imunossupressores do Cd (KOLLER et al.,1998; PILLET et al., 2006). Acredita-se
gue este metal induza alteracdes nas respostas imunes humoral e celular, afetando
os linfocitos B e T, e macrofagos, bem como as citocinas que sao mediadores de
reacOes inflamatdrias e imunes. As citocinas regulam fortemente a proliferacéo,
maturacgédo, diferenciacdo, funcdes, e a apoptose em células do sistema imunolégico,
assim quando secretadas excessivamente causam a disfungdes das células
imunoldgicas (MONIUSZKO-JAKONIUK et al., 2009). Muitos trabalhos evidenciaram
que a administracdo de Cd em ratos promoveu elevacao nas citocinas sericas como
as interleucinas 1 (IL-1), 6 (IL-6) e 8 (IL-8), fator de necrose tumoral-a (TNF- a) e
interferon-y, promovendo assim um efeito imunotéxico (EL-BOSHY et al., 2014,
KATARANOVSKI et al., 1998, 2009; MARIT et al., 2010; SZUSTER-CIESIELSKA
et al., 2000).

Dentre os sistemas enzimaticos que estdo envolvidos em respostas imunes e

neuromoduladoras destacam-se o0s sistemas purinérgico e colinérgico. O sistema
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purinérgico é composto principalmente pelos nucleotideos extracelulares de
adenina, adenosina trifosfato (ATP), adenosina difosfato (ADP), adenosina
monofosfato (AMP) e o nucleosideo adenosina (Figura 3), consideradas moléculas
sinalizadoras, que sdo capazes de modular uma variedade de processos biolégicos
(ILLES & RIBEIRO, 2004; ZIMMERMANN, 2001). Estas moléculas sao
constitutivamente secretadas em concentracdes muito baixas (micromolares), nos
fluidos extracelulares a partir das células, havendo uma extensa discussdo em torno
das vias celulares envolvidas na sua liberacdo, uma vez que o exato mecanismo nao
€ bem estabelecido. Sabe-se, contudo, que as concentracdes desses nucleotideos
no meio exterior ao da célula séo influenciadas por varios fatores, como a secrecéo
e/ou lise celulares, permeabilidade seletiva da membrana plasmatica, exocitose das
vesiculas secretoras, efeito da diluicdo no espaco extracelular e pela acao catalitica
das ecto-nucleotidases (MALMSJO et al., 2000; RATHBONE et al., 1999).

NH,
N%IN\> Adenina
N

N N

O— O 0-— Ribose
|
HO-P-O-P-O-P HO OH

Adenosina 5’-monofosfato (AMP)

Adenosina 5’-difosfato (ADP)

~

Adenosina 5’-trifosfato (ATP)

Figura 3 — Estrutura dos nucleotideos e nucleosideos de adenina.

Fonte: Adaptado de (http://www.benbest.com/cryonics/ischemia.html).

O ATP possui uma variedade de papéis fisiologicos em diversos tipos
celulares, além de ser uma molécula altamente energética € considerado um
importante neurotransmissor excitatorio nas sinapses nervosas purinérgicas e

neuromodulador, sendo liberado juntamente com outros neurotransmissores como 0
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glutamato, a noradrenalina e acetilcolina (ACh) através das vesiculas pré-sinapticas
dependentes de célcio (BURNSTOCK, 2006; ILLES & RIBEIRO, 2004). Além disso,
o ATP e o ADP atuam como substancias ativadoras e reguladoras dos processos
tromboembdlicos desencadeados pelas plaquetas. Concentracées micromolares de
ADP sdao suficientes para induzir a agregacédo plaquetéria. O ATP por agir como uma
molécula proé-inflamatoéria, dependendo do receptor purinérgico utilizado, assim
estimulando a proliferacdo de linfécitos e sendo essencial para a liberacdo de
citocinas, também é um inibidor competitivo das acdes mediadas pelo ADP, embora
evidéncias indiguem a existéncia de mecanismos nao competitivos e demonstrem
que o ATP em altas ou baixas concentracées modula diferentemente a agregacao
plaquetéria, ou seja, em baixas concentracdes ele induz a agregacao, enquanto que
em altas concentracdes ele provoca a inibicdo desse fenémeno (BLACKBURN et al.,
2005). Por outro lado, a adenosina possui propriedades vasodilatadoras, por
modular o tbnus vascular e inibir a agregacdo plaquetaria; anti-inflamatorias e
imunossupressoras, por inibir a proliferacdo de células T e a liberacdo de citocinas
pré-inflamatérias (GESSI et al.,, 2007), e ainda € capaz de regular a liberacdo de
varios neurotransmissores, agindo tanto pré quanto pos-sinapticamente, o que pode
prevenir uma excitotoxicidade, causando uma neuroprotecdo (BURNSTOCK &
KNIGHT, 2004; CUNHA, 2001; SCHETINGER et al., 2007; YEGUTKIN, 2008;
ZIMMERMANN et al., 2001).

Os nucleotideos e seus metabdlitos, uma vez presentes no meio extracelular,
desempenham sua acéo pela ligagdo aos receptores de adenosina (receptores P1) e
receptores P2 expressos na superficie das células, imunes e neurais (Figura 4). Os
receptores P2X (ionotrdpicos), que sao especificos para o ATP, sdo caracterizados
por serem acoplados a canais i6nicos e apresentarem seus dominios carboxi e
amino terminal voltados para o0 meio intracelular, sendo que sete subtipos deste
receptor ja foram descritos (P2X1-7). Os receptores P2Y (metabotropicos) sao
receptores acoplados a proteina G e 14 subtipos deste receptor foram identificados
(P2Y1-14). Os receptores P2Y1, P2Y11, P2Y12 e P2Y13 respondem principalmente
aos nucleotideos de adenina, ATP e ADP (BURNSTOCK & KNIGHT, 2004,
FURSTENAU et al., 2006). A adenosina, por sua vez, medeia seus efeitos através
de receptores de adenosina acoplados a proteina-G. Existem quatro tipos de
receptores: A2A, A2B, Al e A2, os quais sdo proteinas transmembrana acopladas a
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proteina G, os dois primeiros ativam a adenilato ciclase, enquanto os ultimos a
inibem (BLACKBURN et al. 2005; RALEVIC & BURNSTOCK, 1998).

NTPDase NTPDase 5'- nucleotidase

Yy 4 <

P2X1.7 P2Y12.4.6,11,12,13.14 A12A2B.3

Figura 4 — Vias de sinalizacdo purinérgica. Sinalizacdo mediada por nucleotideos
através de receptores P2X e P2Y. O nucleosideo gerado, adenosina, age em quatro
receptores proprios acoplados a proteina G.

Fonte: Yegutkin (2008).

ApoOs exercerem seus efeitos, 0s nucleotideos e nucleosideos sé&o
rapidamente inativados por meio de uma ampla classe de proteinas cataliticas, as
ectonucleotidases, que promovem a sua degradacgao, para assim manter seus niveis
extracelulares em concentracdes fisiolégicas (BURNSTOCK & KNIGHT, 2004
SCHETINGER et al., 2007; YEGUTKIN, 2008; ZIMMERMANN, 2001).

As ectonucleotidases sdo um complexo multienzimatico, onde diferentes
familias de ectoenzimas trabalham de forma orquestrada. Nesse processo se
destacam as enzimas ecto-nucleosideo trifosfato-difosfoidrolase (E-NTPDase), ecto-
nucleosideo pirofosfatase/fosfodiesterase (E-NPP), ecto-5-nucleotidase e as
fosfatases alcalinas (Figura 5). Atuando em conjunto, estas ectoenzimas formam
uma cadeia enzimética que tem inicio com a acdo da E-NTPDase, que hidrolisam o
ATP e o ADP formando AMP. Ja enzima 5’-nucleotidase catalise a hidrélise do AMP
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em adenosina. Além disso, adenosina é hidrolisada irreversivelmente pela enzima
adenosina desaminase (ADA) em inosina (ZIMMERMANN et al., 2007).

Ectonucleotidases

Fosfatase Ecto 5’-

NTPDase 1.2. 3.8 NTPDase 5.6 NPP 1.3 | alcalina nucleotidase

i ﬁ?%??%?@@?%%@?%%

Figura 5 — Estrutura das diferentes familias de enzimas que compdem o grupo das
ectonucleotidases.

Fonte: Adaptado (http://www.crri.ca/sevigny.html).

As enzimas E-NTPDase e ecto-5’-nucleotidase, as quais sao expressas sobre
a superficie de células como, neurdnios, plaquetas e linfocitos, estdo sendo muito
estudadas, uma vez que suas atividades estdo modificadas em processos
patolégicos e toxicoldogicos como cancer de mama e pulmao, diabetes, além de
intoxicagdo por Cd (ABDALLA et al.,, 2013; ARAUJO et al.,, 2005; GONCALVES
et al., 2012, 2013; LUNKES et al., 2003; ZANINI et al., 2013).

As E-NTPDases sao uma familia de enzimas amplamente distribuidas na
natureza, que estdo ancoradas a membrana plasmatica via dominios hidrofébicos,
com o sitio ativo voltado para o meio extracelular. Essa classe de enzimas é
dependente dos cations divalentes para exercer sua atividade catalitica 6tima e
apresentam grande similaridade na sua sequéncia de aminoacidos, particularmente

nas 5 regidbes denominadas regibes conservadas da apirase (ACRs), o que
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caracteriza esse conjunto de enzimas e que sdo muito relevantes para sua atividade
catalitica (ROBSON et al., 2006; ZIMMERMANN, 2001). J& foram identificados oito
membros nomeados de NTPDase (1-8) que diferem quanto a especificidade por
substratos, distribuicéo tecidual e localizacao celular (Figura 6) (BIGONNESSE et al.,
2004; SHI et al., 2001; ZIMMERMANN, 2001).

NTPDase8 ‘g o
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NTPDase3
m (NTP>NDP)
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h
NTPDased4
(UDP=>GDP=>CDP)

Fu .
NTPDase5 m
e AL m g

Figura 6 — Estrutura das enzimas da familia NTPDase (1- 8).
Fonte: Adaptado de Robson et al., (2006).

As NTPDase 1, 2, 3 e 8 estdo localizadas na membrana celular e estao
ligadas a ela por dois dominios transmembrana N e C-terminal citoplasmatico, com
seu sitio catalitico voltado para o meio extracelular, sendo as principais
metabolizadoras de nucleotideos no meio extracelular. Aléem disso, a NTPDase 1,
hidrolisa tanto ATP quanto ADP na mesma propor¢cao, NTPDase 3 e 8 possuem
maior afinidade pelo ATP, sendo classificadas como ecto-ATPases. As NTPDase 4,
5, 6 e 7 exibem localizacgéao intracelular (ROBSON et al., 2006).

A NTPDase-1 (E.C 3.6.1.5, apirase, CD39) foi a primeira enzima da familia
NTPDase a ser descrita, originalmente classificada como ATP fosfoidrolase foi

revelada apenas na metade dos anos 90. Esta enzima hidrolisa os nucleotideo tri e
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difosfatados na presenca de ions Ca®* e Mg®, sendo amplamente distribuida no
encéfalo de ratos, encontrando-se presente em neurdnios de cOrtex cerebral,
hipocampo, cerebelo, células gliais e células endoteliais (ZIGANSHIN et al., 1994;
ZIMMERMANN, 2001).

Além das E-NTPD ases, as enzimas ecto-5-nucleotidase (E.C. 3.1.3.5, CD73)
também sdo encontradas em muitos tecidos e érgdos como rins, figado, pulméo,
endotélio vascular, plaquetas e células do sistema imune, inclusive no SNC, onde
desempenham importantes funcbes, como a neuromodulacdo e neuroprotecao
(COLGAN et al., 2006; DUNWIDDIE & MASINO, 2001; ZIMMERMANN et al., 1998;).
Ja foram isoladas e caracterizadas sete sub-tipos desta ectoenzima em humanos,
sendo responsaveis por catalisar a hidrélise de varios nucleotideos 5'-
monofosfatados como CMP, IMP, UMP, GMP e AMP a seus respectivos
nucleosideos, porém é mais eficientemente ao hidrolisar AMP, sendo por isto
considerada a principal enzima responsavel pela formacdo de adenosina
(ZIMMERMANN et al., 1998; 2001).

A ecto-5’-nucleotidase é uma glicoproteina ligada a membrana via um
glicosilfosfatidilinositol (GPI) com seu sitio catalitico voltado para o meio extracelular,
podendo ter localizagdo subcelular, sendo cinco delas localizadas no citosol, uma na
matriz mitocondrial e uma anexada a membrana plasmatica externa (Figura 7)
(ZIMMERMANN, 2001).

Ecto-5 -
Muclaeotidasa

(HH
((\3

Figura 7 — Estrutura da ecto-5’-nucleotidase ancorada a membrana.
Fonte: Adaptado de Zimmermann (2001).
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Logo, as ectonucleotidases estdo envolvidas em inumeras funcdes
fisiolégicas, uma vez regulam a concentracdo extracelular dos nucleotideos e do
nucleosideo de adenina, os quais modulam uma variedade de efeitos teciduais,
mencionados anteriormente. Estudos mostram o envolvimento destas enzimas em
vérias doencas e processos de intoxicacdo 0 que sugere que elas poderiam ser
importantes parametros fisioldgicos e patolégicos na exposicdo ao Cd (ABDALLA
et al., 2013; GONCALVES et al., 2010, 2012a, b; GUTIERRES et al., 2012; JAQUES
etal., 2011, 2012; MAZZANTI et al., 2009; SCHMATZ et al., 2009).

Além do sistema purinérgico, efeitos nocivos da exposicdo do Cd sobre o
sistema colinérgico tém sido relatados. Alguns estudos sobre toxicidade do Cd
associaram perturbacfes comportamentais com a nheurotransmissao colinérgica,
sendo que o sistema colinérgico € uma das mais importantes vias modulatérias dos
SNC e periférico (GONCALVES et al., 2010, 2012; PARI & MURUGAVEL, 2007).

O sistema colinérgico é composto pelo neurotransmissor ACh o qual foi o
primeiro a ser identificado nas sinapses cerebrais (Figura 8). A ACh é sintetizada na
juncao neuroefetora e ganglionar pela enzima colina aciltransferase (ChAT; EC
2.3.1.6), a partir do acetil-CoA, um produto do metabolismo celular, e da colina, um
importante produto do metabolismo dos lipideos da dieta (PRADO et al., 2002;
RANG et al., 2004; SOREQ & SEIDMAN, 2001). A etapa final da sua sintese ocorre
no citoplasma onde a ACh é transportada para o interior de vesiculas pré-sinapticas
pelo transportador vesicular da ACh (TAChV), onde permanece até que ocorra um
potencial de acdo no terminal nervoso e desencadeie sua liberacdo por exocitose
num mecanismo Ca®*-dependente, difundindo-a assim na fenda sinéptica (SOREQ &
SEIDMAN, 2001).

Ao ser liberada na fenda sinaptica, a ACh ativa receptores especificos de ACh
posicionados nas células poés-sinapticas, através dos quais seus efeitos,
principalmente excitatorios, sdo efetivados. Esses receptores sdo designados como
receptores colinérgicos e, subdivididos em dois grandes grupos: muscarinicos e
nicotinicos, que transmitem os sinais por mecanismos diferentes. Os receptores
muscarinicos agem via ativacdo de proteinas G e possuem ACh e a muscarina
como agonista. Sao divididos em cinco subtipos (M1-M5), sendo que 0s receptores
M1 e M2 estdo presentes em neurdnios do sistema nervoso central e periférico e em
outros tecidos ganglionares (SARTER & PARIKH, 2005; SOREQ & SEIDMAN,

2001). Ja os receptores nicotinicos atuam como canais idnicos regulados por ligante,
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possuem a ACh e a nicotina como agonistas. Estes receptores sdo compostos por
cinco subunidades conhecidas por al, a2, B, y e O e localizam-se,
predominantemente, nas sinapses ganglionares (UNGLESS & CRAGG, 2006).

Apoés exercer sua acdo, a ACh € hidrolisada em acetato e colina na fenda
sinptica pelas enzimas colinesterases. A colina € recaptada pelo transportador de
colina para o terminal pré-sinaptico onde podera ser reutilizada na sintese de novas
moléculas de ACh (MESULAM, et al., 2002).

eurdnio pre-sinaptico

ChAT Acetil-CoA
ACh = +Colina

Transportador
de colina

Colina

» + acetato
_;
ACh

iNs(1,4,5PF —>ca?* 4
DAG —>PKC+
Neurdnio pés-sinaptico

oach (Fm1 H)m2 iAChE-S OvAChT

Figura 8 — Esquema de uma sinapse colinérgica.

ACh = acetilcolina; M1 = receptor muscarinico tipol; M2 = receptor muscarinico tipo 2; VAChT
= transportador de ACh vesicular.
Fonte: Adaptado de Soreq & Seidman (2001).

As colinesterases sdo enzimas importantes na neurotransmissao colinérgica,
pois possuem fungBes como hidrélise e detoxificagdo de xenobidticos. A
acetilcolinesterase ou colinesterase verdadeira (AChE; E.C. 3.1.1.7) e a
butirilcolinesterase ou pseudocolinesterase (BChE; E.C. 3.1.1.8) sdo os dois tipos

de colinesterases, as quais sdo classificadas de acordo com as suas propriedades
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cataliticas e especificidade a substratos, sensibilidade a inibidores e distribuicéo
tecidual (COKUGRAS, 2003). A AChE hidrolisa preferencialmente ésteres com
grupamento acetil, como a ACh e, a BUChE hidrolisa outros tipos de ésteres como a
butirilcolina. A AChE é encontrada no cérebro, juncdo neuromuscular, eritrocitos e
linfécitos, sendo 10 vezes mais abundante que a BUChE. Por outro lado, a BUChE é
encontrada no plasma, rins, figado, intestino, pulmdo e tem uma distribuicdo
neuronal muito mais restrita que a AChE (MESULAM et al., 2002).

Dentre todos estes componentes do sistema colinérgico, daremos énfase a
AChE, uma vez é uma enzima amplamente pesquisada devido a sua grande
importancia fisiolégica em patologias neurodegenarativas, além de estar envolvida
na intoxicacao por organofosforados (MEHTA et al., 2012; SIKORA et al., 2011).

Além disso, estudos em modelos animais e humanos encontraram uma
associacdo da intoxicagdo por Cd com distarbios comportamentais e
neurotransmissao colinérgica, uma vez que ocorreu um aumento ou uma diminuicdo
na atividade da AChE ap6s a exposicdo ao Cd (GONCALVES et al., 2010, 2012b;
PARI E MURUGAVEL, 2007).

A AChE é uma enzima que atua no controle hidrélise e da inativacdo da ACh,
modulando a concentracdo de ACh tanto na sinapse colinérgica quanto na juncao
neuromuscular, tendo assim um papel regulatério na neurotransmisséo colinérgica
(COKUGRAS, 2003; SOREQ & SEIDMAN, 2001). Esta glicoproteina existe em duas
formas moleculares: globular (G1, G2 e G4) e assimétrica (A4, A8 e A12), as quais
dependem conformacéo espacial. A forma globular apresenta-se como mondémeros
(G1), dimeros (G2) e tetrameros (G4) de subunidades cataliticas em uma montagem
homomeérica. Estas podem ser sollveis ou ancoradas a membrana por sequéncias
de aminoacidos hidrofébicos. A forma G4 € mais predominante no tecido nervoso,
mas também pode ser encontrada no plasma, a forma G2 € mais encontrada nos
eritrocitos (ALDUNATE et al., 2004; DAS et al., 2001; RAKONCZAY et al., 2005). Ja
a forma assimétrica apresenta-se em uma montagem heteromérica das subunidades
estrutural e catalitica, onde um (A4), dois (A8) e trés (Al2) tetrameros cataliticos
estdo ligados através de pontes dissulfeto a uma subunidade estrutural colagénica
chamada Q (ColQ), resultando nas formas estruturais assimétricas. Estédo
associadas a lamina basal, sendo mais abundantes na jungdo neuromuscular
(Figura 9) (ALDUNATE et al., 2004).
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Figura 9 — Isoformas da enzima AChE. Estrutura assimétrica (A12) e molecular (G1,
G2 e G4) da AChE.

Fonte: http://www.chemistry.emory.edu/ach_inactivation.htm.

O sitio ativo da AChE é encontrado no interior de um estreitamento
semelhante a uma garganta (gorge) de profundidade de 20 A°, alinhado com
residuos hidrofébicos, os quais parecem ser importantes na orientacdo do substrato
ao sitio ativo (JOHNSON & MOORE, 1999). Este sitio ativo contém dois subsitios de
ligacdo, um sitio esterasico, no qual esta localizado uma triade catalitica formada por
serina (Ser-203), histidina (His-447) e glutamato (Glu-334) e o qual aloja o
grupamento éster e carbonila da ACh. Ja o outro é carregado negativamente ou
anibnico, ao qual a cadeia de nitrogénio quaternario da ACh carregada
positivamente se liga (DVIR et al., 2010; TAYLOR & BROWN, 1999).

Um segundo sitio anidnico na borda ou superficie do gorge, cerca de 14 A° do
sitio ativo, ficou conhecido como sitio aniénico periférico (peripheral anionic site-
PAS), foi proposto com base na ligacdo de compostos bis-quaternarios. Acredita-se
gue este sitio possa estar envolvido na reacédo de determinados inibidores da enzima
ou ainda na inibicdo por excesso de substrato (Figura 10) (NUNES-TAVARES et al.,
2002; SILMAN & SUSSMAN, 2008).
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Figura 10 — A) Sitio esterasico contendo a triade catalitica, externamente o sitio
anibénico periférico (PAS). B) Interacdo do substrato (ACh) com o sitio esterasico da
AChE.

Fonte: Adaptado de Soreq & Seidman (2001) e adaptado de Patrick (2001).

Na catalise enzimatica duas areas séo importantes: a regido onde a ACh se
liga a AChE por ligacdo ibnica a um residuo de aspartato ou glutamato e a ligacéo
do hidrogénio ao residuo de tirosina. A outra regido é responsavel pelo mecanismo
de hidrélise do substrato ACh, composta pelos aminoacidos serina e histidina. A
AChE é uma serina hidrolase, seu mecanismo catalitico assemelha-se ao de outras
hidrolases, sendo a primeira etapa a ligacdo da ACh ao residuo de serina no sitio
ativo da enzima, formando o intermediario tetraédrico, acetil-AChE, com a liberacdo
concomitante da colina. Em sequéncia, ha a hidrélise deste intermediario liberando
acetato, e permitindo o “turnover” da enzima (SOREQ & SEIDMAN, 2001). Esse
processo € muito eficiente devido a proximidade do nucledfilo serina e a catalise
acido/basica da histidina, sendo que uma molécula da ACh € hidrolisada em 100
microssegundos (PATRICK, 2001; SILMAN & SUSSMAN, 2005).

Além da AChE presente nos neurdnios, verificou-se que essa enzima esta
presente em outras células como: linfocitos, eritrocitos e células endoteliais,
desempenhando multiplas fun¢cbes, uma vez que o sistema colinérgico abrange todo
o organismo (KAWASHIMA et al., 2007; NEUMAN et al., 2007). J& foi verificada a

acao desta enzima na adeséo celular, no crescimento dos neuritos, na regulacao
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estrutural da diferenciagdo pds-sinaptica e na osteogénese (DAY & GREENFIEL,
2002; JONHSON & MOORE, 1999; SOREQ & SEIDMAN, 2001).

A AChE eritrocitaria, parece estar relacionada a diferenciacdo hematopoiética,
além de estudos indicarem ser uma boa marcadora da integridade e estado
funcional da membrana. No sangue, a ACh pode regular vérias funcdes fisioldgicas
incluindo modulacdo do sistema imune, sendo uma via “colinérgica anti-inflamatoria”,
inibindo a producdo de fator de necrose tumoral (TNF), interleucina-1 (IL-1) e
suprimindo a ativacdo da expressdo do fator nuclear kappa-B (NF-kB)
(BOROVIKOVA et al., 2000; RAO et al., 2007; ROSAS-BALLINA & TRACEY, 2009).
Assim, um aumento na atividade AChE poderia levar a diminuicdo dos niveis de
ACh, reduzindo seus efeitos anti-inflamatorios, devido a auséncia do controle de
feedback negativo exercido por essa molécula (RAO et al., 2007). Dessa forma, €
concebivel que a atividade dessas enzimas seja reguladora intrinseca da inflamacgéo
(DAS, 2007; ROSAS-BALLINA & TRACEY, 2009).

Apesar de todos esses danos causados pela exposicdo ao Cd, ainda néo
existem terapias especificas contra esse tipo de intoxicacdo. O uso de agentes
quelantes tem sido a base do tratamento médico de intoxicacdes por metais toxicos.
Desde a década de 40, estes compostos atuam aumentando a excrecdo destes
elementos, diminuindo a toxicidade por prevenir a ligacdo destes a moléculas
celulares alvo (DOMINGO, 1995). O &cido 2,3-dimercapto-1- propanosulfénico
(DMPS), o acido meso-2,3-dimercaptosuccinico (DMSA) sdo compostos utilizados
nas intoxicacbes agudas e crbnicas, reduzindo a mortalidade, porém gerando
inumeros efeitos secundarios nocivos (DOMINGO, 1995; GOYER et al.,1995b;
LUCHESE et al., 2007).

Os compostos naturais vém ganhando preferéncia no tratamento de diversas
doencas e tém sido amplamente pesquisados, pelo fato de serem, na maioria das
vezes, mais seguros e possuirem menos efeitos colaterais e associativos. Neste
contexto, acredita-se que a utilizacdo de antioxidantes, seria uma alternativa eficaz
na tentativa de prevenir ou minimizar os efeitos da intoxicagéo por Cd (PANDE et al.,
2001; TANDON et al., 2003).

A curcumina, quimicamente conhecida como diferuloilmetano, € o principal
curcumindide derivado do rizoma da planta conhecida como curcuma (Curcuma
longa Linn) e pertencente a familia Zingiberaceae e contém de 70 a 76% de

curcumina. Esta planta € do tipo herbacea e perene, conhecida como acafréo, sendo
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originaria do sudeste da Asia, mais precisamente das encostas de morros das
florestas tropicais da India, a planta foi introduzida no Brasil e é cultivada ou
encontrada como subespontanea em varios estados (AGRAWAL et al., 2010; FILHO
et al., 2000; KUMAR et al., 2009)

P
d \ V
Curcuma Longa Rizoma Curcumina em po
(ACAFRAO)

Figura 11 — Formas que a curcumina pode ser encontrada.
Fonte: Adaptado de Aggarwal et al., (2010).

Este polifenol, ndo-flavondide, hidrofébico é um pigmento amarelo alaranjado,
usado por milhares de anos como corante e condimento nos alimentos, em paises
como a India e a China. Por ser um composto natural, de baixo custo e de baixo
efeito colateral, a curcumina também é muito usada na medicina tradicional indiana,
"Ayurveda", pois possui inUmeras propriedades farmacolégicas e biolégicas, como
antivirais, antifungicas, anti-cancerigenas, além de ser anti-inflamatéria e ter um
grande potencial antioxidante (AGRAWAL et al., 2010; AMMOM & WAHL, 1991,
COLE et al., 2007; GANGULI et al., 2000; KUMAR et al., 2009).

A curcumina possui um caracter altamente lipofilico e, por isso, tem a
capacidade de atravessar a BHE, aumentando a sua disposi¢cdo no cérebro (YANG
et al., 2005; ISHRAT et al.,, 2009). Varios estudos tém demonstrado que a
suplementacdo de curcumina exibe um papel neuroprotector, devido a sua acéo
antioxidante (KUHAD et al., 2006, 2007). Acredita-se que o potencial antioxidante da
curcumina seja atribuido a sua estrutura quimica (1,7-bis (4-hidroxi-3-metoxifenil)-
1,6-heptadieno-3,5-diona) conter grupos hidroxilas nas posi¢cbes orto, anéis
aromaticos e da funcionalidade beta-dicetona, sendo a curcumina uma candidata ao
tratamento de disfungbes neurodegenerativas (AGGARWAL & SUNG, 2009;
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DINKOVA-KOSTOVA & TALALAY, 1999; GARCIA-ALLOZA et al., 2007; KAPOOR &
PRIYADARSINI, 2001; SETHI et al., 2009; YANG et al., 2005; ZHAO et al., 2008).

H,CO

HO Curcumina

Figura 12 — Estrutura quimica da curcumina.
Fonte: Adaptado de Ishrat et al., (2009).

Além disso, experimentos recentes tém demonstrado que a curcumina tem
efeito protetor contra muitas substancias toxicas em cobais e humanos, ja que este
composto atenuou significativamente os efeitos neurotdxicos como: disfuncdes
colinérgicas e déficits cognitivos associados ao estresse oxidativo, causados por
metais como aluminio, chumbo e cadmio (DAIRAM et al., 2007; DANIEL et al., 2004;
JAQUES et al.,, 2011, 2012; SETHI et al., 2009; YADAV et al., 2009). Estudos
também evidenciaram que o tratamento com curcumina, preveniu o aumento da
atividade da enzima AChE em ratos diabéticos e em deméncia induzida por
estreptozotocina (KUHAD & CHOPRA, 2007; AGGARWAL et al.,, 2010; KUMAR
etal. 2011).

A curcumina também apresenta propriedades anti-inflamatorias, pois é capaz
de modular diversos fatores de transcricdo e a expressao de diversos fatores
inflamatorios, citocinas e moléculas de adesdo (AGGARWAL et al., 2010). Também
foi verificado que este composto natural foi eficaz em prevenir alteracdes na
atividade da E-NTPDase em linfocitos periféricos usando ATP ou ADP como
substrato em ratos expostos a fumaca de cigarro (JAQUES et al., 2011).

Sendo assim, acredita-se que a suplementacéo de curcumina seria uma forte

candidata no combate a disfuncdes causadas pela intoxicagéo por Cd devido a sua


http://www.sciencedirect.com/science/article/pii/S0924977X09000492
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propriedade “scavenger” de ERO e de se ligar a ions metalicos (COLE et al., 2007,
KAPOOR & PRIYADARDINI, 2001; SINHA, 2003).

Neste contexto, baseando-se nos efeitos toxicos do Cd e estando este metal
amplamente presente no ambiente, sS40 necessarias pesquisas da sua acao
toxicolégica sobre os organismos, uma vez que estes mecanismos nao estdo bem
estabelecidos. Além disso, tendo em vista os efeitos protetores, da curcumina torna-
se importante avaliar se este composto natural pode prevenir ou amenizar os efeitos

da intoxicacao por Cd.



2.OBJETIVOS

2.1 Objetivo geral

O objetivo desse trabalho foi investigar os efeitos da intoxicacdo por cadmio
sobre parametros comportamentais e de memoria, bem como na atividade das
enzimas dos sistemas purinérgico e colinérgico, além de determinar os niveis de
peroxidacao lipidica em ratos expostos cronicamente a esse metal e também avaliar

o efeito protetor do antioxidante curcumina nesses animais.

2.2 Objetivos especificos

e Analisar os parametros comportamentais de retencdo de memoria, atividade
locomotora e exploratéria, além de sensibilidade ao choque em ratos controles
e ratos expostos ao Cd e/ou tratados com curcumina,

e Verificar a atividade das enzimas acetilcolinesterase, NTPDase e 5'-
nucleotidase em sinaptossomas de cortex cerebral de ratos controles e de
ratos expostos ao Cd e/ou tratados com curcumina;

e Analisar a atividade da enzima acetilcolinesterase em diferentes estruturas
encefalicas, linfécitos e sangue total de ratos controles e de ratos expostos ao
Cd e/ou tratados com curcuminag;

e Determinar o nivel de peroxidacéo lipidica em estruturas cerebrais de ratos

controles e de ratos expostos ao Cd e/ou tratados com curcumina.



3. MANUSCRITO

3.1 Manuscrito 1:

Curcumina atenua os déficits de memadria e comprometimento da sinalizacao

colinérgica e purinérgica em ratos cronicamente expostos ao cadmio
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Curcumin attenuates memory deficits and the impairment of cholinergic and purinergic

signaling in rats chronically exposed to cadmium
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Abstract

The present study aimed to investigate the influence of curcumin (Curc) on cadmium
(Cd) toxicity by evaluating cognitive performance, acetylcholinesterase (AChE) activity, as
well as hydrolysis of adenine nucleotides and TBARS levels of Cd-intoxicated rats and
treated with Curc. For this purpose, the rats received Cd (1 mg/kg) and Curc (30, 60 or 90
mg/kg) by gavage five days a week for three months. The animals were randomly divided into
eight groups (n=15 per group): saline/oil, saline/Curc 30, saline/Curc 60, saline/Curc 90,
Cd/oil, Cd/Curc 30, Cd/Curc 60 and Cd/Curc 90. The findings show that Cd increased lipid
peroxidation in different brain structures as well as AChE activity in different brain structures,
cerebral cortex synaptosomes, whole blood and Ilymphocytes. In cerebral cortex
synaptosomes, Cd-intoxicated rats showed altered adenine nucleotide hydrolysis. Curc was
able to prevent the effects of Cd on cholinergic and purinergic systems which is interesting
since the regulation of these enzymes could have potential therapeutic importance. The
administration of Curc also prevented memory impairment and lipid peroxidation. Thus, it
highlights the possibility to use Curc as an adjuvant against toxicological conditions caused

for Cd.

Keywords: Acetylcholinesterase; Cd; Curcumin; Ectonucleotidases; Lipid peroxidation;

Memory
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1. Introduction

Cadmium (Cd) is considered one of the most toxic metals, both in relation to
environmental contamination and human poisoning. It is widespread on the environment due
to increased industrial activities such as mining and smelting being found in the manufacture
of batteries, plastics, metal alloys, dyes, soldering, fertilizers and cigarettes (Jarup and
Akesson, 2009; Jarup et al., 1998; Méndez-Armenta and Rios, 2007). This metal is an
element of great clinical interest because it is chemically very reactive, has large solubility in
water, has a long biological half-life, and its toxicity is difficult to treat (Jones and Cherian,
1990).

Cd induces many toxic effects in various organs such as the lungs, ovaries, bones,
testis and especially in the kidneys and liver (Borges et al., 2008; Luchese et al., 2007; Santos
et al., 2005, 2006). Cd is able to cause immunotoxic effects, since cells of immune system are
particularly sensitive to oxidative stress. These effects have been reported on the development
of immune organs, on the differentiation of immune cells, and on specific and nonspecific
immune responses (Dong et al., 2001; Gongalves et al., 2012a; Pathak and Khandelwal,
2009). In addition, although small amounts of this metal reach the brain because of the blood—
brain barrier (BBB), Cd is able to cause cellular dysfunction, altered brain neurochemistry and
also behavioral disturbances such as memory impairment and increased anxiety and
aggression (Gongalves et al., 2010, 2012b; Gutiérrez-Reyes et al., 1998; Méndez-Armenta
and Rios, 2007).

Some studies on Cd toxicity have found an association with behavioral disturbances
and cholinergic and purinergic neurotransmission since an increase or a decrease in the
acetylcholinesterase (AChE, E.C. 3.1.1.7), nucleoside triphosphate diphosphohydrolases
(NTPDase; E.C 3.6.1.5, CD39), and ecto-5’-nucleotidase (E.C. 3.1.3.5, CD73) activity was

verified in both animal models and humans that showed behavioral impairments after
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exposure to Cd (Abdalla et al., 2013; Gongalves et al., 2010, 2012b; 2013; Pari and
Murugavel, 2007).

Moreover, several studies from our laboratory have demonstrated that these enzymes
have important roles in immunomodulation, thromboregulation and neurotransmission, and
alterations in their activities have been observed in various diseases and intoxication
processes suggesting that it could be an important physiological and pathological parameter
(Abdalla et al., 2013; Goncalves et al., 2010, 2012a, b; Gutierres et al., 2012; Jaques et al.,
2011, 2012; Schmatz et al., 2009).

Interestingly, AChE, NTPDase and 5’-nucleotidase enzymes respond to oxidative stress
and increasing evidence suggests that the imbalance between oxidative stress and antioxidant
defenses is related to Cd poisoning (Gongalves et al., 2010, 2012b; Gutierres et al., 2012;
Méndez-Armenta and Rios, 2007). Because of that, it has been extensively researched the use
of antioxidants in an attempt to reverse, prevent or minimize the damage caused by Cd
(Borges et al., 2008; El-Demerdash et al., 2004; Pari and Murugavel, 2007). We recently
demonstrated that treatment with the antioxidant N-acetylcysteine (NAC) is able to improve
the memory and learning processes of Cd-intoxicated rats and also modulates the activity of
AChE, butyrylcholinesterase, NTPDase and 5’-nucleotidase enzymes in different cell types of
these poisoned animals (Gongalves et al., 2010, 2012a). However, NAC is a synthetic drug
and currently has increased the study of natural extracts therapies, because they are, in most
cases, safe and have few side effects (Shaikh et al., 1999; Tomazzoni et al., 2006).

Curcumin (Curc) is a hydrophobic polyphenol derived from the rhizome of the plant
known as turmeric (Curcuma longa) belonging to the family zingiberaceae (Kumar et al.,
2009). Because this compound has low side-effect profile, long history of safe use, is able to
cross the BBB and to bind redox metal ions it is a promising drug for prophylaxis and

treatment of neurodegenerative diseases in future (Sethi et al., 2009; Zhao et al., 2008).
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Moreover, recent studies have demonstrated that Curc has protective effects against
aluminium, arsenic, lead and Cd-induced neurotoxicity in the brain (Daniel et al., 2004;
Kumar et al., 2009; Sethi et al., 2009; Yadav et al., 2009, 2011). However, none of these
studies has investigated the effect of Curc against Cd-neurotoxicity on behavioral and
biochemical levels.

Based on this background, the present study was carried out to investigate the possible
protective influence of Curc on Cd poisoning by evaluating cognitive and motor performance,
Cd concentration, lipid peroxidation as well as AChE, NTPDase and 5’-nucleotidase activities

of Cd-intoxicated rats and treated with Curc.

2. Materials and methods
2.1. Chemicals

Curcumin (C3;H2006), cadmium chloride monohydrate, acetylthiocholine iodide, 5,5°-
dithio-bis-2-nitrobenzoic acid (DTNB), nucleotides, Trizma Base, Percoll Coomassie brilliant
blue G were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Ethopropazine
hydrochloride from Aldrich (Steinheim, Germany), Ficoll Hypaque (Lymphoprep™)

purchased from Nycomed Pharma (Oslo, Norway). All other reagents used in the experiments

were of analytical grade and of the highest purity.

2.2. Animals

Adult male Wistar rats (80 days; 324.6 + 35 g; n=120) 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 from UFSM (protocol under number: 114/2013).
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2.3. Experimental procedure

The body burden of Cd is derived primarily from the ingestion of food and water
contaminated with Cd and CdCls; is the principal form of Cd associated with oral exposure, as
it is highly soluble in water (Zalups and Ahmad, 2003). Thus, in the present study the rats
received cadmium as CdCl,-H,O (Cd; 1 mg/kg) (Borges, 2008; EI-Demerdash, 2004) and
Curc (Curc; 30, 60 or 90 mg/kg) (Abbasi, et al., 2012; Kumar, et al., 2009) by gavage five
days a week for three months. The animals were randomly divided into eight groups (n=15
per group): saline/oil, saline/Curc 30, saline/Curc 60, saline/Curc 90, Cd/oil, Cd/Curc 30,
Cd/Curc 60 and Cd/Curc 90. The last three groups received Curc 30 min after Cd. The Cd and
Curc solutions were freshly prepared in saline and corn oil, respectively, and were

administered (1 mL/kg) between 9 and 11 a.m.

2.4. Behavioral procedure
2.4.1. Inhibitory avoidance

One day after the end of the treatment, animals were subjected to training in a step-
down inhibitory avoidance apparatus according to Guerra et al. (2006). Briefly, the rats were
subjected to a single training session in a step-down inhibitory avoidance apparatus, which
consisted of a 25cmx25cmx35cm box with a grid floor whose left portion was covered by a
7cmx25cm platform, 2.5cm high. Each 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 2-s 0.4-mA shock
was applied to the grid. The retention test took place in the same apparatus 24 h later. Test
step-down latency was taken as a measure of retention, and a cut-off time of 600 s was

established.

2.4.2. Open field
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Immediately after the inhibitory avoidance testing session, all animals were transferred
to an open field in order to assess exploratory and locomotor activities. Animals were placed
on the center quadrant of a round open field (56x40x30 cm) with the floor divided into 12
squares measuring 12x12 cm each. An observer, who was not aware of the pharmacological
treatments, manually recorded the number of crossing and rearing responses over 5 min.
Crossing was defined as the total number of areas crossed with the four paws and rearing was
defined as the total number of stand-up responses on two paws. This test was carried out to
identify possible motor disabilities that might have influenced inhibitory avoidance

performance at testing.

2.4.3. Foot shock sensitivity test

Reactivity to shock was evaluated in the same apparatus used for inhibitory avoidance,
except that the platform was removed. The modified “up and down” method by Rubin et al.
(2004) was used to determine the flinch, jump and vocalization thresholds in experimentally
naive animals. 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 0.6 mA in 0.1 mA increments. The adjustments in shock intensity were made in
accordance with each animal’s response. The intensity was raised by one unit when no
response occurred and lowered by one unit when there was a response. A flinch response was
defined as withdrawal of one paw from the grid floor, and a jump response was defined as
withdrawal of three or four paws. Two measurements of each threshold (flinch, jump and

vocalization) were taken and the mean of each score was calculated for each animal.

2.5. Blood sample collection
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After the behavioral tests, animals were anesthetized and submitted to euthanasia.
Blood was collected in vaccutainer tubes using EDTA as an anticoagulant to measure AChE
activity from whole blood and lymphocytes. The samples of whole blood collected were
hemolysed with phosphate buffer, pH 7.4 containing Triton X 100 (0.03%) and stored at —20
°C for one week. Lymphocytes were separated on Ficoll-Histopaque density gradients as

described by Boyum (1968).

2.6. Brain tissue preparation

The cranium was opened and the structures were gently removed and separated into
striatum (ST), cerebral cortex (CO), hippocampus (HC), hypothalamus (HT) and cerebellum
(CE). Part of the cerebral cortex was used to obtain the synaptosomes. To verify the cadmium
concentration in brain structures, four or five animals per group were randomly chosen. For
the other animals, the brain structures were homogenized in a glass potter in a solution of 10
mM Tris—HCI, pH 7.4, on ice, at a proportion of 1:10 (w/v). The homogenates were
centrifuged at 1800 rpm for 10 min and the resulting supernatant was used to determine the

AChE activity and TBARS content.

2.7. Cadmium concentration in brain regions

Brain structures were weighted in glass vessels and 3-8 mL of HNO3; was added for
digestion. Digestion was performed using a block (Velp Scientifica, Milano, Italy) heated at
130 °C during 3 h. After this time, 2 mL of H,O, was added and the samples were heated for
1 h. Digested samples were then transferred to polypropylene flasks for Cd determination. Cd
determination was performed by inductively coupled plasma mass spectrometry (ICPMS). An
ICP-MS equipment (PerkinElmer Sciex, model ELAN DRC II, Thornhill, Canada), equipped

with a concentric nebulizer (Meinhard Associates, Golden, USA), a cyclonic spray chamber
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(Glass Expansion, Inc., West Melbourne, Australia) and a quartz torch with an injector tube of

2 mm i.d. was used.

2.8. Synaptosome preparation

Part of cerebral cortex was separated for synaptosomes preparation. The brain was
dissected in cerebral cortex, which was homogenized in 10 volumes of an ice cold medium
(medium 1), consisting of 320 mM sucrose, 0.1 mM EDTA and 5 mM HEPES, pH 7.5, in a
motor driven Teflon-glass homogenizer. The synaptosomes were isolated as described by
Nagy and Delgado-Escueta (1984) using a discontinuous Percoll gradient. An aliquot of 0.5
mL of the crude mitochondrial pellet was mixed with 4.0 mL of an 8.5% Percoll solution and
layered into an isosmotic discontinuous Percoll/sucrose gradient (10%/16%). The supernatant
that banded at the 10/16% Percoll interface were collected with a wide-tip disposable plastic
transfer pipette. The SN fraction was washed twice with an isosmotic solution consisting of
320 mM sucrose, 5.0 mM HEPES, pH 7.5, and 0.1mM EDTA by centrifugation at 15,0009 to
remove the contaminating Percoll. The pellet of the second centrifugation was resuspended in
an isosmotic solution to a final protein concentration of 0.4-0.6 mg/ml. Synaptosomes were
prepared fresh daily, maintained at 0 — 4°C throughout the procedure and used for enzymatic

assays.

2.9. Ectonucleotidases activity in synaptosomes from cerebral cortex

The activity of NTPDase and 5'-nucleotidase in synaptosomes from cerebral cortex
was determined according to Schetinger et al. (2000) and Heymann et al. (1984) respectively,
with modifications. The proteins of all samples are adjusted to 0.4-0.6 mg/mL. The enzymatic
assay of the NTPDase synaptosome was performed in a reaction medium containing 5 mM

KCI, 1.5 mM CaCl,, 0.1 mM EDTA, 10 mM glucose, sucrose 225 mM and 45 mM Tris HCI
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pH 8,0 in a final volume of 200ul. The activity of ecto-5'-nucleotidase was determined in a
reaction medium containing 10 mM MgSO,4 and 100 mM Tris - HCI, pH 7.5, in a final
volume of 200 pl. Synaptosomes were pre-incubated at 37 °C for 10 min. The reaction was
initiated by the addition of ATP or ADP (1.0 mM) or AMP (2.0 mM) and the incubation time
is 20 min. The reactions were stopped with 200ul TCA to give a final concentration of 5%
and the release of inorganic phosphate is measured by the method of Chan et al. (1986). All
samples were carried out in triplicate and the enzyme activity was expressed as nmol Pi

released/min/mg protein.

2.10. Cerebral AChE enzymatic assay

AChE enzymatic assay was determined by a modification of the spectrophotometric
method of Ellman et al. (1961) as previously described by Rocha et al. (1993). The reaction
mixture (2 mL final volume) contained 100 mM K-phosphate buffer, 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 absorbance at 412 nm during 2-min
incubation at 25 °C. The enzyme was pre-incubated for 2 min. The reaction was initiated by
adding 0.8 mM acetylthiocholine iodide (AcSCh). Protein was determined previously and
adjusted for each structure: cerebral cortex synaptosomes (0.4 - 0.6 mg/ml), ST (0.4 mg/mL),
CO (0.6-0.8 mg/mL), HC (0.8 mg/mL), HT (0.6 mg/mL) and CE (0.5-0.6 mg/mL). All
samples were run in triplicate and the enzyme activity was expressed in pumol AcSCh/h/mg of

protein.

2.11. Whole blood AChE activity
Whole blood AChE activity was determined by the method of Ellman et al. (1961)

modified by Worek et al. (1999). With the purpose of reaching the appropriate temperature
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and the complete reaction of sample matrix sulfhydryl groups with DTNB, the mixture was
incubated at 37 °C for 10 min prior to the addition of 0.44 mM AcSCh. The enzyme activity
was corrected for spontaneous hydrolysis of the substrate and DTNB degradation.
Butyrylcholinesterase (BChE) was inhibited by ethopropazine. The whole blood AChE
activity was measured at 436 nm and calculated from the quotient between the AChE activity
and hemoglobin content (Hb). Hb was determined using the Zijlstra modified solution.

Results are expressed as mU/umol Hb.

2.12. Lymphocytes AChE activity assay

After lymphocyte isolation, AChE activity was determined according to the
colorimetric method as described by of Ellman et al. (1961) modified by Fitzgerald and Costa
(1993). The proteins of all samples were adjusted to 0.1-0.2 mg/mL. One hundred microliters
of intact mononuclear cells suspended in saline solution was added a solution containing
1.0 mM acetylthiocholine, 0.1 mM 5,5’-dithio-bis-2-nitrobenzoic acid (DTNB), 0.1 M
phosphate buffer (pH 8.0). The absorbance was read on a spectrophotometer at 412 nm before
and after incubation for 30 min at 27 °C. All samples were run in triplicate and the specific
activity of lymphocyte AChE was calculated from the quotient between lymphocyte AChE
activity and protein content. Results are expressed as umol AcSCh /h/mg of protein.
2.13. Thiobarbituric acid reactive substances (TBARS) measurement

Brain TBARS levels were determined according to Ohkawa et al. (1979) by measuring
the concentration of malondialdehyde (MDA) as an end product of lipid peroxidation (LPO)
by reaction with thiobarbituric acid (TBA). Briefly, the reaction mixture, containing 200 pL
of brain supernatants or standard (0.03 mM MDA), 200 pL of 8.1% sodium dodecyl sulphate

(SDS), 500 pL of 0.8% TBA and 500 pL of acetic acid solution (2.5 M HCI, pH 3.4), was
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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.

2.14. Protein determination
The protein content was determined colorimetrically according to the Bradford (1976)

using bovine serum albumin (1 mg/mL) as standard solution.

2.15. Statistical analysis

Statistical analysis of training and test step-down latencies was carried out by the
Scheirer—Ray—Hare extension of the Kruskal-Wallis test (nonparametric two-way ANOVA).
All other parameters evaluated were analyzed by two-way ANOVA, followed by Duncan’s
multiple range tests, where P < 0.05 was considered to represent a significant difference in all

experiments.

2. Results

3.1. Behavioral tests

Figure 1 shows the effect of Curc per se (30, 60 or 90 mg/kg), as well as its
administration in Cd-exposed rats, on step-down latencies. Statistical analysis of testing
(nonparametric two-way ANOVA) showed a significant Cd or controls (vehicle and Curc per
se) vs Curc or saline interaction, revealing that treatment with Curc prevented the impairment
of memory induced by Cd. Statistical analysis of training showed no difference between
groups.

Because the motivational disparities in the training session may account for
differences in inhibitory avoidance at testing, experiments were performed to assess whether

Cd or Curc affected the locomotor ability and the shock threshold of the animals. Statistical
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analysis of open-field data revealed that neither Cd nor Curc caused gross motor disabilities at
testing as demonstrated by the similar number of crossing or rearing responses exhibited by
the animals (Table 1). Moreover, Cd or Curc did not alter foot shock sensitivity as
demonstrated by the similar flinch, jump and vocalization thresholds exhibited by the rats

(Table 2).

3.2. Cd concentration in brain regions

All the brain structures analyzed showed a similar Cd concentration within the same
group of rats. Control rats (saline) and rats treated with Curc alone presented Cd
concentrations lower than 0.009 pg/g in different brain structures. By the other side, rats
exposed to Cd alone or Cd plus Curc showed Cd concentrations of around 0.012 pg/g in
different brain structures. Moreover, a significant effect of Cd (P <0.05) and Curc (P< 0.05) in
Cd concentrations in the different brain structures was observed (data not shown). Results
demonstrate that Cd exposure alone or in combination with Curc caused an increase in Cd
brain concentration. Therefore, the Curc administration was ineffective in restoring Cd levels

to normal values in all the structures evaluated.

3.3. AChE, NTPDase and 5’-nucleotidase activities in synaptosomes from cerebral cortex

A significant main effect of Cd (P < 0.05) on AChE activity in cerebral cortex
synaptosomes was observed (Fig. 2A). Results demonstrated that Cd exposure caused an
increase of 74% in AChE activity in cerebral cortex synaptosomes. The administration of
Curc was not able to prevent AChE activity increased induced by Cd.

A significant main effect of Cd (P < 0.05) and Curc (P < 0.05) on NTPDase activity in
cerebral cortex synaptosomes, when ATP was used as substrate, was observed (Fig. 2B).

Results demonstrated that the groups saline/Curc 60, saline/Curc 90, Cd/oil, Cd/Curc 60 and
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Cd/Curc 90 presented an increase of 31%, 30%, 23%, 27% and 28% in NTPDase activity,
respectively. The increased NTPDase activity was abolished by the administration of 30
mg/kg of Curc, but the administration of 60 and 90 mg/kg of Curc was not able to prevent this
increase.

A significant CdxCurc interaction for NTPDase activity on cerebral cortex
synaptosomes, when ADP was used as substrate was observed (F3 39 = 10,622; P < 0.05) (Fig.
2C). Results demonstrated that the groups saline/Curc 60, saline/Curc 90, Cd/oil, and Cd/Curc
90 presented an increase of 88%, 93%, 117% and 91% in NTPDase activity. The increased
NTPDase activity was abolished totally or partially by the administration of 30 and 60 mg/kg
of Curc, respectively.

A significant main effect of Cd (P < 0.05) and Curc (P < 0.05) in 5’- nucleotidase
activity in cerebral cortex synaptosomes was observed (Fig. 2D). Results demonstrated that
Cd exposure caused a decrease of 39% in 5°- nucleotidase activity. The decrease in 5’-
nucleotidase activity induced by Cd was abolished by the administration of 60 and 90 mg/kg

of Curc.

3.4. Activity of AChE in different brain structures

The results obtained for AChE activity in different brain structures are presented in
Figure 3.

A significant CdxCurc interaction for striatum AChE activity was observed (Fz44 =
4.239; P < 0.05) (Fig. 3A). The increase in AChE activity induced by Cd was abolished by all
the Curc administrations (30, 60 or 90 mg/kg).

A significant main effect of Cd (P < 0.05) and Curc (P < 0.05) in AChE activity in
cerebral cortex and hippocampus was observed (Fig. 3B and 3C). Results demonstrated that

Cd exposure caused an increase of 44% and 58% in AChE activity in cerebral cortex and
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hippocampus, respectively. All Curc administrations (30, 60 or 90 mg/kg) showed a tendency
to ameliorate AChE activity increased by Cd.

A significant CdxCurc interaction for hypothalamus AChE activity was observed
(F3.40 =1.729; P < 0.05) (Fig. 3D). Post hoc comparisons demonstrate that rats exposed to Cd
presented an increase (58%) in hypothalamus AChE activity. The administration of 30 and 60
mg/kg of Curc showed a tendency to ameliorate AChE activity increased by Cd.

Two-way ANOVA revealed that there were no significant alterations in AChE activity

in cerebellum (Fig. 3E).

3.5. Peripheral AChE activity

A significant main effect of Cd (P < 0.05) in whole blood AChE activity was observed
(Fig. 4A). Results demonstrated that Cd exposure caused an increase (67%) in AChE activity
of whole blood. The increase in AChE activity induced by Cd was abolished by the
administration of 90 mg/kg of Curc.

A significant main effect of Cd (P< 0.05) for AChE activity in lymphocytes was
observed (Fig. 4B). Post hoc comparisons demonstrate that rats exposed to Cd presented an
increase of 46% AChE activity in lymphocytes. The increase in AChE activity induced by Cd

was abolished by all the Curc administrations (30, 60 or 90 mg/kg).

3.6. TBARS in different brain structures
The results obtained for TBARS in different brain structures are presented in Figure 5.
A significant CdxCurc interaction for striatum TBARS levels was observed (F33; =
8.279; P < 0.05) (Fig. 5A). Post hoc comparisons demonstrate that rats exposed to Cd
presented an increase (107%) in striatum TBARS levels. The increase in TBARS levels

induced by Cd was abolished by all the Curc administrations (30, 60 or 90 mg/kg).
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A significant CdxCurc interaction for cerebral cortex TBARS levels was observed
(F342 = 6.699; P < 0.05) (Fig. 5B). Post hoc comparisons demonstrate that rats exposed to Cd
presented an increase (92%) in cerebral cortex TBARS levels. The increase in TBARS levels
induced by Cd was abolished by the administration of 60 and 90 mg/kg of Curc.

A significant main effect of Cd (P < 0.05) and Curc (P < 0.05) in TBARS levels in
hippocampus was observed (Fig. 5C). Results demonstrated that Cd exposure caused an
increase (205%) in TBARS levels in hippocampus. All Curc administrations (30, 60 and 90
mg/kg) showed a tendency to ameliorate TBARS levels increased by Cd.

Two-way ANOVA revealed that there were no significant alterations in TBARS levels
in hypothalamus among rats exposed to Cd alone and the other animals (Fig. 5D).

A significant CdxCurc interaction for cerebellum TBARS levels was observed (F3 37 =
7.210; P < 0.05) (Fig. 5E). Post hoc comparisons demonstrate that rats exposed to Cd
presented an increase (226%) in cerebellum TBARS levels. The increase in TBARS levels

induced by Cd was abolished by the administration of 60 and 90 mg/kg of Curc.

4. Discussion

To our knowledge, the current study is the first one evaluating whether oral intake of
Curc can prevent Cd-induced toxicity in brain and peripheral system of rats. Clearly,
understanding the mechanism(s) by which Cd causes injuries in experimental animals will
provide insight into its diverse effects in humans (Gongalves et al., 2010).

Small amounts of Cd reach the brain of adult rats because of the selective permeability
of the BBB (Takeda et al., 1999). In agreement with the literature data, in the present study,
we found a small amount of Cd in brain of Cd-exposed rats but significantly higher than
control values. According to Daniel et al. (2004) there is an interaction between Curc and Cd,

with the possible formation of a complex between the metal and this ligand. However, for all
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the brain structures analyzed, a similar Cd concentration was found within the same group of
rats and co-administration of Curc was ineffective in decreasing this level (data not shown). It
is interesting to note that although Cd does not accumulate in significant quantities in the
adult rat brain, its concentration is enough to cause brain injury once Cd is able to induce
neurotoxicity in animals (Gongalves et al., 2010, 2012b; Méndez-Armenta and Rios, 2007).
The inhibitory avoidance test utilized for evaluating learning and memory in rats and
mice has a strongly aversive component (Cahill et al., 1986). In the present study, we
observed a significant decrease in step-down latency in Cd-intoxicated rats in the inhibitory
avoidance test, suggesting learning and memory impairment in these animals. This result
corroborates our recently published data where rats orally intoxicated with Cd salt or fed
potato grown with Cd showed impaired cognition (Goncalves et al., 2010, 2012b). However,
when the Cd-exposed rats were treated with Curc the step-down latency was similar to that
found for rats from the control group. These findings indicate that treatment with Curc was
able to prevent learning and memory impairment induced by Cd toxicity. In fact, curcumin
attenuated the oxidative damage, improved learning disorder and prevented loss of memory in
rats exposed to aluminium chloride and arsenic (Kumar et al., 2009; Yadav et al., 2011).
Immediately after inhibitory avoidance testing sessions, the animals were subjected to
an open-field test which is widely used to evaluate motor disorders (Belzung and Griebel,
2001). The open field session revealed that the pharmacological treatment did not alter
spontaneous locomotor activity since rats of the different groups showed a similar number of
crossing or rearing responses. Moreover, in our study we demonstrated that rats of different
treatments did not show altered shock sensitivity as verified by their similar flinch, jump and
vocalization thresholds. Thus, these data suggest that neither Cd nor Curc before training of

inhibitory avoidance caused motor disabilities nor altered foot shock sensitivity. Thus, we can
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exclude the possibility that these parameters may have contributed to the alteration in step-
down latencies.

The present study demonstrated that both Cd-intoxicated rats and treated with Curc
showed altered purinergic signalling in their cerebral cortex synaptosomes. The purinergic
system is a multienzymatic complex that include the enzyme NTPDases, that hydrolyzes ATP
and ADP to AMP, which is subsequently hydrolyzed to adenosine by 5’-nucleotidase enzyme
(Zimmermann, 2001). The purinergic system has an important role in immune responses,
neurotransmission and neuroprotection (Burnstock, 2006; Schetinger et al., 2007).

In this context, the results suggest that Cd causes an increased NTPDase activity in the
cortex synaptosomes, leading the rapid hydrolysis of ATP and ADP in AMP, favoring
adenosine production, a molecule exerts a protective role on the CNS by modulating the
release of the neurotransmitters. However, a decrease in 5’-nucleotidase activity was observed
in Cd-exposed rats, this is one of the enzymes that regulates of extracellular levels of
adenosine in the synaptic cleft, thus a decrease of 5’-nucleotidase activity reduces the
adenosine formation which may lead to impairment on neuroprotective effects (Burnstock,
2006; Gutierres et al., 2012; Schetinger et al., 2007). In addition, the curc administered in 30
mg/kg in Cd-intoxicated rats prevented the increased NTPDase activity, increasing the
extracellular concentration of ATP and ADP. Our results are in disagreement with Gongalves
et al. (2013) who demonstrated that NTPDase and 5’-nucleotidase activities were increased in
the cortex synaptosomes of Cd-poisoned rats leading to a compensatory response in the
central nervous system. However, it is important to point out that their experiment was an
acute exposure (30 days) and that Cd was administered in a high concentration (2 mg/kg) in
relation to the present study. Moreover, our results demonstrated that Curc per se (60 and 90

mg/kg) promoted an increase in NTPDase activity in cerebral cortex synaptosomes,
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decreasing the levels of ATP and ADP, favoring conversion these nucleotides in adenosine.
Also, no differences were observed in the 5'-nucleotidase activity.

The Cd-poisoned rats showed an increased AChE activity in cerebral cortex
synaptosomes and in the striatum, cerebral cortex, hippocampus and hypothalamus structures
whereas in cerebellum there was no alteration in AChE activity among the groups. In relation
to the AChE enzyme in the whole blood and in the lymphocytes, the results showed that an
increase of its activity occurred in Cd-exposed rats. In the literature, both in vitro and in vivo
effects of Cd on AChE activity have been described for different animal models
(Carageorgiou et al., 2004; Luchese et al., 2007; Pari and Murugavel, 2007). These results are
controversial and the activation as well as the inhibition of the AChE activity has been
reported (Carageorgiou et al., 2004; Goncalves et al., 2010; Luchese et al., 2007; Pari and
Murugavel, 2007). The AChE activation found in this study may lead to a fast ACh
degradation and a subsequent down stimulation of ACh receptors causing undesirable effects
on cognitive and immune functions (Soreq and Seidman, 2001).

Based on our results we can suggest that the activator effect elicited by Cd exposure
on the AChE activity could be one of the mechanisms involved in the memory impairment
observed in the inhibitory avoidance test in this study once the increased AChE activity
caused by Cd leads to a reduction of cholinergic neurotransmission efficiency due to a
decrease in ACh levels in the synaptic cleft thus contributing to progressive cognitive
impairment (Gongalves et al., 2010, 2012b; Jaques et al., 2012; Schmatz et al., 2009).

Our findings demonstrate that Curc was totally or partially effective in preventing the
enhancement of AChE activity induced by Cd in the cerebral structures studied. In fact, the
important finding that Curc crosses the BBB provided further support to its neuroprotective
potential in neurotoxicological manifestations. Neuroprotective efficacy of Curc has been

studied at different doses (15 to 200 mg/kg) in animal models of neurotoxicity and disease
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conditions (Jaques et al., 2012; Kumar et al., 2009; Yadav et al., 2009). The neurotoxic effects
including oxidative damage, cholinergic dysfunctions and cognitive deficits of the metals
aluminium, arsenic, lead and Cd have been found to be restored following Curc treatment
(Daniel et al., 2004; Kumar et al., 2009; Yadav et al., 2009, 2011). In disagree with our
results, the chronic Curc treatment restored AChE activity, which arsenic treatment caused a
marked reduction (Yadav et al., 2011). Nevertheless, similar to our results, several authors
also demonstrated that chronic Curc treatment decreased cholinergic activity, preventing the
increase in AChE activity promoted by neurotoxic agents such as smoke, aluminum or
diabetic-induced in rats (Jaques et al., 2012; Kuhad and Chopra, 2007; Kumar et al., 2009).

The results of the peripheral AChE activation were similar to the results found in the
cerebral regions of the same animal group studied. It has been proposed previously that whole
blood and lymphocyte AChE enzyme show functional and structural properties similar to
AChE of the synaptic cleft (Thiermann et al., 2005). Thus, in agreement with previous
findings of our laboratory we can suggest that the peripheral AChE activity could be a good
peripheral marker for Cd toxicity because it permits the evaluation through a more accessible
method than the direct evaluation of this enzyme in CNS (Schmatz et al. 2009; Gongalves et
al., 2012a; Jaques et al., 2012). In addition, it is interesting to note that the increased AChE
peripheral activity, found in Cd-intoxicated rats may lead to a fast degradation of ACh, which
is considered a molecule with anti-inflammatory, contributing to the down stimulation of Ach
receptors and a pro-inflammatory response (Soreq and Seidman, 2001; Gongalves et al.,
2012a).

In our study, striatum, cerebral cortex, hippocampus and cerebellum of rats exposed to
Cd presented an increase in TBARS levels whereas in hypothalamus there was no alteration
in TBARS levels among the groups. Corroborating with our results, other reports have shown

that Cd induced an elevation of LPO in brain and also in other tissues (Daniel et al., 2004; EI-
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Demerdash et al., 2004; Yargicoglu et al., 1997). In fact, according to Manca et al. (1991)
LPO is an early and sensitive consequence of Cd exposure but the mechanism of Cd-induced
LPO is still not fully understood. It is belived, that the mechanism is multidirectional, may
involve changes in the activities of antioxidant, a decrease in the level of glutathione and the
total pool of sulphydryl groups and enzymes (Nemmiche et al., 2007). These factors can
consequently induce a prooxidant state in biological systems and lead to peroxidative damage
of membrane structure and changes in associated enzymes, receptors, and physiological
functions may ultimately result in disturbances in neuronal functions (Yargicoglu et al.,
1997).

The present data demonstrate that increased LPO in different brain regions following
Cd exposure were decreased in rats co-treated with Cd and Curc. This compound has been
shown to inhibit LPO in rat liver, erythrocytes and the brain (Daniel et al., 2004; El-
Demerdash et al., 2009; Yadav et al., 2009). Curcumin’s property to neutralize free radicals
must be responsible for inhibiting the metal-induced increase of LPO (Bishnoi et al., 2008;
Sethi et al., 2009). Also similar to our findings, some investigators found that the
consumption of antioxidants such as vitamin E, diphenyl diselenide, and NAC was able to
revert or prevent Cd-induced oxidative stress (Gongalves et al., 2010; Nemmiche et al., 2007;
Santos et al., 2005).

Another important aspect to be discussed here is that the changes in cholinesterases
activities might reflect impairment in biosynthesis, degradation, or insertion into the plasma
membrane (Kuhad and Chopra, 2007). Authors have demonstrated that AChE is a biological
component of the membrane and one of the most important mechanisms responsible for
correct cholinergic function (Saravanan and Ponmurugan, 2013). The cholinergic neurons and
their projections are widely distributed throughout the central nervous system (CNS) with an

essential role in regulating many vital functions, such as learning, memory and cortical
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organization of movement (Mesulam et al., 2002; Schmatz et al., 2009). In this regard,
alterations in the lipid membrane due to the increased level of free radical formation which
promoted increased lipid peroxidation, could be a decisive factor in the modification of the
conformational state of the AChE molecules, which would explain changes in their activities
(Goncalves et al., 2010; 2012b; Schmatz et al., 2009).

Above all, it is important to note that cholinergic neurons generally vary in
appearance from region to region. For example, the hippocampus and cerebral cortex, which
has role to modulate learning and memory, receive cholinergic projections from the nucleus
basalis of Meynert and the striatum, so has maximum AChE activity. On the other hand, the
cerebellum presents little cholinergic neuron, that may explain the fact that cerebellum have
not shown changes in AChE activity among the groups (Das et al., 2001; Schmatz et al.,

2009).
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Table 1. Rats exposed to cadmium (Cd; 1 mg/kg) and/or treated with curcumin (Curc; 30, 60

or 90 mg/kg) did not demonstrate altered motor abilities.

Group Crossing Rearing

saline/oil 15.6 £ 3.7 109+£29
saline/Curc 30 20.2+4.0 155+ 3.6
saline/Curc 60 154 £3.7 13.0+£3.2
saline/Curc 90 19.6 £3.9 151+28
Cd/oil 246+ 2.6 17.2+2.0
Cd/Curc 30 18.1+2.7 13424
Cd/Curc 60 21427 16.8+2.7
Cd/Curc 90 220729 16.8+2.8

Data are means + SEM of number of crossing and rearing responses (n = 10-15).



Table 2. Rats exposed to cadmium (Cd 1 mg/kg) and/or treated with curcumin (Curc

30, 60 or 90 mg/kg) did not demonstrate altered shock sensitivity.

Group Flinch Jump Vocalization

saline/oil 20+0.1 26%0.1 3.2%0.2
saline/Curc 30 1.9+0.1 26+0.1 3.1+0.2
saline/Curc 60 1.9+0.1 29+0.1 3301
saline/Curc 90 1.9+0.1 29+0.1 3.0+£01
Cd/oil 19+01 26+0.1 28+0.1
Cd/Curc 30 20+£0.1 26+0.1 29+0.1
Cd/Curc 60 20+0.1 26+0.1 3.0+0.1
Cd/Curc 90 19+01 27+0.1 3.0+0.1

Data are means £ SEM of flinch, jump and vocalization thresholds expressed in
milliamps (mA) (n = 10-15).
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Figure 1. Curcumin (30, 60 or 90 mg/kg) prevented memory impairment in the inhibitory
avoidance test in rats exposed to cadmium (1 mg/kg). After one treatment-free day, the
animals were subjected to training (A) in a step-down latency test and 24 hours later was
realized the retention test (B) in the same apparatus. Different lowercase letters indicate
significant difference among the groups at testing by the Dunn’s nonparametric multiple
comparison task. Data are median + interquartile range of training and test. (n = 10-15; P <

0.05).
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Figure 2. Acetylcholinesterase, NTPDase and 5’-nucleotidase activities in cerebral cortex
synaptosomes of cadmium-exposed rats (1 mg/kg) and treated with curcumin (30, 60 and 90
mg/kg). Different lowercase letters indicate significant difference among the groups. Bars

represent means £ SEM. Two-way ANOVA-Duncan’s test (n =4-7; p < 0.05).
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Figure 3. Acetylcholinesterase (AChE) activity in supernatant of striatum (A), cerebral cortex

(B), hippocampus (C), hypothalamus (D) and cerebellum (E) of cadmium-exposed rats (1

mg/kg) and treated with curcumin (30, 60 or 90 mg/kg). Different lowercase letters indicate

significant difference among the groups. Bars represent means + SEM. Two-way ANOVA-

Duncan’s test (n = 5-10; p < 0.05).
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Figure 4. Acetylcholinesterase (AChE) activity in whole blood (A) and lymphocytes (B) of
cadmium-exposed rats (1 mg/kg) and treated with curcumin (30, 60 or 90 mg/kg). Different
lowercase letters indicate significant difference among the groups. Bars represent means +

SEM. Two-way ANOVA-Duncan’s test (n = 4-10; p < 0.05).



80

204

TBARS
(nmol MDA/ mg of protein)
5

be bS pe

TBARS
(nmol MDA/ mg of protein)

0 30 60 90

0 30

30

20

104

Curcumin (mg/kg)

ab ab

Curcumin (mg/kg)

Cadmium (1mglkg)

ab

ab

TBARS
(nmol MDA/ mg of protein)

0 30 60 90

0 30 60 90

30

20

104

Curcumin (mg/kg)

Curcumin (mg/kg)

Cadmium (1mglkg)

o

N

b b
30 60 90

Curcumin (mg/kg)

Curcumin (mg/kg)

Cadmium (1mg/kg)

TBARS
(nmol MDA/ mg of protein)

TBARS
(nmol MDA/ mg of protein)

o

30

20+

0 30 60 90

74

0 30

Curcumin (mg/kg)

ab

Curcumin (mg/kg)

Cadmium (1mg/kg)

0 30 60 90

Curcumin (mg/kg)

Curcumin (mg/kg)
Cadmium (1mg/kg)

Figure 5. Oxidative stress measured by thiobarbituric acid reactive substances (TBARS) in

striatum (A), cerebral cortex (B), hippocampus (C), hypothalamus (D) and cerebellum (E) of

cadmium-exposed rats (1 mg/kg) and treated with curcumina (30, 60 or 90 mg/kg). Different

lowercase letters indicate significant difference among the groups. Bars represent means +

SEM. Two-way ANOVA-Duncan’s test (n = 5-10; p < 0.05).



4. CONCLUSOES

A partir dos resultados obtidos no presente estudo, pode-se concluir que a
exposicdo ao Cd diminui o tempo de retencdo de memoria, sugerindo que este metal
provoca uma deficiéncia na aprendizagem e na memoria nestes animais. No
entanto, tratamento com curcumina € capaz de prevenir o enfraguecimento da
aprendizagem e da memdria induzido pela toxicidade do Cd.

Esse metal também pode promover uma modulagdo do sistema purinérgico e
colinérgico, em sinaptossomas de cortex cerebral, uma vez que aumenta a atividade
das enzimas AChE e NTPDase (substratos ATP e ADP) e diminui a atividade da
enzima 5-nucleotidase, provavelmente ocasionando uma diminuicdo da
concentracdo de adenosina a qual possui acdo neuroprotetora. E o tratamento
crénico com curcumina per se e co-administrada com Cd é capaz de alterar a
atividade da enzima NTPDase. A intoxicacdo por Cd também aumenta a atividade
da enzima AChE tanto nas estruturas cerebrais quanto em sangue total e linfécitos
promovendo, assim, a degradacao rapida da acetilcolina, uma molécula com acéo
anti-inflamatéria. Porém, o tratamento com curcumina é eficaz na prevencéo parcial
ou total desses efeitos, melhorando tanto 0s processos cognitivos quanto 0s
relacionados ao sistema imune.

Além disso, o Cd promove um aumento nos niveis de peroxidacao lipidica nas
diferentes estruturas cerebrais podendo ser um fator decisivo para a modificacdo do
estado conformacional das proteinas AChE, NTPDase e 5’-nucleotidase, o que
explicaria as mudangas em suas atividades enzimaticas. Por sua vez, a curcumina
previne esse efeito devido, provavelmente, a sua propriedade antioxidante.

Assim, conclui-se que este composto natural possa ser considerado, apos
estudos adicionais, um importante aliado em terapias contra a intoxicacao por esse

metal.
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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-GRADUAGCAO E PESQUISA
COMISSAO DE ETICA NO USO DE ANIMAIS-UFSM

CARTA DE APROVAGAO

A Comisséo de Etica ho Uso de Animais-UFSM, analisou o protocolo de pesquisa:

Titulo do Projeto: "Avaliacdo da atividade das enzimas ectunucleotidases,
acetilcolinesterase e estudo do perfil oxidativo em ratos expostos cronicamente ao cadmio
e tratados com curcumina."”

Numero do Parecer: 114/2013
Pesquisador Responsavel: Prof.2 Dr.2 Vera Maria Melchiors Morsch.

Este projeto foi APROVADO em seus aspectos éticos e metodoldgicos. Toda e qualquer
alteracao do Projeto, assim como os eventos adversos graves, deverao ser comunicados
imediatamente a este Comité.

OBS: Anualmente deve-se enviar a CEUA relatério parcial ou final deste projeto.

Os membros da CEUA-UFSM né&o participaram do processo de avaliacdo dos projetos
onde constam como pesquisadores.

DATA DA REUNIAO DE APROVAGCAO: 03/04/2014.

Santa Maria, 04 de abril de 2014.
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Prof. Dr. Alexandre Krause
Coordenador da Comiss&o de Etica no Usc de Animais- UFSM
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