UNIVERSIDADE FEDERAL DE SANTA MARIA
CENTRO DE CIENCIAS NATURAIS E EXATAS
PROGRAMA DE POS-GRADUACAO EM CIENCIAS BIOLOGICAS:
BIOQUIMICA TOXICOLOGICA

A CURCUMINA PREVINE OS EFEITOS DA
EXPOSICAO A FUMACA DO CIGARRO - SISTEMA
PURINERGICO, SISTEMA COLINERGICO E MEMORIA

TESE DE DOUTORADO

Jeandre Augusto dos Santos Jaques

Santa Maria, RS, Brasil

2013



A CURCUMINA PREVINE OS EFEITOS DA EXF,’OSIQAO A
FUMACA DO CIGARRO - SISTEMA PURINERGICO,
SISTEMA COLINERGICO E MEMORIA

Jeandre Augusto dos Santos Jaques

Tese apresentada ao Curso de Doutorado do Programa de Pés-
Graduacdo em Ciéncias Bioldgicas, Area de Concentracdo em
Bioquimica Toxicoldgica, da Universidade Federal de Santa Maria
(UFSM, RS), como requisito parcial para obtenc&o do grau de
Doutor em Ciéncias Biologicas: Bioquimica Toxicologica

Orientadora: Daniela Bitencourt Rosa Leal
Co-orientadora: Maria Rosa Chitolina Schetinger

Santa Maria, RS, Brasil

2013



Universidade Federal de Santa Maria
Centro de Ciéncias Naturais e Exatas
Programa de Pds-Graduacado em Ciéncias Bioldgicas:
Bioguimica Toxicoldgica

A Comissdao Examinadora, abaixo assinada,
aprova a Tese de Doutorado

A CURCUMINA PREVINE OS EFEITOS DA EXFfOSI(;AO
A FUMACA DO CIGARRO - SISTEMA PURINERGICO,
SISTEMA COLINERGICO E MEMORIA

elaborada por
Jeandre Augusto dos Santos Jaques

como requisito parcial para obtencao do grau de
Doutor em Ciéncias Bioldgicas: Bioquimica Toxicoldgica

COMISSAO EXAMINADORA:

Daniela Bitencourt Rosa Leal, Dra.
(Presidente/Orientadora)

Ana Maria Oliveira Battastini, Dra. (UFRGS)
Solange Cristina Garcia, Dra. (UFRGS)
Tatiana Emanuelli, Dra. (UFSM)

Cristina Wayne Nogueira, Dra. (UFSM)

Santa Maria, 09 de maio de 2013.



Dedico este trabalho a todos os meus amigos, colegas e familiares que apostaram e
incentivaram o meu desenvolvimento intelectual. Em especial meu avd

Guilherme (em memdria), minha avé Eni e minha mée Tania.



AGRADECIMENTOS

A minha avo Eni Tereza Basso dos Santos e & minha mae Tania Elizabete
Basso dos Santos, por todo o carinho e incentivo ao crescimento e aperfeicoamento
do meu conhecimento e por acreditarem em meu trabalho e potencial.

As minhas orientadoras Profa. Dra. Daniela Bitencourt Rosa Leal e Profa. Dra.
Maria Rosa Chitolina Schetinger, pela orientacdo e pelos ensinamentos ao longo de
minha formacao académica, e principalmente pela amizade e confianca na execucao
deste trabalho.

Aos meus estimados amigos Bruno Kruel, Guilherme Kurtz, Pedro Rocha,
Julio Rocha, Vinicius Beck, Nilton Monti, Pedro Chamun, Maikel Kolinski, Jean
Oliveira, Thiago Kruger, Pedro Bortolini, Débora Espifia, Jussié Toledo, Viviane
Souza, Carine Zimmermann e Cezar Oliveira pela valiosa amizade presente em
todas as circunstancias.

Ao Prof. Dr. Ruy Carlos Ruver Beck, a Profa. Dra. Maribel Antonello Rubin e &
Profa. Dra. Vera Maria Morsch meus sinceros agradecimentos por toda a
colaboracéo prestada ao desenvolvimento dos trabalhos que constituem esta tese.

Aos meus professores e colegas por todos 0s ensinamentos que contribuiram
para 0 meu crescimento pessoal e profissional.

Aos meus colaboradores Viviane Souza, Carine Zimmermann, Jader Ruchel,
Karine Schlemmer, Victor Pimentel, Margarete Bagatini, Jodo Rezer, Jamile
Goncalves, Rosélia Spanevello, Luiz Carli, Jessié Gutierres, Fabiano Carvalho,
Gustavo Thomé, Michelle da Rosa, Roberta Schmatz, André de Bairros, Cinthia
Mazzanti, Pedro Doleski, Patricia Marisco, Livia Castilhos, Maria Thorstemberg,
Karine Coradini, Bruna Girardi, Ana Salla.

A Universidade Federal de Santa Maria e ao Programa de Pés-Graduacdo em
Ciéncias Bioldgicas: Bioquimica Toxicologica pela possibilidade de realizagdo deste
curso.

A Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES)
pela bolsa de estudo.

Enfim, agradeco a todos que, de alguma forma, contribuiram para a

realizacdo deste trabalho e que ndo foram nominalmente citados.



RESUMO
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A CURCUMINA PREVINE OS EFEITOS DA EXPOSICAO A FUMACA DO
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Autor: Jeandre Augusto dos Santos Jaques
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A exposicdo a fumaga do cigarro é um fator de risco para o desenvolvimento de doengas
cardiovasculares, déficits neurocognitivos e neurobiolégicos. Atualmente, o emprego de fitoterapicos
€ uma das alternativas para o tratamento de diversas doengas. A curcumina, um polifenol obtido a
partir de rizomas de Curcuma longa e amplamente utilizado na culinaria e na medicina tradicional
oriental, possui diversas propriedades farmacol6gicas como antioxidante, anti-agregante e
neuroprotetora. Em virtude de seu amplo espectro de propriedades farmacoldgicas a curcumina
possui potencial para a prevenc¢éo dos efeitos causados pela exposicao a fumaga do cigarro. Neste
contexto, o objetivo deste estudo foi avaliar o efeito da curcumina sobre a memoaria e parametros
envolvidos na homeostase do sistema nervoso central (SNC) em ratos expostos de forma passiva a
fumacga do cigarro. Os experimentos foram realizados em duas etapas, sendo a primeira delas
dividida em duas fases. Na primeira fase, os animais foram divididos aleatoreamente em quatro
grupos, denominados: veiculo; curcumina 12,5 mg/kg; curcumina 25 mg/kg; e curcumina 50 mg/kg.
Na segunda fase, os animais foram divididos aleatoreamente em cinco grupos, denominados: veiculo;
cigarro; cigarro + curcumina 12,5 mg/kg; cigarro + curcumina 25 mg/kg; e cigarro + curcumina 50
mg/kg. Na segunda etapa experimental, os animais foram divididos aleatoreamente em dez grupos,
denominados: veiculo; curcumina 12,5 mg/kg; curcumina 25 mg/kg; curcumina 50 mg/kg; curcumina
nanoencapsulada 4 mg/kg; cigarro; cigarro + curcumina 12,5 mg/kg; cigarro + curcumina 25 mg/kg;
cigarro + curcumina 50 mg/kg; cigarro + curcumina nanoencapsulada 4 mg/kg. O tratamento com a
curcumina e com a fumaca do cigarro foi realizada uma vez por dia, cinco dias por semana, durante
trinta dias. A curcumina foi administrada de forma oral e, apds aproximadamente dez minutos, os
grupos fumantes eram expostos a fumaca de quatro cigarros comerciais (0,9 mg de nicotina, 10 mg
de alcatrdo cada) dentro de uma cémara de exposicdo. ApOs trinta dias, os animais foram
eutanasiados, o sangue coletado e o encéfalo dissecado em cortex cerebral, hipocampo, hipotalamo,
estriado e cerebelo. O grupo de ratos expostos a fumaca do cigarro apresentou um aumento na
atividade das enzimas E-NTPDase (ATP como substrato) e E-5-NT, e uma reduc¢éo na atividade da
enzima E-NTPDase (ADP como substrato) em plaquetas; um aumento nas atividades das enzimas E-
NTPDase, E-5-NT e AChE em sinaptossomas de cortex cerebral; um aumento na atividade da
enzima AChE em cerebelo, cértex cerebral, hipocampo, estriado, hipotdlamo e sangue periférico;
uma reducdio nas atividades das enzimas Na',K'-ATPase e Ca’*-ATPase e um desequilibrio no
balango redox. Além disso, neste mesmo grupo de animais observou-se um déficit cognitivo avaliado
através dos testes da esquiva inibitdria e do reconhecimento de objetos. Concluimos que o uso de
ambas as formulagbes de curcumina livre e nanoestruturada previne os efeitos observados nas
atividades das enzimas do sistema purinérgico, colinérgico, nas enzimas envolvidas na formacao do
gradiente ibnico e nos parametros de estresse oxidativo. Por fim, os resultados obtidos neste estudo
indicam que a administracéo da curcumina através de nanocapsulas de nucleo lipidico possa ser uma
alternativa para o aumento de sua eficacia, provavelmente pelo aumento da biodisponibilidade da
curcumina administrada de forma oral.

Palavras-chave: Curcumina. Curcuma longa. Fumaca do cigarro. Sistema purinérgico. Sistema
colinérgico. Memoria. Estresse oxidativo. Nanocépsulas.
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Cigarette smoke exposure is a major risk factor to the development of cardiovascular
diseases, neurocognitive and neurobiological deficits. Nowadays, phytotherapy is widely employed in
the treatment of many illnesses. Curcumin, a polyphenol obtained from the rhizomes of Curcuma
longa and commonly used in the oriental culinary and traditional medicine, has several
pharmacological properties such as antioxidant, antiaggregant and neuroprotective. Despite its wide-
ranging spectrum of pharmacological properties, curcumin possess potential to prevent the noxious
effects caused by cigarette smoke exposure. In this context, the purpose of this study was to evaluate
the effect of curcumin on memory and parameters involved in the homeostasis of central nervous
system (CNS) in rats passively exposed to cigarette smoke. The experiments were performed in two
different stages, being the first divided in two sets. In the first set, animals were randomly assigned
into four groups: vehicle; curcumin 12.5 mg/kg; curcumin 25 mg/kg; and curcumin 50 mg/kg. In the
second set, animals were randomly assigned into five groups: vehicle, cigarette smoke; curcumin 12.5
mg/kg along with cigarette smoke; curcumin 25 mg/kg along with cigarette smoke; and curcumin 50
mg/kg along with cigarette smoke. In the second experimental stage, animals were randomly divided
into ten groups: vehicle; curcumin 12.5 mg/kg; curcumin 25 mg/kg; curcumin 50 mg/kg;
nanoencapsulated curcumin 4 mg/kg; cigarette smoke; curcumin 12.5 mg/kg along with cigarette
smoke; curcumin 25 mg/kg along with cigarette smoke; curcumin 50 mg/kg along with cigarette
smoke; and nanoencapsulated curcumin 4 mg/kg along with cigarette smoke. The treatment with
curcumin and cigarette smoke was carried out once a day, 5 days each week, during 30 days.
Curcumin was administered orally and, approximately 10 minutes later, the smoking groups were
exposed to the sidestream smoke of four commercial cigarettes (nicotine 0.9 mg, tar 10 mg each)
inside a whole-body smoke exposure chamber. After thirty days, the animals were euthanized, the
blood collected and the brain dissected in cerebral cortex, hippocampus, hypothalamus, striatum and
cerebellum. The group of rats exposed to cigarette smoke showed an increase in the activity of the
enzymes E-NTPDase (ATP as substrate) and E-5’-NT, and a reduction in the activity of the enzyme E-
NTPDase (ADP as substrate) in platelets; an increase in the activities of the enzymes E-NTPDase, E-
5-NT and AChE in synaptosomes from the cerebral cortex; an increase in the activity of AChE in
cerebellum, cerebral cortex, hippocampus, striatum, hypothalamus and peripheral blood; a decrease
in the activities of the enzymes Na',K'-ATPase and Ca”-ATPase and a redox imbalance.
Furthermore, in the same group of animals, it was observed a cognitive impairment evaluated through
the inhibitory avoidance test and the object recognition test. We conclude that the use of both
formulations of curcumin, free and nanostructured, prevents the effects observed in the purinergic and
cholinergic system, in the enzymes involved in the ion homeostasis and in the oxidative stress
parameters. Finally, the results obtained in this study indicate that curcumin administration as lipid-
core nanocapsules may be an alternative to increase its efficacy, probably by the increase of its
bioavailability when administered orally.

Keywords: Curcumin. Curcuma longa. Cigarette smoke. Purinergic system. Cholinergic system. Memory.
Oxidative stress. Nanocapsules.
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APRESENTACAO

Os resultados que fazem parte desta tese estdo apresentados sob a forma de
artigos. As secdes Materiais e Métodos, Resultados, Discussdo e Referéncias
encontram-se nos proprios artigos e representam a integra deste estudo.

Os itens Discussdo e Conclusbes, encontrados no final desta tese,
apresentam interpretacbes e comentarios gerais sobre os artigos contidos neste
trabalho.

As referéncias referem-se somente as citacbes que aparecem nos itens
Introducéo e Discusséo desta tese.

Os artigos estdo estruturados de acordo com as normas das revistas
cientificas nas quais encontram-se publicados:

Artigo 1: Cell Biochemistry and Function

Artigo 2: Cell Biochemistry and Function

Artigo 3: Physiology & Behavior

Artigo 4: Neurobiology of Learning and Memory



INTRODUCAO

Hoje, aproximadamente 20% da populacdo mundial (£ 1,4 bilhdo de pessoas)
utiliza produtos derivados do tabaco, a maioria na forma de cigarros e, em
consequéncia disso, cerca de seis milhGes de pessoas morreram somente em 2011
(ERIKSEN et al.,, 2012). De acordo com o Instituto Brasileiro de Geografia e
Estatistica (IBGE, 2012) o Brasil possui uma populacéo estimada de 190 milhdes de
pessoas. Uma pesquisa realizada pelo Ministério da Saude revelou que a frequéncia
de fumantes na populacéo brasileira € de 15,1% (BRASIL, 2011), aproximadamente
28,6 milhdes de fumantes.

Mesmo os ndo fumantes se expdem diariamente a fumaca do cigarro, a qual
possui mais de 4.000 substancias toxicas (GENBACEV-KRTOLICA, 2005). Dentre
elas, encontram-se: a acetona, 0 acetileno, o arsénico, o benzeno, o butano, o
cadmio, o monéxido de carbono, o dicloro-difenil-tricloroetano (DDT), o formaldeido,
o chumbo, o cianeto de hidrogénio, o metanol, a nicotina, o fenol, o polénio 210, o
tolueno, o cloreto de vinila e diversas outras dezenas de substancias carcinogénicas
(ERIKSEN et al., 2012). Além destes compostos toxicos, o cigarro também é fonte
de espécies reativas de oxigénio (EROs) como o anion radical superéxido (O5°), o
peroxido de hidrogénio (H.O,) e o radical hidroxila (HO"); e espécies reativas de
nitrogénio (ERNs) como o Oxido nitrico (NO’), o peroxinitrito (ONOO") e o
peroxinitrato (O,NOQO") (Figura 1) (PRYOR; STONE, 1993).

Filtro Cambridge — filtro de fibra de vidro que retém
99% das particulas maiores do que 0.1 pm

v _/ig a FASE « [ nNO NO, R, ROO
I — —— | GASOSA | —
N §
b
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| :
Cigarro

FASE d e
PARTICULADA R " 1 0,5 H,0, HO!

Figura 1 — Separacdo da fumaca do cigarro em (a) fase gasosa e (b) fase particulada. (c) A fase
gasosa do cigarro contém radicais que sdo produzidos a partir da reacdo de NO'/NO, com os
compostos presentes na fumaca do cigarro. (d) A fase particulada contém o radical semiquinona (Q°),
que por sua vez pode gerar (e) O,°, H,O, e, na presenca de Fe®*, HO'. (f) Além disso, a fase gasosa
também é fonte das EROs. Adaptado de (PRYOR & STONE, 1993).
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Estudos demonstram que as espécies reativas geradas pela exposicao a
estes compostos e pela combustdo do cigarro podem causar dano oxidativo em
macromoléculas biolégicas como a peroxidacdo de acidos graxos poliinsaturados de
membrana, oxidacdo protéica, quebra da dupla fita de acido desoxirribonucléico
(deoxyribonucleic acid, DNA) e oxidacdo de acido ribonucléico (ribonucleic acid,
RNA) desencadeando a despolarizacdo da membrana mitocondrial, a apoptose
(CHEN et al., 2004; DEMARINI, 2004; KONG,; LIN, 2010; PRYOR et al., 1998; RAIJ
et al., 2001; STONE et al., 1995; TSUCHIYA et al., 2002) e uma cascata inflamatoria
gue pode levar ao desenvolvimento e/ou facilitar a progresséo de diversas doencas
gue envolvem o sistema nervoso central (SNC) (Figura 2) (ALMEIDA et al., 2008;
DEANE; ZLOKOVIC, 2007; MCQUAID et al., 2009; SUNDSTROM et al., 2008).
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Figura 2 — Dano oxidativo induzido por EROs. Representacao esquematica das diversas vias pelas
quais as EROs originadas da combustdo do tabaco podem causar dano celular e inflamacéo.
Adaptado de (MAZZONE et al., 2010).
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O dano oxidativo que ocorre em consequéncia da exposicao a fumaca do
cigarro também esté associado com a disfungcéo endotelial caracterizada pelo déficit
no relaxamento vascular dependente do endotélio (ARGACHA et al., 2008; OTA et
al., 1997; RAIJ et al., 2001). A exposicdo ao tabaco € um dos fatores fortemente
associados com doencas cardiovasculares como a doenca arterial coronariana e a
aterosclerose (CASTELLI et al., 1981; GLANTZ; PARMLEY, 1991; GUARINO et al.,
2011; STEENLAND et al., 1996). O dano ao tecido endotelial também esta
associado a ativacdo dos trombdcitos ou plaguetas em consequéncia da ligacédo ao
coldgeno, a outras proteinas expostas da matriz extracelular e da subsequente
liberacdo de mediadores solUveis armazenados em vesiculas (Figura 3) (SEMPLE et
al., 2011). Estudos indicam que a agregabilidade plaquetaria € mais acentuada em
individuos fumantes e que estes apresentam niveis séricos de proteinas secretadas
por plaquetas ativadas como o fator plaquetério 4 (CXCL4), a B-tromboglobulina, o
fator de agregacdo plaquetario (FAP) e a P-selectina superiores aos basais, e
também aumento da expressdo de P-selectina na superficie das plaguetas
(DOTEVALL et al., 1987; FITZGERALD et al., 1983; FUSEGAWA; HANDA, 2000;
IMAIZUMI, 1991; MIYAURA et al., 1992; PERNERSTORFER et al., 1998).

Durante cerca de um século e meio as plaguetas foram exclusivamente
associadas a trombogénese (BIZZOZERO, 1882). Atualmente, embora sejam
primariamente associadas a hemostase e a trombogénese, existe uma gradual
compreensao de que as plaquetas desempenham uma importante funcdo na
modulacdo da resposta imune inata e adaptativa (ELZEY et al., 2003; HENN et al.,
1998; KISSEL et al.,, 2006; SEMPLE et al., 2011; SPRAGUE et al., 2008; VON
HUNDELSHAUSEN; WEBER, 2007). Além disso, estudos demonstram que
plaguetas ativadas estdo envolvidas na etiologia de diversas doencas que
acometem o SNC por possuirem uma grande variedade de receptores e produtos de
secrecdo, aléem daqueles envolvidos com as funcbes classicas de hemostase e
trombogénese, 0s quais estdo ativos em processos imunes, inflamatorios e de
reparo tecidual (CIABATTONI et al., 2007; HORSTMAN et al., 2010; PUTNAM, 1935;
SHEREMATA et al., 2008).
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As plaquetas aderem-se ao sitio de dano vascular
MNeutrofilo

Colageno e proteinas
da MEC

Célula muscular lisa

Agregacdo e ativacdo plaguetaria Formacgdo do tamp&ao hemostatico
Ativacdo da
cascata de
Tromboxano A2 -
coagulagdo
Trombina Fibrina

Figura 3 — Funcao plaquetaria na hemostase. Acredita-se que a principal funcdo fisiolégica das
plaguetas é a hemostase. No primeiro passo deste processo, um dano vascular expde o colageno e
proteinas da membrana basal que permitem a adesdo das plaquetas ao substrato. As plaquetas
aderidas formam um agregado e iniciam a liberacdo de mediadores da ativagdo plaquetéaria como o
ADP e o tromboxano A2. Em seguida, as plaquetas produzem trombina, a qual catalisa o inicio da
cascata de coagulacdo e a deposicdo de fibrina. ECM, matriz extracelular. Adaptado de (SEMPLE et
al., 2011).

Alguns autores propéem (HORSTMAN et al.,, 2010) que as plaquetas
juntamente com os linfécitos estariam envolvidas em doencas que acometem o SNC
por aumentar a permeabilidade da barreira hematoencefalica (BHE).
Especificamente, o FAP, um dos principais agonistas liberados pelas plaquetas e um
potente mediador pro-inflamatorio, seria secretado pela cooperagdo entre plaquetas
e leucocitos e facilitaria o rompimento da BHE, uma vez que uma das funcdes

reconhecidas e mais proeminentes do FAP é a ruptura das juncdes endoteliais
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(ADAMSON et al., 2008; BRKOVIC; SIROIS, 2007; JIANG et al., 2008; KNEZEVIC et
al., 2009). O envolvimento do FAP com o dano encefalico jA foi proposto
anteriormente (LINDSBERG et al., 1991) e acredita-se que ele seja responsavel pela
ruptura da BHE no inicio do desenvolvimento da esclerose multipla (CALLEA et al.,
1999; LOCK et al.,, 2002). Sabe-se que a exposicdo a fumaca do cigarro esti
associada com o aumento na liberacdo do FAP (IMAIZUMI, 1991), o que
provavelmente contribui para as alteracdes neurobiolégicas e neurocognitivas
observadas em individuos fumantes e expostos de forma passiva ao tabaco. Além
disso, a fumaca do cigarro também contém niveis elevados de NO’, que pode afetar
a funcdo da BHE diretamente ou via alteracdo do tbnus vascular, ativacéo
plaquetéria e pela adesao de leucécitos ao endotélio (BORLAND; HIGENBOTTAM,
1987). A migracao de leucocitos através da BHE € uma das principais caracteristicas
de diversas desordens neuroimunes (MAZZONE et al., 2010).

Diversos grupos de pesquisa que investigam as consequéncias
neurocognitivas da exposicéo crénica a fumaca do cigarro apontam um declinio na
precisdo da memoaria de trabalho (JACOBSEN et al., 2005), na memoadria audio-
verbal (FRIED et al.,, 2006), na velocidade de processamento de informacdes
(SPILICH et al., 1992), na inteligéncia geral (WEISER et al., 2010), na velocidade
psicomotora e na flexibilidade cognitiva (KALMIJN et al.,, 2002) e em habilidades
intelectuais gerais (DEARY et al., 2003). Estes efeitos observados no desempenho
cognitivo de fumantes, tais como o declinio na velocidade psicomotora e flexibilidade
cognitiva sugerem alguma alteragcdo no cortex cerebral (substancia branca) (DE
GROOT et al., 2000; YLIKOSKI et al., 1993), que pode ser resultante de leses em
pequenos vasos, uma vez que ja foram descritas alteracfes vasculares e no fluxo
sanguineo cerebral de fumantes (ROGERS et al., 1984) e estas alteracfes estédo
diretamente relacionadas com o desempenho cognitivo (MEYER et al., 1988).

O sistema purinérgico, que € constituido por enzimas, nucleotideos,
nucleosideos, e receptores purinérgicos (Figura 4) (JUNGER, 2011), participa de
forma notavel em processos que envolvem o SNC como a neurotransmissao
(BURNSTOCK, 1976; BURNSTOCK, 2007), a neuromodulacdo (BURNSTOCK,
2007) e a plasticidade sinaptica (WIERASZKO; EHRLICH, 1994) além de processos
como a tromborregulacdo e hemostase (ZIMMERMANN, 1999).
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Figura 4 — Componentes da sinalizacdo autdcrina purinérgica. Esquema dos elementos chave
envolvidos na sinalizacdo purinérgica. A ativacdo de receptores do tipo formil peptideo (FPRs) pelo N-
formil-metionil-leucil-fenilalanina (fMLP) leva a abertura de semicanais de panexina 1 e liberacdo de
ATP pela célula. O ATP liberado promove a ativacdo autdcrina de receptores do tipo P2. As enzimas
ectonucleotidases, como a ectonucleosideo trifosfato difosfohidrolase (E-NTPDase) e a 5'-
nucleotidase promovem a hidrélise do ATP e a formacdo de adenosina, a qual ativa receptores do
tipo P1. A adenosina é “neutralizada” pela ecto-adenosina desaminase, a qual converte a adenosina
em inosina, ou reciclada via transportadores de nucleosideos (CNTs). Adaptado de (JUNGER, 2011).

Dentre as enzimas do sistema purinérgico, as ecto-nucleotidases atuam na
regulacdo dos niveis extracelulares dos nucleotideos e nucleosideo de adenina, que
sdo moléculas sinalizadoras. Dentre elas destacam-se as familias ecto-nucleosideo
trifosfato difosfohidrolase (E-NTPDase, EC 3.6.1.5) e ecto-5-nucleotidase (E-5-NT,
EC 3.1.3.5) por representarem as principais enzimas envolvidas na hidrolise de
nucleotideos que participam da sinalizag¢éo purinérgica (ZIMMERMANN et al., 2012).
As E-NTPDases possuem esta nomenclatura por possuirem a capacidade de
hidrolisarem bases puricas e pirimidicas (VITIELLO et al.,, 2012). Até ent&o, oito
membros paralogos desta familia foram identificados e diferem quanto a
especificidade de substratos, distribuicdo tecidual e localizagéo celular (Figura 5);
destes, 4 (NTPDAsel, NTPDase2, NTPDase3 e NTPDase8) séo tipicamente
expressos na superficie celular; e 4 (NTPDase 4-7) estdo presentes no meio
intracelular em organelas citoplasmaticas (BIGONNESSE et al., 2004; ROBSON et
al., 2006; SHI et al., 2001; ZIMMERMANN, 2001; ZIMMERMANN et al., 2012). A E-
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NTPDasel (CD39, ATP difosfohidrolase, apirase) catalisa a desfosforilagéo
sequencial do nucleosideo trifosfato de adenosina (ATP) em nucleosideo difosfato
(ADP) até a formacdo do nucleosideo monofosfato (AMP) e & encontrada em
diversas células como em plaquetas, células endoteliais, células musculares lisas
dos vasos, neurénios e células da glia (BRAUN et al., 2000; ZIMMERMANN, 1999;
ZIMMERMANN, 2006a). A E-5-NT é uma enzima ancorada a membrana plasmatica
por glicosil-fosfatidilinositol (GPI) e possui forma estrutural homodimérica com pontes
dissulfeto entre as cadeias. Esta enzima possui um importante papel na cascata

purinérgica, pois hidrolisa preferencialmente moléculas de AMP em ADO com valores
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Figura 5 — Arvore filogenética hipotética derivada de 22 membros selecionados da familia das
NTPDases (NTPDasel a NTPDase8) de ratos (r), seres humanos (h) e camundongos (m), apds o
emparelhamento da sequéncia de aminoacidos. O comprimento das linhas indica a diferenca
existente entre as sequéncias de aminoacidos. Pode observar-se a clara separacgdo entre as enzimas
ancoradas a membrana (acima da linha pontilhada) e as formas intracelulares. Além disso, sao
indicadas as principais afinidades por substratos para cada membro e a sua respectiva topografia (um
ou 2 dominios transmembrana). Adaptado de (ROBSON et al., 2006).
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da constante de Michaelis (K;) na faixa de micromolar (ZIMMERMANN, 1992;
ZIMMERMANN, 1996; ZIMMERMANN, 2001; ZIMMERMANN et al., 2012). Quanto a
sua distribuicdo, a E-5’-NT também €& expressa em plaquetas, células endoteliais,
neurénios e células da glia (ZIMMERMANN, 1996; ZIMMERMANN et al., 1998).
Além das ecto-nucleotidases a enzima ecto-adenosina desaminase (E-ADA, EC
3.5.4.4) também participa da regulacdo dos niveis extracelulares de adenosina
(ADO), através da desaminacdo da ADO em inosina (COLGAN et al.,, 2006;
YEGUTKIN, 2008; ZIMMERMANN, 2001).

Os nucleotideos e o nucleosideo de adenina, que tém suas concentracdes
extracelulares reguladas pelas atividades dessas enzimas, sd&o agonistas de
receptores purinérgicos metabotropicos (P1, P2Y) e ionotropicos (P2X). Através da
ligacdo com estes receptores 0s nucleotideos e a adenosina participam de respostas
fisiologicas diversas como, por exemplo: no desenvolvimento sinaptico (BRAUN et
al., 1995; SCHOEN; KREUTZBERG, 1994); na neurogénese (ZIMMERMANN,
2006b); no pré-condicionamento isquémico e adaptacdo a hipoxia (SCHETINGER et
al., 1998a; SCHETINGER et al., 1998b); na tromborregulacdo e hemostase e na
funcdo plaquetaria (ZIMMERMANN, 1999). Um ponto que merece destaque é que,
assim como outros neurotransmissores, o ATP é armazenado em vesiculas
sinapticas, liberados de maneira dependente da concentracdo de Ca®, atua em
receptores metabotrépicos ou ionotrépicos e € hidrolisado extracelularmente
(ZIMMERMANN, 2008).

O sistema colinérgico, por sua vez, desempenha um papel fundamental em
varias func¢des vitais tais como o aprendizado e a memdria (MESULAM et al., 2002;
WINKLER et al., 1995). A acetilcolina (ACh), a primeira molécula a ser identificada
como um neurotransmissor, liga-se a duas classes de receptores: 0s receptores
colinérgicos nicotinicos (NAChRs), de acao ionotrépica, e os receptores colinérgicos
muscarinicos (MAChRs), de acdo metabotropica (DESCARRIES et al.,, 1997,
KANDEL et al.,, 2000). A sua sintese é realizada nos terminais nervosos pré-
sinapticos pela colina-acetiltransferase (ChAT, EC 2.3.1.6) a partir de dois
precursores: a colina e a acetil-coenzima A (acetil-CoA). A ACh é armazenada em
vesiculas que liberam seu contetdo por exocitose, apos influxo de calcio no terminal
nervoso. Ao ser liberada, a ACh interage com receptores especificos causando
despolarizacdo e propagacdo do potencial de acdo na célula pds-sinaptica. A

enzima acetilcolinesterase (AChE, EC 3.1.1.7), localizada na fenda sinaptica, realiza
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a terminacdo da transmissao sinptica colinérgica através da hidrélise da ACh em
colina e acetato (Figura 6) (SILVA, 1998; SOREQ; SEIDMAN, 2001; TAYLOR;
BROWN, 1999).
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Figura 6 — Esquema da sinapse colinérgica. A acetilcolina (ACh) que esta contida na vesicula
sinptica do terminal nervoso é liberada na fenda sindptica por exocitose. Liga-se no neurénio pos-
sinptico através de receptores especificos e € hidrolizada por colinesterases especificas, que a
degradam em colina e acetil-CoA. O transportador de colina recolhe a colina resultante da reacéo que
esta livre na fenda sinaptica e leva novamente para o neurfnio pré-singptico para a sua reutilizagéo.
Colina acetil-transferase (ChAT); transportador vesicular de ACh (VAChT); AMP ciclico (CAMP);
diacilglicerol (DAG); proteina cinase C (PKC). Adaptado de (SOREQ; SEIDMAN, 2001).

O envolvimento do sistema colinérgico em processos cognitivos pode ser
caracterizado pela participacdo da modulacdo colinérgica muscarinica em algumas
das caracteristicas patolégicas presentes na doenca de Alzheimer, como, por
exemplo, a degeneracdo de neurdnios colinérgicos que leva a uma reducao
significativa na liberacdo de ACh na amigdala, hipocampo e neocoértex e uma
consequente diminuigcdo da modulacdo dos mAChRs sobre as fung¢des neuronais
nessas estruturas (COYLE et al., 1983; LEVEY, 1996; THATHIAH; DE STROOPER,
2009; WILKINSON et al., 2004). Além disso, autores sugerem o envolvimento do
sistema colinérgico na modulagdo da memoria através de diversos sistemas, uma

vez que antagonistas colinérgicos atenuam a influéncia no armazenamento da
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memoria pela atividade opidide (INTROINI; BARATTI, 1984), GABAérgica
(CASTELLANO; MCGAUGH, 1991) e B-adrenérgica (INTROINI-COLLISON et al.,
1996).

Outro aspecto importante para a regulacdo da funcdo encefédlica € a
capacidade de manter um gradiente ibnico através da membrana plasmatica
neuronal, ou seja, a capacidade de manter um desequilibrio nas concentracdes intra
e extracelulares de fons como sédio (Na*), potassio (K*) e célcio (Ca®") que sdo
necessarios para a geracao, processamento e transmissdo de impulsos nervosos
(ERECINSKA; SILVER, 1994). A bomba de sbédio-potassio (Na*,K*-ATPase; EC
3.6.3.9) e a bomba de célcio (Ca**-ATPAse; EC 3.6.3.8) s&o membros da familia das
ATPases do tipo P (P-ATPAses) de bombas de cations que utilizam a energia livre
proveniente da hidrélise do ATP para transportar ativamente cations contra 0s seus
gradientes eletroquimicos (JORGENSEN et al., 2003).

A Na’,K'-ATPase realiza o transporte ativo de Na* para o meio extracelular e
de K" para o meio intracelular, contribuindo para regulacdo do potencial de
membrana, necessario para a comunicacdo entre as redes neurais (Figura 7)
(HORISBERGER, 2004). A Na*,K*-ATPase ¢ uma proteina de membrana e consiste
de uma subunidade catalitica a com 10 segmentos transmembrana, uma Unica
subunidade B glicosilada transmembrana, necessaria para a estabilizagdo estrutural
assim como para propriedades funcionais como a afinidade catibnica, e também
uma subunidade y expressa especialmente nos rins e envolvida na regulacdo do
canal idnico (COLONNA et al., 1997; FAMBROUGH et al., 1994; GEERING, 2001,
KUSTER et al., 2000; THERIEN et al., 2001). A Na',K*-ATPase é composta por 4
isoformas a (a1-4), sendo 3 destas expressas no encéfalo de ratos e camundongos:
a isoforma a1 é encontrada em diversos tipos celulares, a isoforma a2 predomina
em astroécitos, e a isoforma a3 é localizada essencialmente em neurdnios (LINGREL
et al., 2007; MOSELEY et al.,, 2007). Foi demonstrado que a haploinsuficiéncia
(auséncia de um gene funcional) para as isoformas a2 e a3 da Na',K'-ATPAse
resultam em alteragcdes comportamentais em camundongos (LINGREL et al., 2007).
Também ja foi demonstrado que camundongos haploinsuficientes para a isoforma
a2 da Na',K'-ATPase apresentam um comportamento similar & ansiedade e que
camundongos haploinsuficientes para a isoforma a3 da Na',K'-ATPase

desenvolveram déficits cognitivos espaciais (MOSELEY et al., 2007). Além disso, a
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reducdo na atividade desta enzima em cortex cerebral de ratos foi associada a
disfuncéo cognitiva induzida pelo dano encefalico traumético (LIMA et al., 2008).

Estado E2
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Figura 7 — Esquema do ciclo funcional da Na*,K*-ATPase. A proteina é ancorada & membrana celular
(com o seu lado extracelular representado para cima e o seu lado intracelular para baixo). Os sitios
de ligag&o para os cations Na" e K estdo localizados na regido transmembrana da proteina e sio
acessiveis alternativamente do lado citoplasmético (conformacdo E1) e do lado extracelular
(conformacgao E2) da membrana. O acesso aos sitios de ligagao é regulado por dois “portdes” (gates)
ilustrados pelas barras horizontais escuras, sendo uma para 0 meio extracelular e outra para 0 meio
intracelular. Adaptado de (HORISBERGER, 2004).

A Ca*-ATPase, por sua vez, transporta dois fons de Ca®" através da
membrana plasmética (para o meio extracelular) ou do reticulo endoplasmatico (para
dentro da vesicula) contra o seu gradiente de concentracéo, obtendo energia através
da hidrolise de uma molécula de ATP durante cada ciclo de transporte (Figura 8)
(MOLLER et al., 2010). A baixa concentracdo intracelular de Ca®" é mantida
principalmente pela atividade da Ca?*-ATPase (ativada pela calmodulina, CaM)
localizada na membrana plasmatica (PMCA, plasma membrane Ca?*-ATPase)
(CARAFOLI, 1991; CARAFOLI, 1992; INESI; KIRTLEY, 1992) e no reticulo
endoplasmatico (SERCA, sarco-endoplasmic reticulum Ca*-ATPase) (IKEMOTO,

1982). A funcdo destas enzimas é fundamental, uma vez que a sua inibicdo
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(RICHARDS et al.,, 1988; WANG et al.,, 1994) leva a alteracdo dos gradientes
idnicos, acimulo de Ca?* e & morte celular (KEHRER, 1993; ROHN et al., 1996).

2Ca* nH*

s @
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[H, JE2-P:ATP [Ca,JE1~P:ADP

2 Ca*

Figura 8 — Esquema do ciclo funcional da SERCA la. Principais estados do ciclo de transporte: 1)
Troca de n prétons (n=2-3) por 2 ions ca* ; 2) Reacao de fosforilagdo com o ATP com a formacao do
intermediario [Ca,]E1~P:ADP; 3) Conversao do estado [Ca,]E1~P:ADP para [Ca,]E1~P:ATP apés a
troca de ADP/ATP (estrutura ainda desconhecida); 4) Estado basal apds a abertura luminal e a troca
dos fons Ca* por fons H*. 5) Formac&o do estado fechado [Hn]E2~P:ATP; 6) Desfosforilacdo do
estado de transicdo [Hn]E2~P:ATP em HnEZ2:ATP. [ ] representa o estado fechado da enzima.
Adaptado de (MOLLER et al., 2010).
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Dentre as alternativas para o tratamento de diversas doencas destaca-se 0
emprego de compostos naturais extraidos das plantas, denominados fitoterapicos.
Desde o0s tempos pré-historicos os fitoterapicos sdo empregados na medicina
popular.

A curcumina (diferuloilmetano) € um dos principais constituintes do acafrao da
india ou curcuma (GOEL et al., 2008), a especiaria gastrondémica de cor amarelada
extraida dos rizomas da planta conhecida como turmeric (Curcuma longa). Esta
planta € uma herbacea perene que pertence a familia Zingiberaceae e possui

7

distribuicAo em zonas tropicais e subtropicais; seu cultivo € muito difundido em
paises asiaticos, principalmente na india e na China (ARAUJO; LEON, 2001). A

curcumina é um polifenol empregado na medicina hindu (AMMON; WAHL, 1991) e

na medicina tradicional Indiana e Chinesa para tratamento de diversas doencas
(AMMON et al., 1992; PATWARDHAN et al., 2005).
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Produtos a base de curcumina

Figura 9 — Isolamento, extracéo e estrutura quimica da curcumina. Sao apresentados alguns produtos
a base de curcumina comumente comercializados em paises orientais como comprimidos, capsulas,
pilulas, fitas curativas e cremes para o tratamento de ferimentos e para barbear. As alteracdes na
colocacdo do extrato bruto (turmeric) em condi¢des neutras, acididas ou alcalinastambém podem ser
observadas. Adaptado de (GOEL et al., 2008).
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A curcumina € uma molécula lipofilica e dentre as suas propriedades
farmacoldgicas destaca-se o seu forte potencial antioxidante (ILBEY et al., 2009;
KAMAT et al., 2008; KOWLURU; KANWAR, 2007), atribuido a sua capacidade de
atenuar o efeito de EROs e ERNs e de se ligar a ions metalicos associada com
caracteristicas estruturais tais como a presenc¢a do grupo funcional metoxilo no anel
fendlico e das ligagcbes 1,3-dicetona em sua estrutura (AGGARWAL; SUNG, 2009;
KAPOOR; PRIYADARSINI, 2001).

Pesquisas também demonstram que este composto possui atividade anti-
agregante. A curcumina inibe a agregacdo plaquetaria induzida pelo &cido
araquidonico (AA), adrenalina, colageno e FAP; altera o metabolismo de
eicosandides reduzindo a liberacdo de AA pela deacilacdo de fosfolipidios com a
concomitante reducdo da sintese de tromboxano B, (TXB;), acido 12-
hidroxiheptadecatriendico (12-HHT) e acido 12-hidroxieicosatetraendico (12-HETE);
além de inibir a mobilizagdo de Ca* das plaquetas (SHAH et al., 1999;
SRIVASTAVA et al., 1995).

Estudos experimentais indicam que a curcumina é capaz de atravessar a BHE
(GARCIA-ALLOZA et al., 2007; YANG et al., 2005), o que fortalece os resultados de
diversos estudos que demonstram o0 seu potencial neuroprotetor na prevencao da
disfuncéo cognitiva (PAN et al., 2008; REETA et al.,, 2009; TANG et al., 2009),
neurotoxicidade (SETHI et al., 2009), neuroinflamacdo e doencas de Alzheimer e
Parkinson (BEGUM et al., 2008), assim como na promoc¢do de neuroplasticidade e
neurogénese (BEGUM et al., 2008; KIM et al., 2008). Acredita-se que os efeitos
neuroprotetores providos pela curcumina sejam parcialmente relacionados a
regulacdo de importantes enzimas e moléculas envolvidas na inflamacdo como a
cicloxigenase-2 (COX-2), lipoxigenase, fator nuclear kappa-B (FN-kB) e citocinas
(GOEL et al., 2008). Alguns estudos também inferem que a curcumina é capaz de
modular vias de sinalizacao intracelulares pela regulacdo da atividade das proteinas
cinases A, B e C (PKA, PKB e PKC) dependentes de Ca?* e pela expresséo do
receptor do inositol 1,4,5-trifosfato (GOEL et al., 2008). Além disso, destaca-se sua
propriedade citoprotetora na prevencdo do dano oxidativo a ceélulas neuronais
(SCAPAGNINI et al., 2006).
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Adicionalmente, algumas pesquisas apontam que embora a curcumina néo
exerca um efeito per se sobre o sistema colinérgico no SNC, ela é capaz de
normalizar o aumento na atividade da enzima AChE em cortex cerebral promovido
pela estreptozotocina (STZ) em modelo de deméncia (AGRAWAL et al., 2010;
RINWA et al., 2010) e em modelo de diabetes (KUHAD; CHOPRA, 2007), e também
atenua a reducdo da atividade enzimética causada pela exposi¢cdo ao arsénio (As)
nesta estrutura encefalica (YADAV et al., 2011). A curcumina também n&o exerce
efeito per se sobre o sistema purinérgico avaliado através da atividade da enzima E-
NTPDase em linfocitos periféricos e pulmonares, contudo foi eficaz em prevenir a
reducdo promovida pela exposicdo passiva a fumaca do cigarro (JAQUES et al.,
2011).

Ao mesmo tempo em que a curcumina possui diversas propriedades
promissoras para a terapia de muitas condi¢cdes clinicas, sua atividade biolégica é
bastante limitada em virtude de suas propriedades farmacocinéticas, especialmente
a sua restrita biodisponibilidade (KELLOFF et al., 1996). Frente a este problema,
diversos grupos de pesquisa tém empregado o uso da nanotecnologia com o intuito
de aumentar a biodisponibilidade da curcumina administrada por via oral e as
formulagcbes nanoestruturadas tém proporcionado resultados promissores (RAY et
al., 2011; SHAIKH et al., 2009; THANGAPAZHAM et al., 2008).

Como apresentado anteriormente, a fumaca do cigarro possui diversos efeitos
nocivos conhecidos como o dano oxidativo ao sistema vascular cerebral, a
acentuacdo da agregabilidade plaquetéria, as disfuncdes neurocognitivas e de
memoéria, dentre outros. Desta forma, é de interesse clinico investigar a acéo
terapéutica de compostos com propriedades antioxidantes, antiagregantes e
neuroprotetoras como a curcumina sobre o perfil redox e sobre a atividade de
enzimas que desempenham fung¢des vitais no SNC como a E-NTPDase, a E-5'-NT, a
E-ADA, a AChE, a Na'K'-ATPase e a Ca*-ATPase em um modelo animal de

exposicdo passiva a fumacga do cigarro.
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OBJETIVOS
Objetivo Geral

Avaliar o efeito da curcumina sobre a memoéria e parametros envolvidos na
homeostase do sistema nervoso central em ratos expostos de forma passiva a

fumaca do cigarro.

Objetivos especificos

- Determinar ex vivo em ratos expostos de forma passiva a fumaca do cigarro e
tratados com diferentes doses de curcumina:

- A atividade das enzimas E-NTPDase, E-5'-nucleotidase e E-ADA em plaquetas de
sangue periférico;

- A atividade das enzimas E-NTPDase, E-5-nucleotidase e AChE em sinaptossomas
de cortex cerebral;

- A atividade da enzima AChE em diferentes estruturas encefalicas e em sangue

total;

- Avaliar a memoria dos animais pela tarefa da esquiva inibitéria;

- Determinar ex vivo em ratos expostos de forma passiva a fumaca do cigarro e
tratados com diferentes doses de curcumina livre e nanoestruturada:

- A atividade das enzimas Na‘',K*-ATPase e Ca?’-ATPase em homogenatos de
cortex cerebral;

- Os niveis de substancias reativas ao acido tiobarbitarico (TBARS), nitritos e nitratos
(NOx), tidis ndo-protéicos (NPSH) e a atividade da enzima superoxido dismutase
(SOD) em homogenatos de cortex cerebral;

-> Avaliar a memoria dos animais pela tarefa de reconhecimento de objetos.



ARTIGO 1 - EFFECTS OF CURCUMIN ON THE ACTIVITIES OF THE
ENZYMES THAT HYDROLYZE ADENINE NUCLEOTIDES IN
PLATELETS FROM CIGARETTE SMOKE-EXPOSED RATS
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Effects of curcumin on the activities of the enzymes that hydrolyse
adenine nucleotides in platelets from cigarette smoke-exposed rats
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The aim of the present study was to investigate the effect of curcumin (Cur) on the activity of ectonucleoside triphosphate diphosphohydro-
lase (CD39), 5'-nucleotidase (CD73) and adenosine deaminase in platelets of cigarette smoke-exposed rats. For that purpose, we subjected
male Wistar rats to a treatment with Cur and cigarette smoke, once a day, 5 days each week, for 30 days. The rats were treated by gavage with
Cur or corn oil and then exposed to cigarette smoke. The experimental procedures were divided into two sets of experiments. In the first, the
animals were divided into four groups: vehicle (corn oil) or Cur 125, 25 or 50mg-kg . In the second, the animals were divided into five
groups: vehicle (corn oil), smoke, or smoke and Cur 12-5, 25 or 50 mg-kg™'. The results showed that treatment with Cur significantly pre-
vented the increased adenosine triphosphate (ATP) (121%) and adenosine monophosphate (AMP) (159%) and the decreased adenosine di-
phosphate (ADP) (51%) hydrolysis observed in the cigarette smoke-exposed rats Our results suggest that those purinergic enzyme
alterations observed in the cigarette smoke-exposed rats could be related to an excessive platelet aggregation and point toward the potential
of Cur to modulate purinergic signalling and, consequently, regulate the thrombus formation. Copyright © 2011 John Wiley & Sons, Ltd.

KEY WORDS—curcumin; cigarette smoke; platelets; purinergic signalling

INTRODUCTION

Cigarette smoking is a risk factor for the development
of many disorders such as chronic obstructive pulmonary
disease, lung cancer,' brain deficits,” coronary artery dis-
ease® and atherosclerosis.* This widely spread behaviour is
associated with increased mortality from cardiovascular
disease, and its effects over the platelets have been investi-
gated. In vitro studies have shown that smokers presented
higher small (spontaneous aggregation), medium and large
aggregates (induced by 1 or 5 pumol-1"" of epinephrine) than
nonsmokers, which confirmed that platelet aggregability is
enhanced in smokers.” Some studies also demonstrated
that smokers show elevated platelet specific proteins,
which are released from platelet z-granules into circulating
blood plasma when platelets are activated such as plasma
levels of platelet factor 4° and f-thromboglobulin,” higher
P-selectin expression on the surface of platelets and a higher
plasma soluble P-selectin level.® Furthermore, Takajo and

colleagues’ demonstrated that the bioactivity of platelet-
derived nitric oxide (NO) is impaired in chronic smokers,
reinforcing the knowledge about their prothrombotic state.

Platelets or thrombocytes are tiny, anucleated and regu-
larly shaped cell fragments produced by large, multinu-
cleated cells in the bone marrow, the megakaryocytes.
They play an important role in the blood hemostasis, being
source of growth factors and involved in the formation of
blood clots."” The enzymes ectonucleoside triphosphate
diphosphohydrolase (NTPDase; EC 3.6.1.5; CD39), 5’-
nucleotidase (EC 3.1.3.5; CD73) and adenosine deaminase
(ADA; EC 3.5.4.4) are present in the platelet membrane
and play an important role in regulating the levels of extra-
cellular nucleotides such as adenosine triphosphate (ATP),
adenosine diphosphate (ADP) and its nucleoside adenosine
that, in turn, are able to tune the excessive platelet
aggregation.''

Curcumin (Cur; 1,7-bis(4-hydroxy-3-methoxyphenyl)-
1,6-heptadiene-3,5-dione or diferuloylmethane), a dietary

e spice from turmeric, is a polyphenol with many biological
*Correspondence to: Daniela Bitencourt Rosa Leal, Departamento de

Microbiologia e Parasitologia/CCS/Universidade Federal de Santa Maria
(UFSM), Prédio 20-Sala 4102, RS, Brazil.
E-mail: dbitencourtrosaleal @ gmail.com

Copyright © 2011 John Wiley & Sons, Ltd.

properties described so far, such as anti-inflammatory, anti-
. . . )

oxidant, chemopreventive and neuroprotective.'*"'® In

addition to these properties and in particular interest for this
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research, some studies have demonstrated the anti-aggregant
activity of Cur. This compound inhibits aggregation induced
by arachidonic acid (AA), adrenaline, collagen and platelet-
activating factor; alters eicosanoid metabolism down-
regulating the release of AA (deacylation of phospholipids)
with a concomitantly reduced formation of thromboxane
B, (TXB,), 12-hydroxyheptadecatrienoic acid (12-HHT)
and 12-hydroeicosatetraenoic acid (12-HETE); and further,
inhibited the A-23187-induced mobilization of intracellular
Ca®* from the platelets.'”'®

Considering these facts, the purpose of the present study
was to investigate the activity of the enzymes NTPDase,
5’-nucleotidase and ADA in platelets from cigarette smoke-
exposed rats treated with Cur, a major component of tur-
meric, which has been shown to inhibit platelet aggregation.

MATERIALS AND METHODS
Reagents

Nucleotides, Trizma Base, Percoll, 4-(2-hydroxyethyl)pipera-
zine-1-ethanesulfonic acid, N-(2-hydroxyethil)piperazine-N’-
(2-ethanesulfonic acid) (HEPES) buffer, adenosine and
Coomassie brilliant blue G, Cur (Cur = 80%; curcuminoid
content=>94%) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). The brand of cigarette used in the experi-
ment was manufactured by Souza Cruz S.A. (Brazil). The
cigarette contains 10 mg of tar, 0-9 mg of nicotine and 10 mg
of carbon monoxide. All other reagents used in the experi-
ments were of analytical grade and of highest purity.

Animals

Male Wistar rats (90-110days) from the Central Animal
House of the Federal University of Santa Maria (UFSM)
were used in this experiment. They were housed five to a
cage on a natural day/night cycle at a temperature of 21°C
with free access to water and standard chow ad libitum.
All animal procedures were approved by the animal ethics
committee from the UFSM (protocol under number:
23081.004963/2009-71).

Cigarette smoke exposure and treatment with curcumin

The experimental procedure was divided into two sets of
experiments. In the first set, the animals were randomly
divided into four groups (ten rats in each group): vehicle
(corn oil), Cur 12-5mg-kg”" body weight, Cur 25 mg-kg"
body weight and Cur 50 mg-kg™' body weight. In the second
experimental set, the animals were divided into five groups
(ten rats in each group): vehicle (corn oil), smoke exposed,
smoke and Cur 12-5mg-kg”"' body weight, smoke and Cur
25mg-kg"' body weight and smoke and Cur 50 mgkg"
body weight. Cur was diluted with corn oil, administered
by gavage, not exceeding 0-1ml-kg"' body weight. The
treatment with Cur and cigarette smoke was carried out once
aday, 5 days each week, during 30 days. First, the Cur or corn
oil was administered, and approximately 10min later, the
smoking groups were exposed to the aged and diluted side-
stream smoke of commercial cigarettes inside a whole-body
smoke exposure. Control animals were placed in an equal

Copyright © 2011 John Wiley & Sons, Ltd.

chamber for the same amount of time but without exposure
to smoke. When the smoke exposure was carried out,
the control group was always outside, without any contact
with smoke.'

Smoke generation

After placing the rats inside the exposure chamber (size
564 x 385 x 371 mm; volume 53 100 ml/17950z; plastic
material), four cigarettes were lit simultaneously, and a stop-
watch was turned on. Cigarettes were fixed in a metal
holder, allowing them to be fully burned down within a
period of 15 min. After lighting the cigarettes, the chamber
was immediately closed, with only a small opening
(371 x 40 mm) in the chamber for ventilation. A metal grille
was placed on top of the cigarette holder to avoid direct
contact with the cigarettes and, thus, prevent the rats from
injuring themselves. The inhalation exposure of our study
was to aged and diluted sidestream smoke, used as a surro-
gate of environmental tobacco smoke as experienced by
non-smokers.'”

Platelet separation

Platelet-rich plasma (PRP) was prepared as previously
described,” with the following minor modifications. Total
blood was collected by cardiac puncture with 0-120 mol-1"
of sodium citrate as anticoagulant. The total blood-citrate
system was centrifuged at 160 g during 15min. The PRP
was centrifuged at 1400 g for 30 min and washed twice by
centrifugation at 1400g for 10min with 3.5mmol-I"" of
HEPES isosmolar buffer. The washed platelets were resus-
pended in HEPES isosmolar buffer and adjusted to 0-4—0-6 mg
of protein per milliliter.

Ectonucleoside triphosphate diphosphohydrolase and 5’-
nucleotidase assays

The NTPDase enzymatic assay of the platelets was carried out
in a reaction medium containing 5 mmol-l" of CaCl,,
100 mmol-I"" of NaCl, 4 mmol-I"" of KCI, 5mmol-1" of glu-
cose and S0 mmol-1"" of Tris-HCI buffer, pH 7-4, at a final
volume of 200 pl as previously described.” For adenosine
monophosphate (AMP) hydrolysis, the chemical reagents
used were the same described for NTPDase activity, except
that 5mmol-1"" of CaCl, was replaced by 10mmol-I" of
MgCl,. First, 20 pl of enzyme preparation (8—12 pg of pro-
tein) were added to the reaction mixture and pre-incubated
at 37°C for 10min. The reaction was initiated by the
addition of ATP or ADP to obtain a final concentration of
1.0 mmol-I"!, and incubation proceeded for 60 min. For
AMP hydrolysis, 5'-nucleotidase activity was carried out
as previously described, and the final concentration of the
nucleotide AMP added was 2 mmol-1"'. In all cases, reactions
were stopped by the addition of 200 pl of 10% trichloroacetic
acid (TCA) to provide a final concentration of 5%. Released in-
organic phosphate (Pi) was assayed using malachite green as
the colorimetric reagent and KH,PO, as standard.>' Controls
were carried out to correct for non-enzymatic hydrolyses

Cell Biochem Funct 2011; 29: 630-635.
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of nucleotides by adding platelets after TCA addition. All
samples were run in triplicate. Enzyme specific activities
are reported as nanomole Pi released per minute per milli-
gram of protein.

Adenosine deaminase activity determination

A(Ienmme deaminase was determined as previously
described.”? Briefly, 50ul of platelets reacted with
21 mmol-I" of adenosine, pH 6-5, and was incubated at
37°C for 60 min. This method is based on the direct produc-
tion of ammonia when ADA acts in excess of adenosine.
The protein content used f()r the platelet experiment was
adjusted to 0-7-0-9 mg-ml’! Results were expressed in units
per mllllgmm of protein (U-mg™" of protein). One unit (1 U)
of ADA is dehned as the amount of enzyme required to
release 1 mmol-1"' of ammonia per minute from adenosine
at standard assay conditions.

Protein determination

: . 23
Protein was measured by the Coomassie blue method
using serum albumin as standard.

Statistical analysis

The statistical analysis was performed using one-way
ANOVA, followed by Newman-Keuls multiple comparison
test. p<0-05 was considered to represent a significant
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Figure 1.

difference among the analyses used. All data were expressed
as mean = SEM.

RESULTS

Ectonucleoside triphosphate diphosphohydrolase and 5’-
nucleotidase activity

Ectonucleoside triphosphate diphosphohydrolase activity
from platelets was not modified by Cur per se treatment using
both ATP [F(3,36)=1-24, p>0-05, n=10] (Figure 1A)
and ADP [F(3,36)=0-057, p > 0-05, n=10] (Figure 1C) as
the substrates as well as the 5-nucleotidase activity
[F(3,36)=0-13, p>0-05, n=10] (Figure 2A). In the hy-
drolysis of ATP in platelets, the smoke group presented an
increase of 121 194 164 and 135% [F(4,45)=3-20, p < 0-05,
n=10] (Figure 1B) when compared with the control, Cur
12:5, Cur 25 and Cur 50mg-kg', respectively. Statistical
analysis showed a s1gmhcant control or smoke versus
Cur (12.5, 25 or 50 mg- kg ) interaction [F(5,72)=5-712,
p <0-01, n=10]. In the hydrolysis of ADP in the platelets,
the smoke group presented a decrease of 48, 54, 53 and
56% [F(4,45)=3-79, p <0-05, n=10] (Figure 1D) when
compared with the control, Cur 12-5, Cur 25 and Cur
50 mg-kg™, respectively. Statistical analysis demonstrated

a significant control or smoke versus Cur (12-5, 25 or
50mg-kg") interaction [F(5,72)=2923, p < 0-05, n=10].
In the hydrolysis of AMP in the platelets, the smoke
group presented an increase of 159, 151, 170 and 143%
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[F(4,45)=7913, p <0-001, n=10] (Figure 2B) when com-
pared with the control, Cur 12-5, Cur 25 and Cur 50 mg-kg ",
respectively. Statistical analysis showed a ugmhcant comrol
or smoke versus Cur (12-5, 25 or 50 mg-kg™') interaction
[F(5,72)=6-603, p <0-01, n=10].

Adenosine deaminase activity

Adenosine deaminase activity from the platelets was not
modified by Cur per se treatment [F(3,36)=0-11, p > 0-05,
n=10] (Figure 3A). In the second set of experiments, we
also did not find alterations in the ADA activity among
the groups [F(4,45)=0-21, p>0-05, n=10] (Figure 3B).
Statistical analysis did not demonstrate any slgmhcant con-
trol or smoke versus Cur (12-5, 25 or 50 mg- kg ) interaction
[F(5,72)=0-056, p > 0.05, n=10].

DISCUSSION

The investigation of NTPDase, 5’-nucleotidase and ADA
activity in the platelets from cigarette smoke-exposed rats
revealed an increased activity in the ATP and AMP hydroly-
sis and a decreased ADP hydrolysis, which would lead to an
elevated ADP nucleotide concentration in the bloodstream.
It is well known that the enhanced level of ADP is related
to an increased platelet aggregation, shape change, increased
cytosollc calcium and inhibition of stimulated adenylate

manuscript, which remit to high ADP level in the blood-
stream and, consequently, an increased platelet aggregation
are consistent with the findings of Inoue,” which showed
that cigarette smokers have more spontaneous platelet ag-
gregation than non-smokers. A previous study performed
by our study group demonstrated that cngdrettc smoke-
exposed rats had an increased platelet aggregation,'® This
fact was proposed to be associated with the alterations
observed in the ectonucleotidases activities in which ATP
hydrolysis was increased, and there was a tendency of
ADP hydrolysis decrease, similar to the results presented
by this manuscript.

Regarding the increased AMP hydrolysis observed in the
cigarette smoke-exposed rats, it remits to an increased extra-
cellular adenosine concentration.”>® This molecule has
anti-aggregant effects mediated via G-coupled adenosine
receptors, specifically the A,, and A,z receptor sub-
types>”?®, which upregulate the production of cyclic AMP
(cAMP), an inhibitor of platelet activation.>*3® The
increased cAMP activates the protein kinase A, which
reduces the release of intracellular Ca®* store,*' stabilize
the cytoskeleton®® and thus prevents thrombus formation.
Because adenosine is generally related to anti-inflammatory
autocrine signalling through P1 receptors,’® we speculate
that a possible increase in the bloodstream concentration of
adenosine could represent a dynamic physiological mechan-

cyclase.™ Therefore, the results presented by this ism to regulate the vascular response to endothelial damage
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Figure 3.  Adenosine deaminase activity in the platelets from cigarette smoke-exposed rats treated with Cur (U-mg’ "of protein). Bars represent means + SEM

(n=10). ANOVA-Newman-Keuls multiple comparison test
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and to avoid those effects of cigarette-smoke exposure such
as platelet aggregation and atherosclerosis development.

Our findings also demonstrated that Cur was effective in pre-
venting alterations in the activities of the enzymes NTPDase
and 5’-nucleotidase in platelets from cigarette smoke-exposed
rats. According to a previous study,'” Cur was able to reduce
the release of intracellular Ca** from platelets and to inhibit
both phospholipase A,/C and cyclooxygenase activities,
leading to a decreased release of AA with concomitantly
reduced formation of TXB,. Furthermore, these Cur-treated
platelets showed a simultaneous increase of lypoxygenase-
derived products such as 12-hydroperoxyeicosatetraenoic
acid (12-HPETE) (precursor of 12-HETE), which inhibits
platelet aggregation, and at higher concentrations, it inhibits
thromboxane formation as well.** Because the elevated con-
centration of ADP is related to an increased platelet aggrega-
tion, these effects showed by Cur over the enzymes of
cigarette smoke-exposed rats could be proposed as one extra
anti-platelet effect exerted by this polyphenol.

It is known that the generation of reactive oxygen and nitro-
gen species also plays a role in the platelet aggregation. The
cigarette smoke is composed of two distinct phases: the gas
phase and the Particulate matter (or tar). The radicals in
cigarette tar (10'7 spin/gram) arise from semiquinone radi-
cals,* whereas a single puff contains more than 10'* or-
ganic radicals in the gas phase.*> Some of these radicals
are the superoxide anion radical (O5), hydrogen peroxide
(H,0,), hydroxyl radical (OH), nitrogen dioxide (NO,),
NO and peroxynitrite (ONOO).*® These oxidants are able
to react and damage tissues and biomolecules such as the
endothelium and the cellular membranes and organelles, re-
spectively. This injury provided by the subproducts of
cigarette smoke might release some signalling molecules
and trigger the platelet aggregation via many different
pathways.

As discussed above, the generation of reactive species may
be involved in the increased platelet aggregation in smokers.
Furthermore, some authors reviewed that antioxidants provide
some protection against diseases associated with smoking such
as cardiovascular diseases. Following this line of thought, we
believe that the plenty antioxidant properties already described
of Cur'?"**" may be involved in the effects observed in this
study because it would protect the biomolecule integrity
from the attack of oxidants present in the cigarette smoke.

In conclusion, the results of the present study indicate that
oral Cur administration at the doses tested is effective in pre-
venting changes in NTPDase and 5’-nucleotidase activities in
the platelets from cigarette smoke-exposed rats and that Cur
alone did not affect these enzyme activities. The effects pro-
vided by Cur probably are a result of its ability to regulate the
thrombus formation because the supposed high levels of ADP
in the smoke-exposed group are related to an excessive platelet
aggregation.
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The effect of curcumin in the ectonucleotidases and acetylcholinesterase
activities in synaptosomes from the cerebral cortex of cigarette
smoke-exposed rats

Jeandre Augusto dos Santos Jaques'?, Jodo Felipe Peres Rezer', Jamile Fabbrin Gongalves®,
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With the evidence that curcumin may be a potent neuroprotective agent and that cigarette smoke is associated with a decline in the cognitive
performance as our bases, we investigated the activities of Ecto-Nucleoside Triphosphate Diphosphohydrolase (NTPDase), 5'-nucleotidase
and acetylcholinesterase (AChE) in cerebral cortex synaptosomes from cigarette smoke-exposed rats treated with curcumin (Cur). The experi-
mental procedures entailed two sets of experiments. In the first set, the groups were vehicle, Cur 12-5, 25 and 50 mg-kg™"'; those in the second
set were vehicle, smoke, smoke and Cur 12.5, 25 and 50 mg-kg". Curcumin prevented the increased NTPDase, 5’-nucleotidase and AChE
activities caused by smoke exposure. We suggest that treatment with Cur was protective because the decrease of ATP and acetylcholine
(ACh) concentrations is responsible for cognitive impairment, and both ATP and ACh have key roles in neurotransmission. Copyright ©
2011 John Wiley & Sons, Ltd.

KEY WORDS—curcumin; cigarette smoke; NTPDase; 5’-nucleotidase; acetylcholinesterase

INTRODUCTION responsible for the degradation of ACh into inactive meta-
bolites, coline and acetate*; second, a group of enzymes
called ecto-nucleotidases, a family of enzymes, which cata-
lyse the sequential dephosphorylation of nucleoside triphos-
phates to nucleoside monophosphates (ATP — adenosine
5’-diphosphate (ADP) — adenosine 5’-monophosphate
(AMP)) by NTPDase (CD39, EC 3.6.1.5).° and the ecto-
5’-nucleotidase (CD73, EC 3.1.3.5), which catalyses
the phosphohydrolysis of nucleoside monophosphates (5°-
monophosphate — adenosine).®

Cigarette smoke is currently associated with the development
of many diseases, such as respiratory, cardiovascular and
cerebrovascular diseases and tumorigenesis. Some studies
have investigated the effects of smoking on the cognitive
functions and found a decline in cognitive performance
attributed to the effects of cigarette smoke exposure.'~
Acetylcholine (ACh) and adenosine 5’-triphosphate
(ATP) are important neurotransmitters, synaptic modulators
and paracrine or autocrine signaling substances.” The E " :
homeostatic control of these molecules in the central ner- .C”’C“‘?“". (dHeruloy]methape), a. polyphenol, is an
vous system (CNS) is carried out by different enzymes: first, active principle of the perenplal herb Curcuma longa L.
the acetylcholinesterase (AChE, EC 3.1.1.7), which is (commonly knqwn e Iurmqup? snd s been p.roplosed 7‘2
have several biological activities, such as antioxidant,”
anti-inflammatory,’ zlnticztrcinogenic and antimicrobial,'*'!
W to: Daniela Bitencourt Rosa Leal, Departamento de thromboguppressn{e.l' f:%trleVilSCUlEW (llti s pmte.cnon.a-gallnst
Microbiologia e Parasitologia/CCS/UFSM. Uni\'ersida;ie Federal de Santa my()cardla.] lnfarct!on). ; hyp()glycemlc . .an(Lannzu?hntlc (e
Maria (UFSM), Prédio 20-Sala 4102, Brazil. E-mail: dbitencourtrosaleal @ as protection against rheumatoid arthritis).” Besides these
gmail.com well-documented properties, many studies have demonstrated
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the neuroprotective potential of curcumin in the prevention of
cognitive dysfunction,'®'® neurotoxicity,' neuroinflammation
and Alzheimer's and Parkinson’s diseases,”” as well as the
promotion of neuroplasticity and neurogenesis.”*"

With the evidence that cigarette smoke is associated with
the decline in cognitive performance and that the enzymes
NTPDase, 5’-nucleotidase and AChE activities, which
regulate the levels of important neurotransmitters, possibly
can be altered as our bases, we aimed to investigate whether
curcumin is able to attenuate the effects of cigarette smoke
because its neuroprotective effects are widely discussed.

MATERIALS AND METHODS
Reagents

Nucleotides, Trizma Base, Percoll, 4-(2-Hydroxyethyl)
piperazine-l-ethanesulfonic acid, N-(2-Hydroxyethyl)
piperazine-N’-(2-ethanesulfonic acid) (HEPES) buffer,
Coomassie brilliant blue G and curcumin (curcumin =
80%; curcuminoid content=94%) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). The brand of cigarette
used in the experiment was manufactured by Souza Cruz
S.A., Brazil. The cigarette contained 10mg of tar, 0.9 mg
of nicotine and 10mg of carbon monoxide. All other
reagents used in the experiments were of analytical grade
and of highest purity.

Animals

Male Wistar rats (90-110days) from the Central Animal
House of the Federal University of Santa Maria (UFSM)
were used in this experiment. They were housed five to a
cage on a natural day/night cycle at a temperature of 21 °C
with free access to water and standard chow ad libitum.
All animal procedures were approved by the Animal Ethics
Committee from the UFSM (protocol under number:
23081.004963/2009-71).

Cigarette smoke exposure and treatment with curcumin

The experimental procedure entailed two sets of experiments.
In the first set, the animals were randomly divided into
four groups (four rats in each group): vehicle (corn oil) and
Cur 12-5, 25 and Cur 50 mg-kg ' body weight. In the second
experimental set, the animals were divided into five groups
(10 rats in each group): vehicle (corn oil); smoke exposed;
smoke and Cur 12.5mg-kg™' body weight; smoke and Cur
25mgkg™" body weight; and smoke and Cur 50 mgkg™'
body weight. Curcumin was diluted with corn oil, adminis-
tered by oral gavage, not exceeding 0-1 ml-kg ™' body weight.
The treatment with curcumin and cigarette smoke was carried
out once a day, 5days each week, during 30 days. First, the
curcumin or corn oil was administered, and approximately
10 min later, the smoking groups were exposed to the aged
and diluted sidestream smoke of commercial cigarettes inside
a whole-body smoke exposure chamber. Control animals were
placed in an identical chamber for the same amount of time
but without exposure to smoke. While the smoke exposure

Copyright © 2011 John Wiley & Sons, Ltd.

was carried out, theacozontrol group was outside, without any
contact with smoke.™

Smoke generation

After placing the rats inside the exposure chamber (size
564 x 385 x 371 mm; volume 53100ml/17950z; plastic
material), four cigarettes were lit, and a stopwatch was
turned on. Cigarettes were fixed in a metal holder, allowing
them to be fully burned down within a period of 15 min.
After lighting the cigarettes, the chamber was immediately
closed, with only a small opening (371 x40 mm) in the
chamber for ventilation. A metal grille was placed on top
of the cigarette holder to avoid direct contact with the
cigarettes, thus preventing the rats from injuring themselves.
The inhalation exposure of our study was to aged and
diluted sidestream smoke, used as a surrogate of environ-
mental tobacco smoke as experienced by non-smokers.”

Synaptosome preparation

The cerebral cortex was homogenized in 10 volumes of an
ice-cold medium (Medium I), consisting of 320 mmol-I"!
of sucrose, 0-1 mmoll™' of ethylenediaminetetraacetic acid
(EDTA) and 5mmol-1"! of HEPES, with a pH of 7-5, in a
motor-driven Teflon-glass homogenizer. The synaptosomes
were isolated as described by Nagy and Delgado-Escueta
using a discontinuous Percoll gradient. The pellet was
suspended in an isosmotic solution, and the final protein
concentration was adjusted to 0-4-0-6 mg-ml™'. Synaptosomes
were prepared fresh daily, maintained at 0—4°C throughout
the procedure and used for enzymatic assays.

NTPDase and 5’-nucleotidase assays

The NTPDase enzymatic assay of the synaptosomes was
carried out in a reaction medium containin% Smmol-1"!
of KCI, 1-5mmol1™" of CaCl,, 0-1 mmol-1"" of EDTA,
10mmol1"" of glucose, 225mmol-1"" of sucrose and
45 mmol-I"" of Tris-HCI buffer, pH 8-0, in a final volume of
200 pl as described in a previous work from our laboratory.**
Twenty microliters of enzyme preparation (8-12pg of
protein) were added to the reaction medium and pre-incubated
at 37°C for 10min. The reaction was initiated by the
addition of ATP or ADP to obtain a final concentration of
1-0mmol1™', and incubation proceeded for 20min in
either case. The 5'-nucleotidase activity was determined
essentially by the method of Heymann er al.* in a reaction
medium containing 10 mmol-1"" of MgSO, and 100 mmol-1"!
of Tris-HCI buffer, pH 7-5, in a final volume of 200 pl
Twenty microliters of enzyme preparation (812 pg of protein)
were added to the reaction medium and pre-incubated at 37 °C
for 10 min. The reaction was initiated by the addition of AMP
to a final concentration of 2-0mmol-1"" and proceeded for
20 min. In all cases, the reaction was stopped by the addition
of 200 pl of 10% trichloroacetic acid (TCA) to obtain a final
concentration of 5%. Then, the tubes were chilled on ice
for 10min, and the released inorganic phosphate (Pi) was

Cell Biochem Funct 2011; 29: 703-707.
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assayed using the method of Chan er al.*® using malachite
green as a colorimetric reagent and KH,PO, as standard.
Controls were carried out by adding the synaptosomal
fraction after TCA addition to correct for non-enzymatic
nucleotide hydrolysis. All samples were run in triplicate.
Enzyme activities are reported as nanomole Pi released per
minute per milligram of protein.

AChE activity

The AChE enzymatic assay was determined using a modlﬁca-
tion of the spectrophotometric method of Ellman et al.*" as pre-
viously described by Rocha et al.*® The reaction medium (2 ml
final volume) contamed 100 mmol-1"! of K* -phosphate buffer,
pH 7.5, and 1 mmol-1"" of 5,5°-dithiobisnitrobenzoicacid. The
method is based on the formation of the yellow anion,
5,5 dithio-bis-acid-nitrobenzoic, measured by absorbance
at 412mm during 2-min incubation at 25°C. The enzyme
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Figure 1.

(40-50 pg of protein) was pre-incubated for 2 min. The reaction
was initiated by adding 0-8mmol-1™" of acetylthiocholine
iodide. All samples were run in duplicate or triplicate, and en-
zyme activity was expressed in micromole AcSCh per hour
per milligram of protein.

Protein determination

Protein was medsured by the Coomassie blue method
according to Bradford® using serum albumin as standard.

Statistical analysis

Data were analysed using a one-way or two-way ANOVA.
Post hoc analyses were carried out by the Student-Newman-—
Keuls test, when appropriate. p < 0-05 was considered to
represent a significant difference among the analyses. All data
were expressed as mean £ SEM.

@

g

g

nmol Pi/min/mg of protein
»n @
8 8

0- T T T
Vehicle Smoke 12.5 25 50

Curcumin (mg/kg)

1L Il

Vehicle Smoke 125

S

n
- - n N
£ 2 F 9

g

nmol Pi/min/mg of protei

o
I

Curcumm (mg/kg)

il

Vehicle Smoke 12.5

-

$

@
o
1

'y
o
1

nmol Pi/min/mg of protein
n (=2
o o

04

Curcumin (mg/kg)

NTPDase activity in cerebral cortex synaptosomes from cigarette smoke-exposed rats treated with curcumin using ATP (A, B) and ADP (C, D) as

substrate [nanomole of inorganic phosphate per minute per milligram (nmol Pi/min/mg) of protein]. 5’-Nucleotidase activity in cerebral cortex synaptosomes
from cigarette smoke-exposed rats treated with curcumin using AMP (E, F) as substrate (nmol Pi/min/mg of protein). Bars represent means + SEM. (n =4-8).
ANOVA-Newman-Keuls multiple comparison test. *Statistical difference from the other groups (p < 0-05)
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RESULTS
NTPDase and 5’-nucleotidase activity

NTPDase and 5’-nucleotidase activities from synaptosomes
were not modified by curcumin per se treatment (Figure 1A,
IC and 1E). In the hydrolysis of ATP in synaptosomes of
the cerebral cortex, the smoke group showed an increase com-
pared with the control (59%), Cur 12-5 (29%), Cur 25 (51%)
and Cur 50mg-kg™" (72%) groups (p < 0-05) (Figure 1B).
ADP hydrolysis in synaptosomes of the cerebral cortex did
not present any difference among the groups (Figure 1D).
5’-nucleotidase activity in synaptosomes of the cerebral
cortex of the smoke group was increased compared with the
control (70%), Cur 12-5 (50%), Cur 25 (93%) and Cur
50mg-kg" (90%) ( p < 0-05) groups (Figure 1F). In relation
to AMP hydrolysis, statistical analysis showed a significant
control or smoke versus curcumin (12-5, 25 and 50 mg-kg ")
interaction ( p < 0-05).

AChE activity

The results obtained for AChE activity in cerebral cortex
synaptosomes are presented in Figure 2. As can be observed,
AChE activity was not modified by curcumin per se treatment
(Figure 2A), and AChE activity was significantly increased in
the smoke group ( p < 0-05) compared with the comrol (35%),
Cur 12-5 (28%), Cur 25 (18%) and Cur 50 mg: kg (15%)
groups (Figure 2B). The statistical analysis showed a signifi-
cant control or smoke versus curcumin (12-5, 25 and
50 mg-kg"') interaction ( p < 0-05).

DISCUSSION

The purpose of this study was to investigate the effects of
curcumin, a strong candidate for the (Prevention and
treatment of neurodegenerative diseases,”” on NTPDase,
5’-nucleotidase and AChE activities in cerebral cortex
synaptosomes in a model of passive cigarette smoke
exposure. Some studies have demonstrated that, among its
noxious properties, chronic tobacco smoking has a negatlve
effect on cognitive processes including memory functions'~
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and also induces subtle anatomical and chemical brain
changes in normal adults.”'

The investigation of AChE activity in synaptosomes from
cerebral cortex of cigarette smoke-exposed rats demon-
strated an increase in the enzyme activity, which possibly
means that the neurotransmitter ACh acts very briefly in
the receptors located on the postsynaptic membrane. The
central cholinergic system plays an undisputed key role in
the regulation of learning and memory, which are the consti-
tuents of cognitive behavior.*® Thus, alterations in AChE
activity, as well as in the ACh neurotransmitter levels are
neurochemically associated with cognitive deficits.™

Furthermore, regarding ectonucleotidase activity, an
increase was observed in NTPDase (with ATP as substrate)
and 5’-nucleotidase in synaptosomes from cerebral cortex of
cigarette smoke-exposed rats. ATP is a potent signaling
molecule exerting its short-term physiological actions
through the interaction with the ionotropic P2X receptors,
abundantly expressed in the CNS, which elicit a direct
influx of extracellular Ca®* leading to a secondary activation
of voltage-gated Ca®* channels. These receptors have
an established role in neurotransmission, co-transmission,
neuromodulation, glial communication and trophic actions,*
making clear the role of purines in neurological homeostasis,
especially the ATP molecule.

Our findings demonstrated that curcumin was effective in
preventing the enhancement of AChE activity induced by
cigarette smoke exposure in cerebral cortex synaptosomes
from rats treated with curcumin. Some recent studies have
reported that curcumin possesses AChE inhibitory activity
in the CNS. Kuhad and Chopra®* demonstrated that orally
administered curcumin (60 mg-kg™' body weight) was effect-
ive to attenuate cholinergic dysfunction ‘md increased AChE
activity in diabetic rats. Agrawal er al.*® achieved similar
results with oral doses of curcumin (200mgkg"' body
weight) against enhanced AChE activity in streptozotocin-
induced dementia in rats. AChE activity in cerebral cortex
synaptosomes was not influenced by curcumin per se at the
doses studied.

The treatment with curcumin also was effective in preventing
alterations in ectonucleotidase activities in cerebral cortex
synaptosomes from cigarette smoke-exposed rats. The
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Acetylcholinesterase activity in cerebral cortex synaptosomes from cigarette smoke-exposed rats treated with curcumin (micromole AcSCh per hour

per milligram of protein). Bars represent means - SEM. (n=4-5). ANOVA-Newman-Keuls multiple comparison test. (B) *Statistical difference from the

other groups (p < 0-05)
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observed activation of NTPDase (hydrolysis of ATP) activity
leads to a decrease in the synaptic ATP levels, which could
lead to a disturbance in neurological homeostasis. The ectonu-
cleotidase activity in cerebral cortex synaptosomes also was
not influenced by curcumin alone at the doses studied.

Results of the present study indicate that curcumin has the
ability to prevent the alterations of the cholinergic system in
the cerebral cortex synapses of cigarette smoke-exposed
rats. Additionally, the treatment with curcumin also
prevents the alterations of the ectonucleotidases activities,
successfully preventing alterations in the nucleotide concen-
trations in the CNS. These findings suggest the therapeutic
potential of curcumin in the treatment of neurological
disorders promoted by cigarette smoke exposure.
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Cigarette smoke, a widely spread habit, is associated with a decline in cognitive function and studies have
demonstrated that curcumin (Cur), an Indian spice, possesses a strong neuroprotective potential. Considering
the relevance of investigating dietary compounds this study aimed to investigate the effect of Cur on memory
and acetylcholinesterase (AChE) activity in brain structures and blood of cigarette smoke-exposed rats. Male
Wistar rats were treated with curcumin and cigarette smoke, once a day, 5 days each week, for 30 days. The
experimental procedures were divided in two sets of experiments. In the first, the animals were divided into

K ds:
TE’::;Z:.; 4 groups: Vehicle (corn oil), Cur 12.5 mg/kg, Cur 25 mg/kg and Cur 50 mg/kg. In the second, the animals were
Curcumin divided into 5 groups: Vehicle (corn oil), Smoke, Smoke plus Cur 12.5 mg/kg, Smoke plus Cur 25 mg/kg and

Smoke plus Cur 50 mg/kg. Treatment with Cur significantly prevented the decreased latency and cholinergic
alterations in cigarette smoke-exposed rats. These AChE alterations could suggest a role in the memory
impairment promoted by cigarette smoke-exposure and point toward the potential of Cur to modulate
cholinergic neurotransmission and, consequently, improve cognition deficits induced by smoke. This study
suggests that the dietary compound Cur may be involved in cholinergic system modulation and as a conse-
quence exert an effect on learning and memory.

Cigarette-smoke
Cognitive impairment
Memory
Acetylcholinesterase

© 2012 Published by Elsevier Inc.

1. Introduction

Several studies have investigated the effects of smoking on cogni-
tive function. In the majority of recent studies, a decline in cognitive
function is attributed to the effects of cigarette smoke exposure [1,2],
and a dose-response relationship with the amount smoked has been
observed [3]. Many authors have studied inhibitors of acetylcholines-
terase (AChE), a key enzyme involved in cognitive function, and veri-
fied an improvement in global cognitive functioning [4] by increasing
the neurotransmitter acetylcholine concentration at cholinergic syn-
apses located throughout the brain [5].
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UFSM, Universidade Federal de Santa Maria (UFSM), Prédio 20 - Sala 4102, Brazil.
Tel.: +55 55 3220 9581.

E-mail address: dbitencourtrosaleal@gmail.com (D.B.R. Leal).

0031-9384/$ - see front matter © 2012 Published by Elsevier Inc.
doi:10.1016/j.physbeh.2012.05.001

Curcumin (diferuloylmethane) is the major constituent in the
most important fraction of the coloring agents found in the rhizomes
of turmeric (Curcuma longa L.). Turmeric is a perennial herb that
belongs to the Zingiberaceae family and is distributed throughout
the tropical and subtropical regions of the world; it has been widely
cultivated in Asiatic countries, mainly India and China [6]. Curcumin
is a polyphenol employed in old Hindu medicine [7], and in tradition-
al Indian and Chinese medicine, it is used for the treatment of many
disorders [4,8].

In addition to the well-documented anti-inflammatory, antioxidant
and chemopreventive (ie., growth-inhibitory effects on cancer cells)
properties [9-12], many studies have demonstrated the neuroprotective
potential of curcumin in the prevention of cognitive dysfunction [13-15],
neurotoxicity [16], neuroinflammation and Alzheimer's and Parkinson's
disease [17], as well as in the promotion of neuroplasticity and neuro-
genesis [17,18]. The neuroprotective effects promoted by curcumin are
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thought to be partially related to the regulation of important enzymes
and molecules involved in inflammation, such as cyclooxygenase-2
(COX-2), lipoxygenase, nuclear factor-kappa B (NF-xB) and cytokines
[19]. Furthermore, some studies have demonstrated that curcumin is
able to modulate intracellular signaling pathways through the activity
of the Ca®*-dependent protein kinase enzymes A, B, and C (PKA, PKB
and PKC), as well as the inositol 1,4,5-triphosphate receptor, both of
which are important to the neurotransmission [19]. A previous investiga-
tion [20] demonstrated that curcumin prevented the induced rise in
brain AChE activity.

In the present study, we investigated the effects of curcumin on
AChE activity in different cerebral regions and evaluated the memory
parameters of rats exposed to cigarette smoke.

2. Material and methods
2.1. Reagents

Acetylthiocholine iodide, 5,5-dithiobis-2-nitrobenzoic acid (DTNB),
tris (hydroxymethyl)-aminomethane GR, Coomassie brilliant blue
G, and curcumin (curcumin=80%; curcuminoid content>94%) were
obtained from Sigma Chemical Co (St. Louis, MO, USA). The brand of
cigarette used in the experiment was manufactured by Souza Cruz
S.A., Brazil. The cigarette contained 10 mg tar, 0.9 mg nicotine, and
10 mg carbon monoxide. All other reagents used in the experiments
were of analytical grade and of highest purity.

2.2. Animals

Male Wistar rats (90-110 days) from the Central Animal House
of the Federal University of Santa Maria (UFSM) were used in this
experiment. They were housed five to a cage (49x34x 16 cm) on a
natural day/night cycle (lights on at 19:00 and off at 7:00) at a con-
stant temperature of 21 °C with free access to water and standard
chow ad libitum. All animal procedures were approved by the ani-
mal Ethics Committee from the UFSM (protocol under number:
23081.004963/2009-71).

2.3. Cigarette smoke exposure and treatment with curcumin

Experimental procedures were divided in two sets of experiments.
In the first set, animals were randomly divided into four groups
(10 rats in each group): Vehicle (corn oil); Cur 12.5 mg/kg body
weight; Cur 25 mg/kg body weight; or Cur 50 mg/kg body weight.
In the second experimental set, animals were divided into 5 groups
(10 rats in each group): Vehicle (corn oil); smoke exposed; smoke
and Cur 12.5 mg/kg body weight; smoke and Cur 25 mg/kg body
weight; or smoke and Cur 50 mg/kg body weight. Curcumin was
diluted with corn oil, administered by oral gavage, and did not exceed
1.0 ml/kg body weight. The treatment with curcumin and cigarette
smoke was carried out once a day, 5 days each week, for 30 days
(six weeks). We chose these doses of curcumin and time of treatment
based on previous studies of our research group in which we ob-
served that cigarette smoke have effects on the immune and central
nervous system and curcumin showed a protective effect [21-23].
First, curcumin or corn oil was administered, and approximately 10
minutes later, the smoking groups were exposed to the aged and di-
luted sidestream smoke of commercial cigarettes inside a whole-
body smoke exposure chamber for 15 minutes. Control animals
were placed in an equal chamber for the same amount of time, but
without exposure to smoke. While the smoke exposure procedure
was performed, the control group was always outside, without any
contact with the smoke [24].

2.4. Smoke generation

After placing the rats inside the exposure chamber (size 56.4 x
38.5x37.1 cm; plastic material), 4 cigarettes were lit, and a stop-
watch was turned on. The cigarettes were fixed in a metal holder,
allowing them to be fully burned down within a period of 15 min.
After lighting the cigarettes, the chamber was immediately closed,
with a small opening (371 x40 mm) in both extremities for ventila-
tion. The smoke generated inside the chamber was suctioned by a
noiseless extractor fan to keep an air flow inside the chamber. A
metal grille was placed on top of the cigarette holder to avoid direct
contact with the cigarettes and, thus, to prevent the rats from injuring
themselves. The inhalation exposure of our study was to aged and
diluted sidestream smoke, used as a simulation of environmental
tobacco smoke (ETS) as experienced by non-smokers [24].

2.5. Behavioral procedure — inhibitory avoidance

Thirty days after the treatment with smoke and curcumin or vehi-
cle, animals were subjected to training and tested in a step-down
inhibitory avoidance apparatus [25]. Briefly, the rats were subjected
to a single training session in a step-down inhibitory avoidance appa-
ratus, returned to their home cage and tested for retention 24 h later.
The apparatus consisted of a 25x25x35 cm box with a grid floor,
and the left portion was covered by a 7x25cm 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 s 0.4 mA shock was applied to the grid. Test step-down latency
was taken as a measure of retention, and a cut-off time of 600 s was
established.

2.6. Behavioral procedure - open field

Immediately after the inhibitory avoidance test session, animals
were transferred to an open-field measuring 56 x40 x 30 cm, with
the floor divided into 12 squares measuring 12x 12 cm each. The
open field session lasted 5 min, and during this time, the number of
crossing and rearing responses was recorded. This test was carried
out to identify motor disabilities, which might influence performance
during the inhibitory avoidance test.

2.7. Brain tissue preparation

After the behavioral tests, animals were anesthetized and eutha-
nized. Brain structures were quickly removed from skull, rinsed in
ice-cold Tris-HCl buffer (10 mM, pH 7.4), placed on filter paper
moistened with the same buffer on top of a Petri dish filled with ice
and the following brain regions were dissected: hypothalamus, cere-
bellum, cerebral cortex, hippocampus and striatum, using consistent
anatomical landmarks as criteria for dissection. Placing the brain ven-
tral side up hypothalamus was dissected with the help of a scalpel.
Cerebellum was dissected by cutting the cerebellar peduncles at the
surface of the brainstem. Cerebral cortex comprised all regions dorso-
lateral to the olfactory tract, excluding the hippocampus, and was dis-
sected from each hemisphere by peeling it away from the striatum.
The brain structures were homogenized in a glass potter in a Tris-
HCl solution. Aliquots of resulting brain structure homogenates
were stored at — 20 °C until utilization. Protein was determined pre-
viously in a range that varied for each structure: cerebral cortex
(0.7 mg/ml), striatum (0.4 mg/ml), hippocampus (0.8 mg/ml), hypo-
thalamus (0.6 mg/ml) and cerebellum (0.6 mg/ml) as determined
by the Coomassie blue method [26], using bovine serum albumin as
standard solution.
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2.8. Cerebral AChE enzymatic assay

AChE enzymatic assay was determined by a modification of a spec-
trophotometric method [27], as previously described [28]. The reac-
tion mixture (2 ml final volume) contained 100 mM K *-phosphate
buffer at pH 7.5 and 1 mM DTNB. The method is based on the forma-
tion of the yellow anion, 5,5'-dithio-bis-acid-nitrobenzoic, measured
by absorbance at 412 nm during a 2-min incubation at 25 °C. The
enzyme (40-50 pg of protein) was pre-incubated for 2 min. The reac-
tion was initiated by adding 0.8 mM acetylthiocholine iodide (AcSCh).
All samples were run in duplicate or triplicate, and the enzyme activity
is expressed in umol AcSCh/h/mg of protein.

2.9. Blood sample collection

Blood was collected in vaccutainer tubes using EDTA as an antico-
agulant. The samples were hemolysed with phosphate buffer, pH 7.4
containing Triton X 100 (0.03%) and stored at — 20 °C for one week.

2.10. Determination of AChE activity in whole blood

AChE enzymatic assay was determined by a modification of a
spectrophotometric method [27] as previously described [29]. The
specific activity of whole blood AChE was calculated as the AChE
activity per mol of hemoglobin, and the results were expressed as
muU/umol of hemoglobin.
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Fig. 1. Effect of oral administration of vehicle (corn oil) or curcumin (Cur, 12.5, 25 or
50 mg/kg body weight) (A) and effect of oral administration of vehicle (corn oil) or cur-
cumin (12.5, 25 or 50 mg/kg body weight) in cigarette smoke-exposed rats (B) on the
inhibitory avoidance task performance of adult rats measured as the test step-down
latencies. Data are the median + interquartile range for 10 animals in each group.
*P<0.05 compared with the vehicle group and *P<0.05 compared with the Smoke
group by Dunn’s Multiple Comparison Test.

Table 1

Effect of oral administration of vehicle (corn oil) or curcumin (Cur, 12.5, 25 or 50 mg/kg)
5 days each week, during 30 days on the latency to training on the inhibitory avoidance
apparatus and on the behavior of rats (number of crossing and rearing responses) in the
open-field immediately after the inhibitory avoidance testing session.

Group Lat. training (s) Crossing Rearing N
Vehicle 8.50+3.09 1220+ 2.26 7.60+1.60 10
Cur 12.5 6.2242.00 13.56 + 2.56 7.33+154 10
Cur 25 9.57 4 2.56 16.71+.25 8.8642.46 10
Cur 50 10.40 4 2.05 9.80+1.80 5.4040.90 10

Data are means + SEM. N, number of animals in each group.

2.11. Statistical analysis

Statistical analysis of test step-down latencies was carried out by
the Kruskal-Wallis test followed by a Dunn's multiple comparison
test. The relationships between AChE activity, crossing, rearing and
latency to training responses were analyzed by one-way ANOVA,
followed by Newman-Keuls Multiple Comparison Test. P<0.05 was
considered to represent a significant difference in all experiments.

3. Results
3.1. Behavioral tests

Fig. 1 shows the effect of administration of curcumin alone (12.5, 25
or 50 mg/kg body weight) and its administration in cigarette smoke-
exposed rats on step-down latencies. Post hoc analysis of testing
showed that curcumin alone did not modify step-down latencies
(P>0.05) (Fig. 1A). However, smoke exposure decreased step-down la-
tencies, and curcumin (12.5 and 25 mg/kg) prevented this effect
(P<0.05) (Fig. 1B). Statistical analysis of the training session showed
no difference between groups (Tables 1 and 2).

Because motivational disparities in the training session may ac-
count for differences in inhibitory avoidance at testing, experiments
were performed to assess whether smoking or curcumin affected
locomotor ability of the animals. Post hoc analysis of open-field data
revealed that pharmacological treatment did not alter the number
of crossing or rearing responses in a subsequent open-field test ses-
sion (Tables 1 and 2).

3.2. Activity of AChE in brain

Table 3 shows the effect of administration of curcumin alone
(12.5, 25 or 50 mg/kg body weight) on AChE activity in the cerebel-
lum, hippocampus, striatum, hypothalamus and cerebral cortex. Post
hoc analysis showed that AChE activity was significantly increased
by Cur (50 mg/kg) in the cerebellum, hippocampus and striatum
(Table 3) (P<0.05) when compared to the other groups. However,
AChE activity was significantly decreased by Cur (50 mg/kg) in the
hypothalamus (Table 3) (P<0.05) when compared to the other

Table 2

Effect of oral administration of vehicle (corn oil), smoke, and smoke plus curcumin
(12.5, 25 or 50 mg/kg) 5 days each week, during 30 days on the latency to training
on the inhibitory avoidance apparatus and on the behavior of rats (number of crossing
and rearing responses) in the open-field immediately after the inhibitory avoidance
testing session.

Group Lat. training (s) Crossing Rearing N

Vehicle 14.60+3.72 1230+2.76 6.00+1.43 10
Smoke 14.20+3.08 8.70+1.92 490+ 1.36 10
Smoke-Cur12.5 11.90+3.43 16.70 +4.38 9.10+2.32 10
Smoke-Cur 25 13.89+3.34 7.80+2.09 4204+ 1.64 10
Smoke-Cur 50 9.20 + 2.66 16.00 +2.48 8.60+1.58 10

Data are means + SEM. N, number of animals in each group.
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Table 3

Effect of oral administration of vehicle (corn oil) and curcumin (12.5,25 or 50 mg/kg) 5 days each week, during 30 days on AChE activity (mean + S.EMM.) in the five brain structures

and whole blood of rats (n=10).

Group CE co HP HY ST WB

Vehicle 3.19+0.17 8.05+0.67 7.99+0.31 5444043 15.09+0.92 64.62+ 339
Cur 125 3.15+0.17 7524089 8.52+0.33 579+0.13 1534+128 63.93+4.09
Cur 25 3.3240.12 8.81+1.56 8.84+0.61 5.05+0.30 13.63+1.50 68.20+5.11
Cur 50 3.91+0.19" 8.40+0.89 11440117 3.90+0.15" 20.60+ 167" 69.75+2.58

Cur: curcumin; CE: cerebellum; CO: cerebral cortex; HP: hippocampus; HY: hypothalamus; ST; striatum; WB: whole blood.

* P<0.05 and **P<0.01 compared with all groups.
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Fig. 2. AChE activity in the cerebellum (A), cerebral cortex (B) and hippocampus (C) of
cigarette smoke exposed rats and those treated with curcumin (12.5, 25 or 50 mg/kg)
plus smoke. Data are means + Standard Error of the Mean (SEM) for 10 animals in each
group. *P=0.05 compared to all groups.

groups. No significant effect of Cur was found on AChE activity in cere-
bral cortex (Table 3).

Figs. 2-4 show the effect of the administration of curcumin (12.5, 25
and 50 mg/kg body weight) and smoke on AChE activity in the cerebel-
lum, cerebral cortex, hippocampus, striatum and hypothalamus. AChE
activity in these cerebral regions was significantly increased in the
smoke-exposed group (P<0.05), compared to the control group
(Figs. 2-4). However, treatment with curcumin (12.5, 25 or 50 mg/kg)
prevented this increase in the cerebellum, cerebral cortex and hippo-
campus (Figs. 2A-C), although treatment with Cur (50 mg/kg) did not
prevent the increase of AChE activity induced by smoke in the striatum
(Fig. 3) and hypothalamus (P<0.05) (Fig. 4).

3.3. Activity of AChE in whole blood

Table 3 shows the effect of administration of curcumin alone
(12.5, 25 and 50 mg/kg body weight) on AChE activity in whole
blood. Post hoc analysis showed that curcumin alone did not affect
AChE activity (P>0.05). However, when curcumin (12.5, 25 or
50 mg/kg) was given to the smoke-exposed animals, it was effective
in preventing the increase in AChE activity induced by smoke
(Fig. 5) (P<0.05).

4. Discussion

Cigarette smoke exposure is associated with cognitive impairment
[30,31], which could be a consequence of neurochemical alterations
in the Central Nervous System (CNS). An important agent with a fun-
damental role in learning and memory processes is the AChE enzyme
[32,33]. Studies have demonstrated that some compounds present in
cigarette smoke, such as nitric oxide and cyanide, are related to an en-
hanced AChE activity and memory impairment [34,35]. Therefore, we
suggest that the up-regulation of this enzyme could be one of the
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Fig. 3. AChE activity in striatum of cigarette smoke-exposed rats and those treated with
curcumin (12.5, 25 and 50 mg/kg) plus smoke. Data are means + SEM for 10 animals in
each group. *P<0.05 compared with vehicle and curcumin 12.5 and 25 mg/kg. ** P<0.05
compared with vehicle.
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Fig. 4. AChE activity in the hypothalamus of cigarette smoke-exposed rats and those
treated with curcumin (12.5, 25 and 50 mg/kg) plus smoke. Data are means+ SEM
for 10 animals in each group. *P<0.05 compared with all groups, except curcumin
25 mg/kg. ** P<0.05 compared with all groups.

pathological bases of the cognitive impairment promoted by cigarette
smoke exposure.

The inhibitory avoidance test is a classic behavioral test with a
strong aversive component and is used to evaluate learning and
memory in rats and mice [36]. In our study, we found a significant
decrease in step-down latency in cigarette smoke-exposed rats in
the inhibitory avoidance test, suggesting learning and memory
impairment in these animals. These results are in agreement with
other studies that have also verified cognitive impairment in cigarette
smoke-exposed rats [30,31]. However, when smoke-exposed rats
were orally treated with Cur (12.5 or 25 mg/kg) 5 days a week for
30 days, the step-down latency in the inhibitory avoidance test was
similar to that found for rats from the control group. These findings
indicate that treatment with curcumin was able to prevent the learn-
ing and memory impairment induced by cigarette smoke exposure.

Our results are in agreement with the literature; a number of stud-
ies have demonstrated that different doses of curcumin, both orally
and as an intragastric infusion, ranging from 3 to 300 mg/kg, for dif-
ferent periods (2-6 weeks), have the potential to ameliorate the cog-
nitive impairment caused by different types of agents, such phenytoin
[14], scopolamine [37], AICl; associated with D-galactose [13] and
human immunodeficiency virus type 1 glycoprotein 120 V3 loop pep-
tide [15]. It is important to mention that curcumin alone did not affect
the step-down latency.

A major concern in shock-motivated learning tests, particularly in
those that investigate the effect of drugs given before the test is given,
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Fig. 5. AChE activity in whole blood of cigarette smoke-exposed rats and those treated
with curcumin (12.5,25 and 50 mg/kg) plus smoke. Data are means & SEM for 10 animals
in each group. *P=0.05 compared with all groups.

is whether the pharmacological treatment affects locomotor activity.
To rule out this possibility, we assessed locomotor behavior immedi-
ately after the inhibitory avoidance test session to identify any motor
disability that might have influenced the inhibitory avoidance perfor-
mance. Our results demonstrated that in the control, smoke-exposed
and smoke-exposed groups treated with curcumin, there was no dif-
ference in locomotor activity, and thus, the number of crossing or rea-
ring responses in the open-field session was not affected by this
parameter. These data exclude the possibility that locomotor activity
may have contributed to the alteration in step-down latencies in the
inhibitory avoidance test in smoke-exposed rats.

The importance of the cholinergic system in learning and memory
processes is undeniable, and thus, alteration to AChE activity, as well
as in the acetylcholine neurotransmitter levels, is neurochemically
associated with cognitive deficits [38,39]. In this study, we found
increased AChE activity in the blood and in all cerebral structures of
the smoke-exposed groups. According to the study of Anbarasi et al.
[40], chronic exposure to cigarette smoke significantly decreases
membrane-bound ATPases activity, which alters ion homeostasis
and leads to an increase in Ca** and Na™" levels within the cell. The
concurrent augment of Ca®>* and Na™ concentrations causes a hyper-
polarization of neuronal cell membrane and consequently the release
of more neurotransmitters such as ACh. We believe that the increased
AChE activity might be a compensatory response to these biochemical
events.

Our findings demonstrate that curcumin was effective in preventing
the enhancement of AChE activity induced by smoke in the blood and
all the cerebral structures studied. This preventive effect of curcumin
produced an amelioration of the smoke-induced cognitive impairment.
A number of papers have provided results that corroborate our data,
reporting that curcumin possess an AChE inhibitory activity [41,42],
which leads to a larger window of time in which acetylcholine can stim-
ulate post-synaptic muscarinic receptors, consequently acting as a
memory enhancer.

The central cholinergic system, particularly in the hippocampus,
plays an undisputed key role in the regulation of learning and mem-
ory, which are the primary constituents of cognitive behavior [43].
In line with this role, the normal AChE activity in the smoke-
exposed groups treated with 12.5, 25 or 50 mg/kg of curcumin, espe-
cially in the hippocampus, may be the major factor responsible for
maintaining cognitive function by enhancing cholinergic activity.

AChE activity in the cerebral structures was not influenced by cur-
cumin alone at the doses of 12.5 or 25 mg/kg; however, most of the
groups showed statistically significant alterations in enzyme activity
at the dose of 50 mg/kg. Corroborating our findings, a previous
study [20] also found that curcumin did not show any effect per se
on brain AChE activity at the dose of 20 mg/Kg. We speculate that cur-
cumin may prevent the excitotoxicity promoted by cigarette smoke-
exposure, which might explain the finding that curcumin is able to re-
duce AChE activity when it is stimulated, while it does not modify
basal AChE activity. Although the majority of the curcumin doses
were effective in preventing the increase in AChE activity in the cere-
bral structures promoted by the cigarette smoke exposure, the dose
of 50 mg/kg was not effective in reversing this increase in the stria-
tum and hypothalamus.

It was [42] demonstrated that curcumin, orally administered at a
dose of 60 mg/kg, significantly attenuated cholinergic dysfunction
and was effective in preventing the increased AChE activity observed
in diabetic rats. A previous study [41] demonstrated that curcumin,
orally administered at a dose of 200 mg/kg, was also effective against
enhanced AChE activity in streptozotocin-induced dementia in rats.

The authors [37] who evaluated AChE activity in frontal cortex and
hippocampus of rats treated with curcuminoids at doses of 3 or
10 mg/kg found reduced AChE activity. Nevertheless, attempts to ob-
tain similar results with curcumin were unsuccessful. These data, un-
like the results shown in the present paper, may be due to the lower
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doses administered (3 and 10 mg/kg), but further investigations re-
garding the effects of curcumin on the Central CNS, and especially
on AChE activity, should be encouraged.

The effects produced by AChE activity in whole blood in the differ-
ent groups was similar to the effects obtained in the cerebral regions,
in both the first and second set of experiments. This pattern of AChE
activity was found previously by our research group [44]; It has
been proposed previously [45] that whole blood could have similar
functional properties as synaptic AChE, and therefore, the whole
blood AChE activity could reflect the status at the synaptic site, If
this hypothesis is true, as we believe it to be, then we can assume
that by assessing peripheral blood AChE activity we can extrapolate
data for the CNS.

5. Conclusions

In summary, the present study demonstrates that curcumin was
effective in preventing cigarette smoke-induced cognitive impair-
ment and increased AChE activity in rats. This study suggests the
potential of adjuvant curcumin therapy in ameliorating cognitive im-
pairment caused by cigarette smoke exposure.
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Cigarette smoke-exposure promotes neurobiological changes associated with neurocognitive abnormal-
ities. Curcumin, a natural polyphenol, have shown to be able to prevent cigarette smoke-induced cogni-
tive impairment. Here, we investigated possible mechanisms involved in curcumin protection against
cigarette smoke-induced cognitive impairment and, due to its poor bioavailability, we investigated the
potential of using curcumin-loaded lipid-core nanocapsules (C-LNC) suspension. Rats were treated with
curcumin and cigarette smoke, once a day, 5 days each week, for 30 days. Animals were divided into ten

léeyr:vo; dsﬂ groups: I, control (vehicle/corn oil); II, curcumin 12.5 mg/kg; I1l, curcumin 25 mg/kg; IV, curcumin 50 mg/
C;]garuettle kg; V, C-LNC 4 mg/kg; VI, tobacco exposed; VII, curcumin 12.5 mg/kg along with tobacco exposure; VIII,

curcumin 25 mg/kg along with tobacco exposure; IX, curcumin 50 mg/kg along with tobacco exposure; X,
C-LNC 4 mg/kg along with tobacco exposure. Cigarette smoke-exposure impaired object recognition
memory (P<0.001), indicated by the low recognition index, increased biomarkers of oxidative/nitrosa-
tive stress such as TBARS (P < 0.05) and NOx (P < 0.01), decreased antioxidant defenses such as NPSH con-
tent (P<0.01) and SOD activity (P<0.01) and inhibited the activities of enzymes involved in ion
homeostasis such as Na*,K*-ATPase and Ca®*-ATPase. Both curcumin formulations (free and nanoencap-
sulated) prevented the memory impairment, the redox imbalance and the alterations observed in the
ATPases activities. Maintenance of ion homeostasis and redox balance is involved in the protective mech-
anism of curcumin against tobacco-induced cognitive impairment. Our results suggest that curcumin is a
potential therapeutic agent for neurocognition and that C-LNC may be an alternative to its poor
bioavailability.

Cognitive impairment
Oxidative stress
Lipid-core nanocapsules

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Epidemiological data indicates that nearly 20% of worldwide
population, estimated in 1.4 billion of people, uses products de-
rived from tobacco and, as a consequence, around 6 million of peo-
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ple died only in 2011 (Eriksen, Mackay, & Ross, 2012). Cigarette
smoke contains over 4000 different chemicals including many car-
cinogenic compounds (Genbacev-Krtolica, 2005). Besides these
compounds, cigarette is also a source of reactive oxygen species
(ROS) such as superoxide anion radical (03), hydroxyl radical
(HO’) and hydrogen peroxide (H20); and reactive nitrogen species
(RNS) such as nitric oxide (NO"), peroxynitrite (ONOO~) and perox-
ynitrate (0,NOO~) (Pryor & Stone, 1993).

Studies demonstrate that the reactive species generated by the
exposure to these compounds and by combustion of cigarettes
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cause oxidative damage in biological macromolecules (Moriarty
et al., 2003) and trigger an inflammatory cascade which can lead
to the development and/or facilitate the development of many dis-
eases that involve the central nervous system (CNS) (Almeidaet al.,
2008; McQuaid, Cunnea, McMahon, & Fitzgerald, 2009). Further-
more, chronic exposure to cigarette smoke alters ion homeostasis
(Anbarasi, Vani, Balakrishna, & Devi, 2005), which also can contrib-
ute to neurological diseases and memory impairment since it is
associated with neuronal injury or death (Xiao, Wei, Xia, Rothman,
& Yu, 2002).

Curcumin (diferuloylmethane), a polyphenol, is an active princi-
ple of the perennial herb Curcuma longa L. (commonly known as
turmeric) (Goel, Kunnumakkara, & Aggarwal, 2008). Studies dem-
onstrate its cytoprotective potential against the oxidative damage
in neuronal cells (Scapagnini et al., 2006) and neuroprotective in
the prevention of cognitive dysfunction (Jaques et al., 2012; Pan,
Qiu, Lu, & Dong, 2008; Reeta, Mehla, & Gupta, 2009; Tang et al.,
2009), neurotoxicity (Sethi, Jyoti, Hussain, & Sharma, 2009), as well
as in the promotion of neuroplasticity and neurogenesis (Begum
et al,, 2008; Kim et al., 2008).

Biological activity of curcumin, however, is severely limited due
to its poor bioavailability (Kelloff et al., 1996). Facing this problem,
many study groups have employed nanotechnology to improve oral
bioavailability of curcumin and the effects of nanoparticles formula-
tions of curcumin have been promising (Ray, Bisht, Maitra, Maitra, &
Lahiri, 2011; Shaikh, Ankola, Beniwal, Singh, & Kumar, 2009;
Thangapazham, Puri, Tele, Blumenthal, & Maheshwari, 2008).

In the present study, we investigated the effects of curcumin
and C-LNC on ionic and oxidative stress parameters in cerebral cor-
tex of rats exposed to cigarette smoke and also investigated their
memory performance.

2. Materials and methods
2.1. Reagents

Ouabain octahydrate (>95%, HPLC, Sigma 03125), adenosine
5'-triphosphate disodium salt hydrate (>99%, Sigma A2383), 5-
5'-dithiobis(2-nitrobenzoic acid) (=98%, TLC, Sigma D8130), (-)-
epinephrine(+)bitartrate salt (Sigma E4375), malonaldehyde bis-
dimethyl acetal (MDA, 99%, Aldrich 108383), 2-thiobarbituric acid
(sodium derivative, Aldrich S564508) and (E,E)-1,7-bis(4-Hydroxy-
3-methoxyphenyl)-1,6-heptadiene-3,5-dione (diferuloylmethane;
curcumin; Sigma C1386) were obtained from Sigma-Aldrich
Chemical Co (St. Louis, MO, USA). The brand of cigarette used in
the experiment was manufactured by Souza Cruz S.A., Brazil. The
cigarette contained 10 mg tar, 0.9 mg nicotine, and 10 mg carbon
monoxide. All other reagents used in the experiments were of ana-
lytical grade and of highest purity.

2.2. Animals

Male Wistar rats (90-110 days) from the Central Animal House
of the Federal University of Santa Maria (UFSM) were used in this
experiment. They were housed five to a cage (49 x 34 x 16 cm) on
a natural day/night cycle (lights on at 19:00 and off at 7:00) at a
constant temperature of 21 °C with free access to water and stan-
dard chow ad libitum. All animal procedures were approved by the
Animal Ethics Committee from the UFSM (protocol under number:
23081.004963/2009-71).

2.3. Cigarette smoke exposure and treatment with curcumin

Animals were randomly divided into ten groups (5 rats in each
group): |, control (vehicle/corn oil); 1I, curcumin 12.5 mg/kg; IlI,

curcumin 25 mgfkg; IV, curcumin 50 mg/kg; V, curcumin-loaded
lipid-core nanocapsules (C-LNC) suspension 4 mg/kg; VI, tobacco
exposed; VII, curcumin 12.5 mg/kg along with tobacco exposure;
VIII, curcumin 25 mg/kg along with tobacco exposure; IX, curcu-
min 50 mg/kg along with tobacco exposure; X, C-LNC 4 mg/kg
along with tobacco exposure. In their home cages, rats were
housed in same-treatment groups. Free curcumin was diluted with
corn oil, administered by oral gavage, and did not exceed 1.0 mL/
animal. C-LNC was also administered by oral gavage, and did not
exceed 2.5 mL/animal. The treatment with curcumin was carried
out once a day, 5 days each week, for 30 days (6 weeks). We chose
these doses of curcumin and time of treatment based on previous
studies of our research group in which we observed that cigarette
smoke have effects on the immune and central nervous system and
curcumin showed a protective effect (Jaques, Rezer, Goncalves,
et al, 2011; Jaques, Rezer, Ruchel, et al, 2011; Jaques, Ruchel,
et al., 2011; Jaques et al., 2012). Furthermore, this protocol was
an attempt to mimic the occupational exposure of people which
work 5 days a week. First curcumin or com oil was administered,
and approximately 10 min later, the smoking groups were exposed
to the aged and diluted sidestream smoke of commercial cigarettes
inside a whole-body smoke exposure chamber for 15 min. They
were exposed to smoke in groups of 5 rats, the whole group. Con-
trol animals were placed in an equal chamber for the same amount
of time, but without exposure to smoke. While the smoke exposure
procedure was performed, the control group was always outside,
without any contact with smoke (Thome et al., 2009).

2.4. Smoke generation

After placing the rats inside the exposure chamber (size
56.4 x 38.5 x 37.1 cm; plastic material), 4 cigarettes were lit, and
a stopwatch was turned on. The cigarettes were fixed in a metal
holder, allowing them to be fully burned down within a period of
15 min. After lighting the cigarettes, the chamber was immediately
closed, with a small opening (371 x 40 mm) in both extremities for
ventilation. The smoke generated inside the chamber was suc-
tioned by a noiseless extractor fan to keep an air flow inside the
chamber. A metal grille was placed on top of the cigarette holder
to avoid direct contact with the cigarettes and, thus, to prevent
the rats from injuring themselves. The inhalation exposure of our
study was to aged and diluted sidestream smoke, used as a simu-
lation of environmental tobacco smoke as experienced by non-
smokers (Thome et al., 2009).

2.5. Preparation of C-LNC

C-LNC were obtained by the interfacial deposition of polymer
method (Jager et al., 2009). The organic phase contained poly(e-
caprolactone) as a biodegradable polymer (1.0 g), sorbitan monoe-
stearate (0.383 g), curcumin (0.05 g) and grape seed oil as lipid-
core (1.65 mL). These hydrophobic constituents were dissolved in
267 mL of acetone, a water miscible organic solvent, and injected
into the 534 mL of aqueous phase containing polysorbate 80
(0.766 g). Then, acetone was eliminated and the aqueous phase
concentrated by evaporation under reduced pressure to obtain
100 mL. The formulations were prepared and kept protected from
light.

2.6. Characterization of lipid-core nanocapsules

2.6.1. Drug content, encapsulation efficiency and pH

Curcumin was assayed by validated liquid chromatography (LC)
method. The mobile phase was composed by acetonitrile: 0.1% tri-
fluoracetic acid (50/50 v/v), (adjusted with pH 3.0 with triethyl-
amine) eluted at the flow rate of 0.6 mL min~". The column used
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was a RP-18 Sigma-Aldrich (150 mm x 4.6 mm x 5 pm particle
size, 110A pore diameter) and curcumin was detected at
427 nm. Drug content (mg mL™") was determined after dissolution
of nanoparticles in acetonitrile followed by centrifugation at 4120g
during 10 min. An aliquot of supernatant was withdrawn, diluted
in mobile phase, filtrated in 0.45 pm membrane (Millex GV, Milli-
pore, Ireland) and 20 pL was injected in LC. Encapsulation effi-
ciency was determined after separation of free curcumin from
the particles by ultrafiltration-centrifugation technique (Ultrafree
Microcon 10,000 MW, Millipore, Ireland) at 4120g during 10 min.
The ultrafiltrate was diluted with acetonitrile (1:1 v/v) and the free
curcumin was quantified by LC. Encapsulation efficiency (%) was
calculated by the difference between the total and free drug con-
centration. The pH measurements were determined directly in
the suspensions using a calibrated potentiometer (VB-10, Denver
Instrument, USA).

2.6.2. Farticle size distribution, polydispersity index and zeta potential

Particle size distribution was analyzed by photon correlation
spectroscopy (Zetasizer Nano ZS®, Malvern Instruments, UK). The
samples were previously diluted (500x) with ultrapure water
and analyzed at 25 °C. The polydispersity indices (PDI) were deter-
mined by the same technique. The zeta potential was estimated
after dilution of the samples in 10 mM NaCl aqueous solution
(500x) by electrophoretic mobility (Zetasizer Nano ZS® Malvern
Instruments, UK). Measurements were taken at 25 °C. The samples
were analyzed in triplicate batches (n =3).

2.7. Behavioral study

2.7.1. Object recognition memory task

Thirty days after the treatment with smoke and curcumin or
vehicle, animals were subjected to the object recognition memory
task to evaluate the long-term memory (LTM), performed in three
consecutive days as previously described (Balderas et al., 2008)
with some modifications briefly outlined. On the first day animals
were positioned into the open field arena without any objects for
5 min. On the second day the training trial was conducted (sample
phase), in which rats were placed in the arena facing the wall
opposite the objects for 10 min and were allowed to freely explore
two identical objects (A; and A,). Memory was tested 24 h later
(LTM). On memory test, rats were allowed to explore freely one
copy of the previously presented object (familiar, A;) together with
a new one (B,) for 5 min. The object recognition index was calcu-
lated as follows: time of exploration of novel object/(time of explo-
ration of familiar object +time of exploration of novel object)
(Ennaceur & Delacour, 1988). A recognition index equal to 0.5 re-
flects no preference for any of the objects. An index higher than
0.5 shows preferences for novel objects.

2.7.2. Open field test

Immediately after the object recognition test session, animals
were transferred to an open-field arena 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 5 min, and during
this time, the number of crossing and rearing responses was re-
corded. This test was carried out to identify motor disabilities,
which might influence performance during the object recognition
test.

2.8. Biochemical studies

2.8.1. Preparation of tissue homogenate

After the behavioral tests, animals were anesthetized and
euthanized. Brain was quickly removed from skull, rinsed in ice-
cold Tris-HCl buffer (10 mM, pH 7.4), placed on filter paper moist-

ened with the same buffer on top of a Petri dish filled with ice and
cerebral cortex was dissected using consistent anatomical land-
marks as criteria for dissection. Cerebral cortex comprised all re-
gions dorsolateral to the olfactory tract, excluding the
hippocampus, and was dissected from each hemisphere by peeling
it away from the striatum. After dissection, cerebral cortex was
homogenized (1:10, weight/volume; w/v) in a glass potter in a
Tris-HCl buffer (10 mM, pH 7.4) and centrifuged at 2000g for
10 min. Aliquots of the supernatants were stored at —20 °C until
utilization.

2.8.2. Na' K'-ATPase activity

Na' K'-ATPase activity was measured as previously described
(Wyse et al., 2000) with minor modifications (Carvalho et al.,
2012). Briefly, the assay medium consisted of 30 mM Tris-HCl buf-
fer (pH 7.4), 0.1 mM EDTA, 50 mM NacCl, 5 mM KCI, 6 mM MgCl,
and 100 pg of protein in the presence or absence of 1 mM ouabain,
in a final volume of 350 pL. The reaction was started by the addi-
tion of adenosine triphosphate (ATP) to a final concentration of
3 mM. After 30 min at 37 °C, the reaction was stopped by the addi-
tion of 70 pL of 50% (w/v) trichloroacetic acid (TCA). Saturating
substrate concentrations were used, and reaction was linear with
protein and time. Appropriate controls were included in the assays
for non-enzymatic hydrolysis of ATP. The amount of inorganic
phosphate (Pi) released was quantified colorimetrically, as previ-
ously described (Fiske & Subbarow, 1925), using NaH,P0, as refer-
ence standard. Specific Na' K'-ATPase activity was calculated by
subtracting the ouabain-insensitive activity from the overall activ-
ity (in the absence of ouabain) and expressed in nmol of Pi/min/mg
of protein.

2.8.3. Ca' K"-ATPase activity

Ca*"-ATPase activity was measured as previously described
(Rohn, Hinds, & Vincenzi, 1993) with minor modifications (Trevi-
san et al.,, 2009). Briefly, the assay medium consisted of 30 mM
Tris-HCI buffer (pH 7.4), 0.1 mM EGTA, 6 mM MgCl, and 200 pg
of protein in the presence or absence of 1 mM CaCl,, in a final vol-
ume of 200 pL. The reaction was started by the addition of ATP to a
final concentration of 3 mM. After 60 min at 37 °C, the reaction was
stopped by the addition of 70 pL of 50% (w/v) TCA. Saturating sub-
strate concentrations were used, and reaction was linear with pro-
tein and time. Appropriate controls were included in the assays for
non-enzymatic hydrolysis of ATP. The amount of Pi released was
quantified colorimetrically, as previously described (Fiske & Subba-
row, 1925), using NaH,PO, as reference standard. Specific Ca®'-
ATPase activity was calculated by subtracting the difference be-
tween the activity in the presence and absence of calcium in the
assay medium and expressed in nmol of Pi/min/mg of protein.

2.8.4. Thiobarbituric acid reactive substances

As an index of lipid peroxidation, we used TBARS formation dur-
ing an acid-heating reaction as previously described (Ohkawa, Ohi-
shi, & Yagi, 1979) with some modifications. Briefly, 200 pL of
homogenized tissue supernatant (1:10 w/v) samples were mixed
with 500 pL of 2.5 M acetic acid pH 3.4, 500 pL of 0.8% thiobarituric
acid, 200 pL of 8.1% sodium dodecyl sulfate (SDS) and 100 pL of
distilled water. This mixture was then heated in a boiling water
bath for 120 min. A malondialdehyde (MDA) solution was used
as reference standard. TBARS were determined by the absorbance
at 532 nm and were expressed as malondialdehyde equivalents
(nmol MDA/mg of protein).

2.8.5. Nitrites and nitrates (NOx)

In consequence of its very short half-life, determination of NO'
itself is very difficult. So, to estimate the level of NO, its end prod-
ucts nitrite/nitrate (NOx) are often measured. For NOx determina-
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tion, an aliquot (200 uL) was homogenized (1:1) in 200 mM Zn,SO,
and acetonitrile. After, the homogenate was centrifuged at 16,000g
for 30 min at 4 °C and supernatant was separated for analysis of
NOx content as previously described (Miranda, Espey, & Wink,
2001). A nitrite solution was used as reference standard. NOx were
determined by the absorbance at 570 nm and were expressed as
pmol/g of tissue.

2.8.6. Non-protein thiols (NPSH)

Tissue non-protein thiols were determined as previously de-
scribed (Ellman, 1959). Briefly, an aliquot of the homogenized tis-
sue supernatant (1:10 w/v) was diluted (1:1) with 10% TCA,
vortexed, and centrifuged at 2000g for 10 min. Subsequently, the
supernatant was reacted with 250 pM DTNB in a final volume of
2 mL and the absorbance was read at 412 nm. A cysteine solution
was used as reference standard. NPSH were expressed as pmol
SH/g of tissue.

2.8.7. Superoxide dismutase (SOD) activity

This method is based on reaction autoxidation adrenaline to
adenochrome. The intermediate in this reaction is superoxide,
which is scavenged by SOD. Results were expressed as U SOD/mg
of protein. One SOD unit was defined as the enzyme amount to
cause 50% inhibition of adrenaline autoxidation (Misra & Fridovich,
1972).

2.9. Quantification of proteins

Protein was measured by the Coomassie blue method (Bradford,
1976) using serum albumin as standard.

2.10. Statistical analysis

Data were analyzed by a one- or two-way ANOVA. Post hoc anal-
yses were carried out by the Dunnett’s Multiple Comparison Test.
TBARS and NPSH levels were log-transformed to achieve normal
distribution of data. A probability of P < 0.05 was considered signif-
icant. All data are expressed as mean + Standard Error of the Mean
(SEM).

3. Results

3.1. Characterization of C-LNC

C-LNC were successfully obtained by interfacial deposition of
polymer method. The physicochemical characteristics of the nano-
capsule suspensions are shown in Table 1. Formulation presented
drug content close to its theorical value (0.49 mg mL™") and slight
acid pH. As expected for lipophilic substances, the encapsulation
efficiency was high, close to 100%. Analysis by PCS showed that
the nanocapsule suspension have nanometric mean size
(202 nm) and a controlled size distribution (PDI value of 0.11).
The zeta potential values were negative and close to neutrality
(=7.34). These values are frequent to lipid-core nanocapsules
coated with polysorbate 80 and sufficient to guarantee the stability

Table 1

Physicochemical characteristics of C-LNC.
Drug EE (%) pH Particle PDI Zeta
content size (nm) potential
(mgmL™") (mV)
049+002 100+00 5.81+003 202+551 0.11+001 -734+0.14

Data are means + Standard Error of the Mean (SEM). n = 3. EE, Encapsulation effi-
ciency, PDI, Polydispersity index.

of the formulation (da Silva, Contri, Jornada, Pohlmann, & Guterres,
2012; Ourique et al., 2010).

3.2. Behavioral study

3.2.1. Object recognition memory task

One-way ANOVA showed that during the training trial the
groups exhibited similar time exploring each of the two identical
objects, represented by the recognition index (Table 2, see F and
P values within the table). The different doses of curcumin per se
(12.5, 25, 50 mg/kg free and 4 mg/kg nanoencapsulated ) exhibited
similar profile (Table 3, see F and P values within the table). Two-
way ANOVA did not demonstrate any significant control or smoke
versus curcumin interaction on the training trials [F(7,40)=0.31,
P> 0.05].

Fig. 1 shows the effect of curcumin free (12.5, 25 and 50 mg/kg)
and nanoencapsulated (4 mg/kg) along with smoke on the test rec-
ognition index. Statistical analysis (one-way ANOVA) revealed sig-
nificant difference among the groups in the test recognition index
[Fig. 1, F(5,24) = 8.68, P< 0.001]. Post hoc analysis showed that cig-
arette smoke-exposure decreases the recognition index (P < 0.001).
The recognition index decreased from 0.85+0.04 in the control
group to 0.35+0.04 in the cigarette smoke-exposed group. Non-
encapsulated curcumin at the dose of 25 mg/kg partially prevented
(0.55 £ 0.04) the decreased recognition index induced by the ciga-
rette smoke-exposure (P<0.05 compared with control group).
However, non-encapsulated curcumin (50 mg/kg) and C-LNC
(4 mg/kg) prevented the decrease in the recognition index induced
by cigarette smoke-exposure, the values being 0.72 +0.05 and
0.74 £0.04, respectively (Fig. 1). Curcumin alone (12.5, 25,
50 mg/kg free and 4 mg/kg nanoencapsulated) did not show a sig-
nificant effect compared with control (Table 3, see F and P values
within the table). Two-way ANOVA showed a significant control
or smoke versus curcumin 12.5, 25, 50 mg/kg free and 4 mg/kg
nanoencapsulated) interaction [F(7,40) = 3.93, P<0.01].

3.2.2. Open field test

Because locomotor and exploratory disparities in the testing
session may account for differences in recognition index, experi-
ments were performed to assess whether smoking or curcumin af-
fected locomotor and/or exploratory abilities of the animals.
Statistical analysis (one-way ANOVA) showed that neither ciga-
rette smoke-exposure nor pharmacological treatment altered the
number of crossing or rearing responses in a subsequent open-field
test session (Table 2, see F and P values within the table). The dif-
ferent doses of curcumin per se (12.5, 25, 50 mg/kg free and 4 mg/
kg nanoencapsulated) exhibited the same profile on crossing and
rearing responses (Table 3, see F and P values within the table).

Table 2

Effect of oral administration of curcumin free (12.5, 25 and 50 mgfkg) and
nanoencapsulated (4 mg/kg) along with smoke on the training trial (sample phase)
recognition index and on behavior of rats (number of crossing and rearing responses)
in the open-field immediately after the object recognition testing session.

Group Recognition index  Crossing Rearing
(training trial)
Control 0.57 £0.06 38.00+4.30 2840+229
Smoke 0.52+0.14 24,80+ 8.88 17.00+£6.77
Smoke-Cur 12.5 0.52+£0.05 33.00£5.07 2140+4.11
Smoke-Cur 25 0.51+0.08 44,00+544 30.40 £ 3.67
Smoke-Cur 50 0.50 + 0.04 42,00£3.51 24.60+4.19
Smoke-C-LNC 0.53+0.06 39.80 + 4.26 2740£277
Statistical analysis  F(5,24) = 0.08 F(5,24)=162  K524)=138
P>0.05 P>0.05 P>0.05

One-way ANOVA - Dunnett's Multiple Comparison Test. Data are means + Standard
Error of the Mean (SEM) for 5 animals in each group.
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Table 3

Effect of oral administration of curcumin free (12.5, 25 and 50 mg/kg) and nanoencapsulated (4 mg/kg) per se on the training and test recognition indexes, on crossing and rearing
responses in the open field immediately after the object recognition test session, on the activities of Na* K*-ATPase and Ca?*-ATPase, and on parameters of oxidative stress (TBARS,

NOx, NPSH and SOD).

Group Training Test Crossing Rearing Na'K'-ATPase
Control 0.57 £0.06 0.85+0.04 38.00+4.30 1.45+0.04 140.44 £ 16.11
Cur 12,5 041+£0.09 0.56 +0.09 40.00 £9.41 1.45£0.16 127.56 £ 12.81
Cur 25 0.50+0.07 0.62 +0.09 35.40+2.91 1.42£0.05 13020+ 11.85
Cur 50 0.51+£0.06 0.73+£0.08 37.80+4.99 1.36£0.03 125.89 2147
C-INC 0.56 £ 0.04 0.79 £ 0.04 39.60+4.37 1.31£0.10 113.80£ 11.56
Statistical analysis F(4,20)=2.07 F(4,20)=2.78 F(4,20)=0.10 F4,20)= 044 F4,20)=039
P>0.05 P>0.05 P>0.05 P>0.05 P>0.05
Ca®"-ATPase TBARS NOx NPSH SOD
Control 40.03 +3.08 0.85+0.02 64.98 +8.97 1.13+0.04 20.75 £ 0.51
Cur 12,5 35.03+348 0.87 £0.05 75.74 £14.6 1.08 £ 0.02 18.08 + 1.06
Cur 25 30.79+235 0.85+0.02 61.68 £6.87 1.09+£0.04 16.64 £ 1.59
Cur 50 31.98+3.04 0.77 £0.01 6694 £11.8 1.12+£0.06 20.09 £1.35
C-INC 36.20+1.58 0.77 £ 0.06 58.12 £5.76 1.05+0.01 20.44 £0.92
Statistical analysis F(4,20) =0.55 F(4,20)=0.11 F(4,20)=0.78 H4,20)= 061 R4,20)=0.08
P>0.05 P>0.05 P>0.05 P>0.05 P>0.05
One-way ANOVA - Dunnett's Multiple Comparison Test. Data are means  Standard Error of the Mean (SEM) for 5 animals in each group.
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Fig. 1. Recognition index on test trial (memory test) in object recognition memory
task of cigarette smoke-exposed rats and those treated with curcumin free (12.5,25
and 50mg/kg) and nanoencapsulated (4 mg/kg) along with smoke. One-way
ANOVA - Dunnett's Multiple Comparison Test. Data are means + Standard Error
of the Mean (SEM) for 5 animals in each group. ‘(P<0.05) and ***(P<0.001)
compared with control.

Two-way ANOVA did not demonstrate any significant control or
smoke versus curcumin interaction on crossing [F(7,40)=1.17,
P>0.05] or rearing [F(7,40) = 1.68, P> 0.05] responses.

3.3. Na",K*-ATPase activity

Fig. 2 shows the effect of curcumin free (12.5, 25 and 50 mg/kg)
and nanoencapsulated (4 mg/kg) along with smoke on Na*,K"-ATP-
ase activity of cerebral cortex. Statistical analysis (one-way ANO-
VA) indicated significant difference among the groups
[F(5,24)=10.04, P< 0.001]. Post hoc analysis showed that cigarette
smoke-exposure caused a significant decrease compared to the
control group (P < 0.001). The cerebral cortex Na',K'-ATPase activ-
ity decreased from 140.44 + 16.11 nmol of Pi/min/mg of protein in
the control group to 94.95 + 4.65 nmol of Pi/min/mg of protein in
the cigarette smoke-exposed group. Non-encapsulated curcumin
administered along with cigarette smoke at the dose of 12.5 mg/
kg partially prevented (109.26 + 16.12 nmol of Pi/min/mg of pro-
tein) the decreased cerebral cortex Na'K'-ATPase activity ob-
served in the cigarette smoke-exposed group (P<0.01 compared
with control group). Non-encapsulated curcumin at the doses of

Smoke

Fig. 2. Na"K'-ATPase activity in cerebral cortex homogenates of cigarette smoke-
exposed rats and those treated with curcumin free (12.5, 25 and 50 mg/kg) and
nanoencapsulated (4 mg/kg) along with smoke. One-way ANOVA - Dunnett's
Multiple Comparison Test. Data are means + Standard Error of the Mean (SEM) for 5
animals in each group. *'(P<0.01) and **'(P <0.001) compared with control.

25 and 50 mg/kg and C-LNC at the dose of 4 mg/kg administered
along with cigarette smoke-exposure prevented the decrease in
cerebral cortex Na'K'-ATPase activity, the values being
144 + 4.47,153.62 +5.74 and 153 £ 3.71 nmol of Pi/min/mg of pro-
tein, respectively (Fig. 2). The different doses of curcumin per se
(12.5, 25, 50 mg/kg free and 4 mg/kg nanoencapsulated) did not
show a significant effect compared with control (Table 3, see F
and P values within the table). Two-way ANOVA indicated a signif-
icant control or smoke versus curcumin (12.5, 25, 50 mg/kg free
and 4mg/kg nanoencapsulated) interaction [F7,40)=3.74,
P<0.05].

3.4. Ca"-ATPase activity

Fig. 3 shows the effect of curcumin free (12.5, 25 and 50 mg/kg)
and nanoencapsulated (4 mg/kg) along with smoke on Ca*'-ATPase
activity of cerebral cortex. There was significant difference in the
cerebral cortex Ca?*-ATPase activity [F(5,24) =5.61, P< 0.01]. Post
hoc analysis revealed that cigarette smoke-exposure caused a sig-
nificant decrease compared to the control group (P<0.01). The
cerebral  cortex Ca’*-ATPase activity ~decreased from
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Fig. 3. Ca’™-ATPase activity in cebebral cortex homogenates of cigarette smoke-
exposed rats and those treated with curcumin free (12.5, 25 and 50 mg/kg) and
nanoencapsulated (4 mg/kg) along with smoke, One-way ANOVA - Dunnett's
Multiple Comparison Test. Data are means + Standard Error of the Mean (SEM) for 5
animals in each group. ‘(P < 0.05) and *(P < 0.01) compared with control.

40.03 £ 3.08 nmol of Pi/min/mg of protein in the control group to
27.10 £ 1.51 nmol of Pi/min/mg of protein in the cigarette smoke-
exposed group. Non-encapsulated curcumin administered along
with cigarette smoke at the dose of 12.5 mg/kg partially prevented
(29.16 £2.79 nmol of Pi/min/mg of protein) the decreased cerebral
cortex Ca?'-ATPase activity observed in the cigarette smoke-ex-
posed group (P<0.05 compared with control group). Non-encap-
sulated curcumin at the doses of 25 and 50 mg/kg and C-LNC at
the dose of 4 mg/kg administered along with cigarette smoke-
exposure prevented the decrease in cerebral cortex Ca?'-ATPase
activity, the values being 39.12+2.10, 3933+3.02 and
41.10 £ 2.16 nmol of Pi/min/mg of protein, respectively (Fig. 3).
The different doses of curcumin per se (12.5, 25, 50 mg/kg free
and 4 mg/kg nanoencapsulated) did not show a significant effect
compared with control (Table 3, see F and P values within the
table). Two-way ANOVA indicated a significant control or smoke
versus curcumin (12.5, 25, 50 mg/kg free and 4 mg/kg nanoencap-
sulated) interaction [F(7,40)=4.27, P< 0.01].

3.5. TBARS

TBARS content was measured as an index of lipid peroxidation
in the cerebral cortex (Fig. 4). One way-ANOVA showed a statisti-
cally significant difference among the groups [F(5,24)= 5.56,
P<0.01]. Subsequently post hoc analysis showed that cigarette
smoke-exposure caused a significant increase of lipid peroxidation
as indicated by the rise in TBARS levels as compared to the control
group (P <0.05). The cerebral cortex TBARS levels increased from
0.85 + 0.02 log of nmol MDA/mg of protein in the control animals
to 1.05£0.07 log of nmol MDA/mg of protein in the cigarette
smoke-exposed animals. When curcumin was administered along
with cigarette smoke, curcumin produced a significant reduction
of cerebral cortex TBARS as compared to cigarette smoke-exposed
group (P<0.05), the values being 0.89+0.01, 0.83+0.03,
0.74 £ 0.04 and 0.86 + 0.03 log of nmol MDA/mg of protein, respec-
tively, in the curcumin free 12.5, 25, 50 mg/kg and C-LNC 4 mg/kg
co-administered animals. The different doses of curcumin per se
(12.5, 25, 50 mg/kg free and 4 mg/kg nanoencapsulated) did not
show a significant effect compared with control (Table 3, see F
and P values within the table). Two-way ANOVA did not show
any significant control or smoke versus curcumin (12.5, 25,
50mg/kg free and 4mg/kg nanoencapsulated) interaction
[F(7,40) = 2.50, P> 0.05].
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Fig. 4. Thiobarbituric acid reactive substances (TBARS) levels in cerebral cortex
homogenates of cigarette smoke-exposed rats and those treated with curcumin free
(12.5, 25 and 50 mg/kg) and nanoencapsulated (4 mg/kg) along with smoke, One-
way ANOVA - Dunnett's Multiple Comparison Test. Data are means + Standard
Error of the Mean (SEM) for 5 animals in each group. ‘(P <0.05) compared with
control.

3.6. NOx

NOx was measured as an estimation of NO' content (Fig. 5).
There was difference in the cerebral cortex NOx content
[F(5,24)=9.73, P <0.001]. Post hoc analysis revealed that cigarette
smoke-exposure caused a significant increase compared to the
control group (P < 0.01). The cerebral cortex NOx content increased
from 64.98 +8.97 umol/g of tissue in the control group to
128.88 £21.29 pmol/g of tissue in the cigarette smoke-exposed
group. When curcumin was administered along with cigarette
smoke, curcumin produced a significant reduction of cerebral cor-
tex NOx as compared to cigarette smoke-exposed group, the values
being 60.22 £6.19, 50.36 £8.39, 33.78 £6.16 and
30.88 +8.04 umol/g of tissue, respectively, in the curcumin free
12.5, 25 and 50 mg/kg and C-LNC 4 mg/kg co-administered ani-
mals (Fig. 5). The different doses of curcumin per se (12.5, 25 and
50 mg/kg free and 4 mg/kg nanoencapsulated) did not show a sig-
nificant effect compared with control (Table 3, see F and P values
within the table). The two-way ANOVA indicated a significant con-
trol or smoke versus curcumin (12.5, 25 and 50 mg/kg free and
4 mg/kg nanoencapsulated) interaction [F(7,40) = 6.34, P<0.001].

3.7. NPSH

Fig. 6 shows the effect of curcumin free (12.5, 25 and 50 mg/kg)
and nanoencapsulated (4 mg/kg) along with smoke on the cerebral
cortex NPSH level. One-way ANOVA showed a statistically signifi-
cant difference among the groups [F(5,24) = 4.32, P< 0.01]. Subse-
quently post hoc analysis showed that cigarette smoke-exposure
caused a significant decrease of NPSH compared to the control
group (P<0.01). The cerebral cortex NPSH level decreased from
1.13+£0.04 log of pmol SH/g of tissue in the control animals to
0.88 +0.07 log of pmol SH/g of tissue in the cigarette smoke-ex-
posed animals. When curcumin was administered along with cig-
arette smoke, curcumin prevented the reduction of cerebral
cortex NPSH as compared to cigarette smoke-exposed group, the
values being 1.11+0.03, 1.10£0.04, 1.08 £ 0.02 and 1.05+0.04
log of pmol SH/g of tissue, respectively, in the curcumin free
12.5, 25 and 50 mg/kg and C-LNC 4 mg/kg co-administered ani-
mals (Fig. 6). The different doses of curcumin per se (12.5, 25 and
50 mg/kg free and 4 mg/kg nanoencapsulated) did not show a sig-
nificant effect compared with control (Table 3, see F and P values
within the Table). Two-way ANOVA showed a significant control
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Fig.5. Nitrites and nitrates (NOx) levels in cerebral cortex homogenates of cigarette
smoke-exposed rats and those treated with curcumin free (12.5, 25 and 50 mg/kg)
and nanoencapsulated (4 mg/kg) along with smoke. One-way ANOVA - Dunnett's
Multiple Comparison Test, Data are means + Standard Error of the Mean (SEM) for 5
animals in each group. **(P <0.01) compared with control.
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Fig.6. Non-protein sulfhydryl groups (NPSH) levels in cerebral cortex homogenates
of cigarette smoke-exposed rats and those treated with curcumin free (12.5, 25 and
50 mg(kg) and nanoencapsulated (4 mg/kg) along with smoke. One-way ANOVA -
Dunnett's Multiple Comparison Test. Data are means * Standard Error of the Mean
(SEM) for 5 animals in each group. **(P< 0.01) compared with control.

or smoke versus curcumin (12.5, 25 and 50 mg/kg free and 4 mg/kg
nanoencapsulated) interaction [F(7,40) = 3.60, P < 0.05].

3.8. SOD activity

Fig. 7 shows the effect of curcumin free (12.5, 25 and 50 mg/kg)
and nanoencapsulated (4 mg/kg) along with smoke in the cerebral
cortex SOD activity. One-way ANOVA indicated significant differ-
ence among the groups in the cerebral cortex SOD activity
[F(5,24)=3.70, P< 0.05]. Post hoc analysis showed that cigarette
smoke-exposure caused a significant decrease compared to the
control group (P < 0.01). The cerebral cortex SOD activity decreased
from 20.75+0.51 U SOD/mg of protein in the control group to
14.53 £ 2.02 U SOD/mg of protein in the cigarette smoke-exposed
group. When curcumin was administered along with cigarette
smoke, curcumin prevented SOD decrease as compared to cigarette
smoke-exposed group, the values being 20.28 + 1.24, 19.50 £ 1.05,
18.32+£0.77, 17.75+0.86 U SOD/mg of protein, respectively, in
the curcumin free 12.5, 25, 50 mg/kg and C-LNC 4 mg/kg co-
administered animals. The different doses of curcumin per se
(12.5, 25, 50mg/kg free and 4 mg/kg nanoencapsulated) did not
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Fig. 7. Superoxide dismutase (SOD) activity in cerebral cortex homogenates of
cigarette smoke-exposed rats and those treated with curcumin free (12.5, 25 and
50 mg/kg) and nanoencapsulated (4 mg/kg) along with smoke. One-way ANOVA -
Dunnett's Multiple Comparison Test. Data are means + Standard Error of the Mean
(SEM) for 5 animals in each group. *(P<0.01) compared with control.

show a significant effect compared with control (Table 3, see F
and P values within the table). Two-way ANOVA revealed a signif-
icant control or smoke versus curcumin (12.5, 25 and 50 mg/kg
free and 4 mg/kg nanoencapsulated) interaction [F(7,40)=4.77,
P<0.01].

4, Discussion

In this study we proposed to measure the activities of Na* K'-
ATPase and Ca*'-ATPAse and to investigate oxidative stress param-
eters in cerebral cortex of rats passively exposed to cigarette
smoke in an attempt to understand the possible mechanisms in-
volved in curcumin protection against cigarette smoke-induced
cognitive impairment. As an index of cigarette smoke exposure,
the serum level of cotinine, a metabolite of nicotine, was quantified
in the control and the cigarette smoke-exposed group. Average ser-
um cotinine level at 1 h after smoke exposure was around 280 ng/
mL (data not showed) which is comparable to average cotinine le-
vel reported for smokers (around 300 ng/mL) (Ypsilantis, Politou,
Anagnostopoulos, Kortsaris, & Simopoulos, 2012). Furthermore, in
spite of the poor bioavailability of curcumin, we investigated the
potential of C-LNC in this prevention.

Many research groups have been investigating the neurocogni-
tive consequences of cigarette smoke-exposure and have verified
diverse effects such as deficits in accuracy of working memory (Jac-
obsen et al., 2005), poorer performance for audio-verbal learning
and/or memory (Fried, Watkinson, & Gray, 2006 ), information pro-
cessing speed (Spilich, June, & Renner, 1992), general intelligence
(Weiser, Zarka, Werbeloff, Kravitz, & Lubin, 2010), cognitive flexi-
bility (Kalmijn, van Boxtel, Verschuren, Jolles, & Launer, 2002),
and general intellectual abilities (Deary et al., 2003). Moreover,
neurobiological effects of cigarette smoking such as abnormal in-
crease of global brain atrophy (Kubota et al., 1987) characterized
by increased ventricular and sulcal volumes (Longstreth et al.,
2000), smaller volume in left dorsal cingulated cortex and lower
tissue density in the cerebellum (Brody et al., 2004) have also been
presented. However, the mechanisms involved in the promotion of
these neurocognitive and neurobiological abnormalities associated
with cigarette smoke are still unclear (Durazzo, Meyerhoff, & Nix-
on, 2010). In this study, the evaluation of LTM in rats passively ex-
posed to cigarette smoke by the object recognition memory task
revealed impaired memory, as indicated by the low recognition in-
dex (below 0.5) corroborating with the aforementioned literature
and supporting our recent findings (Jaques et al., 2012).
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As previously demonstrated in a recent study conducted by our
group, curcumin free had shown to be effective against cigarette
smoke-induced cognitive impairment evaluated by the step down
latencies in the inhibitory avoidance task (Jaques et al., 2012). In
addition to the referred study, some other groups have shown
the potential of curcumin free administered orally in a wide range
of doses (3-300 mg/kg) and periods (2-6 weeks) to prevent the
cognitive impairment caused by different types of agents such as
phenytoin (Reeta et al., 2009), scopolamine (Ahmed & Gilani,
2009), AlCl; associated with p-galactose (Pan et al., 2008), and hu-
man immunodeficiency virus type 1 glycoprotein 120 V3 loop pep-
tide (Tang et al,, 2009). In this study, curcumin free prevented
cigarette smoke-induced cognitive impairment, although the low-
est dose was not effective as the higher doses (25 and 50 mg/kg).
This study was the first designed to investigate the performance
of a formulation containing nanoencapsulated curcumin on the ef-
fects of cigarette smoke exposure on memory and parameters in-
volved in the homeostasis of CNS. Interestingly, C-LNC in a dose
4-fold lower than the effectless one (12.5 mg/kg) presented similar
results compared to the highest dose (50 mg/kg) of non-encapsu-
lated curcumin. This dose was more than 12-fold higher than the
dose of nanoencapsulated curcumin, strongly suggesting that this
formulation has the potential of increase the oral bioavailability
of curcumin.

Several studies have been employing nanotechnology based
carriers to increase the bioavailability of curcumin and found
promising results in the research of human cancer therapy (Bisht
et al., 2007; Nair, Thulasidasan, Deepa, Anto, & Kumar, 2012; Yal-
lapu et al, 2010) and pathologies involving the CNS (Mathew
et al., 2012; Ray et al., 2011). A recent study employing the same
lipid-core nanocapsules used in this research showed a higher drug
concentration in brain, liver and kidney tissues after daily intra-
peritoneal (i.p.) injection or oral gavage administration, than that
observed for the free drug (Frozza et al,, 2010). Furthermore, it
was demonstrated that nanoencapsulation of curcumin improves
its oral bioavailability by at least 9-fold compared to curcumin
administered as a suspension with piperine, an absorption enhan-
cer (Shaikh et al,, 2009). In addition, a recently published study
(Tsai, Chien, Lin, & Tsai, 2011) demonstrated that after intravenous
(i.v.) administration of curcumin-loaded PLGA nanoparticles (C-
NPs), the half-life (t, ;) and the mean residence time (MRT) of cur-
cumin in the brain tissue were significantly increased over conven-
tional curcumin. Pharmacokinetics analysis in the different brain
regions revealed that the t;;; and the MRT were increased in the
hippocampus and cerebral cortex (Tsai et al.,, 2011), both regions
of vital importance in the cognition and memory processes (lz-
quierdo & Medina, 1995).

After the evaluation of memory parameters, we aimed to eluci-
date some mechanisms involved in the memory impairment
caused by the cigarette smoke-exposure and by what routes curcu-
min exerts its protective effect. With that purpose we assessed the
activity of the membrane-bound ATPases Na' K'-ATPase and Ca®'-
ATPase, and some parameters of oxidative stress.

The measurement of Na'K'-ATPase and Ca®'-ATPase activities
in cerebral cortex of rats exposed to cigarette smoke revealed de-
creased activities for both enzymes which leads to increased Na"*
and Ca?* and depletion of K" in the citosol (Anbarasi et al., 2005).
This disturbance in the electrolyte balance alters the membrane
potential and impulse propagation causing an excessive release
and stimulation of receptors by excitatory neurotransmitters such
as glutamate, acetylcholine (ACh), and adenosine triphosphate
(ATP) and, as a consequence, there could be cellular damage and
death (Xiao et al., 2002). The inhibition of Na*K'-ATPase has been
associated with neuronal death related to disrupted ion homeosta-
sis involving both apoptotic and necrotic components (Xiao et al.,
2002). Furthermore, a prior study (Yang & Liu, 2003) also demon-

strated that cigarette smoke extract (CSE) inhibited mouse brain
mitochondrial ATPase and increased Ca®' in mitochondria, which
was also associated with tissue injury and death.

Previous studies indicate that ROS and free radicals are involved
in the inhibition of Ca?*-ATPase (Rohn, Hinds, & Vincenzi, 1996)
and Na' K"-ATPase (Franzon et al., 2003; Rohn et al., 1996). Corrob-
orating with these data, in this study, the group of animals exposed
to cigarette smoke presented an increase in biomarkers of oxida-
tive and nitrosative stress such as TBARS and NOx, which probably
was involved in the inhibition of the membrane-bound enzymes
and, consequently, would have contributed to the breakdown of
ion homeostasis. Furthermore, the group of animals exposed to cig-
arette smoke had a depletion of non-enzymatic and enzymatic
antioxidant defenses represented by NPSH content and SOD activ-
ity, respectively, which rendered brain tissue more susceptible to
oxidative damage by radical species generated endogenously, by
cellular metabolism, or exogenously, by cigarette smoke exposure.
A decrease in enzyme-based free radical scavengers (e.g., SOD, cat-
alase, glutathione reductase, glutathione peroxidase) and non-en-
zyme based radical scavengers (e.g., reduced glutathione, low
molecular weight thiols, and vitamins A, C and E) in brain was al-
ready associated with cigarette smoke exposure (Anbarasi, Vani,
Balakrishna, & Devi, 2006; Mendez-Alvarez, Soto-Otero, Sanchez-
Sellero, & Lopez-Rivadulla Lamas, 1998).

Our findings demonstrate that administration of both curcumin
free and nanoencapsulated was effective in preventing the de-
crease of Na'K'-ATPase and Ca®*-ATPase induced by cigarette
smoke exposure, although the dose of 12.5 mg/kg had shown a
partial prevention. Remarkably, in spite of its low dose (4 mg/kg),
the C-LNC presented results similar to the higher doses, which
we believe to be associated with an increased bioavailability. In re-
gard the oxidative stress parameters evaluated, all the treatment
doses of curcumin (both free and nanoencapsulated) were effective
in preventing the cigarette smoke-induced changes in the antioxi-
dant defense systems, thus contributing to prevent the increase of
markers of cellular damage mediated by ROS and RNS. All these ef-
fects provided by the treatment with curcumin may be attributed
to its well known systemic antioxidant properties, especially in the
brain tissue (Lim et al., 2001; Scapagnini et al., 2006), and its ability
to improve membrane homeostasis (Sharma, Ying, & Gomez-Pinil-
la, 2010). We suggest that curcumin protection of membranes from
ROS and RNS-mediated damage was of potential usefulness in the
prevention of ion homeostasis breakdown and probably in the pre-
vention and treatment of certain disease process involving the CNS.

5. Conclusions

In summary, the present study shows that cigarette smoke-
exposure breaks the ion homeostasis which is related to excitotox-
icity and, consequently, oxidative/nitrosative stress and neurocog-
nitive impairment. In addition, the effects promoted by curcumin
revealed that the maintenance of ion homeostasis and redox bal-
ance is part of its protective mechanism against smoke-induced
cognitive impairment. Furthermore, these results strongly suggest
that the use of lipid-core nanocapsules may be an alternative to
improve this protection.
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DISCUSSAO

A exposicdo a fumaca do cigarro € um fator de risco para o desenvolvimento
de diversas doencas como a doenca pulmonar obstrutiva crénica (DPOC), cancer de
pulmao (SOPORI, 2002), déficits encefalicos (GALLINAT et al., 2006). De interesse
especifico para este estudo, a exposicdo a fumaca do cigarro € um dos fatores
fortemente associados com doencas cardiovasculares como a doenca arterial
coronariana e a aterosclerose (CASTELLI et al., 1981; GLANTZ; PARMLEY, 1991;
GUARINO et al., 2011; STEENLAND et al., 1996). O dano inferido ao tecido
endotelial, em virtude da exposi¢cdo ao cigarro, também estd associado a ativacao
dos trombdcitos ou plaguetas em consequéncia da ligagcdo ao colageno, a outras
proteinas expostas da matriz extracelular e da subsequente liberacdo de mediadores
soluveis armazenados em vesiculas (SEMPLE et al.,, 2011). Diversos estudos
indicam que a agregabilidade plaquetaria € mais acentuada em individuos fumantes
e que estes apresentam niveis elevados de diversas moléculas envolvidas no
processo de agregacdo como, por exemplo, o ADP e o FAP, de especial interesse
para o contexto da discussdo deste estudo (DOTEVALL et al., 1987; FITZGERALD
et al., 1983; FUSEGAWA; HANDA, 2000; IMAIZUMI, 1991; MIYAURA et al., 1992,
PERNERSTORFER et al., 1998; THOME et al., 2009).

A partir da quantificacdo da atividade das enzimas E-NTPDase, E-5-NT e E-
ADA em plaquetas de ratos expostos de forma passiva a fumaca do cigarro
observou-se um aumento na hidrélise dos nucleotideos ATP e AMP, e uma reducéo
na hidrélise do nucleotideo ADP, o que permite a suposicdo de que ha aumento do
nivel circulante de ADP na corrente sanguinea. Algumas das consequéncias bem
conhecidas do aumento do nivel de ADP no plasma sanguineo sdo: aumento da
agregacdo plaquetaria, alteracdes conformacionais, aumento do contetido de Ca®*
citosdlico e inibicdo da enzima adenilato ciclase (PARK; HOURANI, 1999). Desta
forma, os resultados apresentados neste estudo, os quais remetem a um aumento
nos niveis circulantes de ADP na corrente sanguinea e, consequentemente, um
aumento da agregacao plaquetaria sdo consistentes com resultados previamente
descritos na literatura (INOUE, 2004), os quais mostram que individuos fumantes
possuem uma maior agregac¢do espontanea do que individuos ndo fumantes. Um
estudo desenvolvido pelo nosso grupo de pesquisa demonstra que ratos expostos

de forma passiva a fumaca do cigarro possuem acentuada agregabilidade
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plaguetaria (THOME et al., 2009). Nesta pesquisa mencionada, estes achados foram
associados as alteracbes observadas na atividade das ectonucleotidades, onde
houve um aumento na hidrélise do nucleotideo ATP e uma tendéncia a reducéo na
hidrolise do nucleotideo ADP, padrdo semelhante ao observado neste estudo.

O aumento na hidrélise do nucleotideo AMP, observado no grupo de ratos
expostos de forma passiva a fumaca do cigarro, é associado a uma elevacao nos
niveis circulantes de adenosina (BECKER et al., 2010; SAUCEDO et al., 2010). Esta
molécula possui efeitos anti-agregantes mediados por receptores metabotropicos de
adenosina, especificamente os receptores A2A e A2B (JOHNSTON-COX et al.,
2011; YANG, D. et al., 2010), os quais regulam positivamente a producao de cAMP,
um inibidor da agregacao plaquetaria (LINDEN et al., 2008; PAUL et al., 1990). O
aumento nos niveis intracelulares de cAMP ativa a proteina kinase A (PKA), a qual
reduz a liberacdo intracelular das reservas de Ca?* (SIM et al., 2004), estabiliza a
estrutura do citoesqueleto (YANG, D. et al., 2010) e, assim, previne a formacao do
trombo. Uma vez que o nucleosideo adenosina é associado com a sinalizacéo
autdcrina antiinflamatéria via receptores do tipo P1 (JUNGER, 2011), se especula
que um possivel aumento no nivel circulante desta molécula possa representar um
mecanismo fisiolégico dindmico para regular a resposta vascular ao dano endotelial
e evitar os efeitos exacerbados da exposicdo a fumaca do cigarro como, por
exemplo, a agregacéao plaquetéaria e o desenvolvimento da aterosclerose.

Atualmente, além das funcdes classicas atribuidas as plaguetas como a
hemostase e a trombogénese, existe uma gradual compreensdo de que elas
desempenham uma importante funcdo na modulacdo da resposta imune inata e
adaptativa (ELZEY et al., 2003; HENN et al., 1998; KISSEL et al., 2006; SEMPLE et
al.,, 2011; SPRAGUE et al., 2008; VON HUNDELSHAUSEN; WEBER, 2007). Além
disso, estudos demonstram que plaquetas ativadas estdo envolvidas na etiologia de
diversas doencas que acometem o SNC (CIABATTONI et al., 2007; HORSTMAN et
al., 2010; PUTNAM, 1935; SHEREMATA et al., 2008). Dentre as possibilidades que
justificam esta relagdo pode-se citar a sua capacidade, juntamente com os linfécitos,
de aumentar a permeabilidade da BHE (HORSTMAN et al., 2010). Especificamente,
o FAP, um dos principais agonistas liberados pelas plaquetas e um potente
mediador pré-inflamatério, seria secretado pela cooperagdo entre plaquetas e
leucécitos e facilitaria o rompimento da BHE, uma vez que uma das fungdes

conhecidas e mais proeminentes do FAP € a ruptura das juncbes endoteliais
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(ADAMSON et al., 2008; BRKOVIC; SIROIS, 2007; JIANG et al., 2008; KNEZEVIC et
al., 2009). Uma vez que quando hé liberacdo de ADP a partir dos granulos
plaquetérios, também hé liberacdo do FAP, supde-se que concomitante ao aumento
do nivel circulante de ADP no grupo de animais expostos de forma passiva a fumaca
do cigarro também ocorra um aumento do nivel circulante do FAP. As observacdes
de Imaizumi (1991) corroboram com esta suposi¢do, uma vez que demonstra, pela
primeira vez, que a exposi¢cdo a fumaca do cigarro esta associada com um aumento
na liberacdo do FAP (IMAIZUMI, 1991). Em conformidade a esta presuncao,
investigamos o envolvimento dos efeitos oriundos da exposi¢ao passiva a fumaca do
cigarro com altera¢des neuroquimicas e neurocognitivas.

Muitos estudos demonstram que a exposicdo cronica a fumaca do cigarro
esta envolvida com o declinio na precisdo da memoria de trabalho (JACOBSEN et
al., 2005), na memoria audio-verbal (FRIED et al., 2006), na velocidade de
processamento de informacdes (SPILICH et al., 1992), na inteligéncia geral
(WEISER et al.,, 2010), na velocidade psicomotora e na flexibilidade cognitiva
(KALMIJN et al., 2002) e em habilidades intelectuais gerais (DEARY et al., 2003).
Além disso, tém sido reportados efeitos neurobiolégicos como a atrofia encefalica
(KUBOTA et al.,, 1987) caracterizada por aumento no volume dos sulcos e
ventriculos (LONGSTRETH et al., 2000), redu¢do no volume do cértex cingulado
dorsal esquerdo e menor densidade tecidual no cerebelo (BRODY et al., 2004).
Contudo, os mecanismos envolvidos na promocao destes efeitos neurocognitivos e
neurobioldgicos associados com a exposi¢do a fumaca do cigarro ainda sdo pouco
claros (DURAZZO et al.,, 2010). Os efeitos neurocognitivos sao sugestivos de
alteracdes no cortex cerebral (DE GROOT et al., 2000; YLIKOSKI et al., 1993), que
pode ser resultante de leses em pequenos vasos, uma vez que ja foram descritas
alteracbes vasculares e no fluxo sanguineo cerebral de fumantes crbnicos
(ROGERS et al.,, 1984) e estas alteracdes estdo diretamente relacionadas com o
desempenho cognitivo (MEYER et al., 1988).

Neste estudo foi avaliada a memodria de longa duragédo (LTM, long term
memory) através de dois testes comportamentais. Primeiramente, foi realizado o
teste da esquiva inibitéria, um modelo comportamental classico com um forte
componente aversivo utilizado para a avaliagdo do aprendizado e memoria em ratos
e camundongos (CAHILL et al., 1986). Neste estudo, observou-se uma reducao na

laténcia de descida da plataforma no grupo de ratos expostos de forma passiva a
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fumaca do cigarro no teste da esquiva inibitoria, 0 que sugere um comprometimento
nos processos de aprendizado e memoria nestes animais. Estes resultados estédo
em concordancia com outros estudos que também descrevem comprometimento
cognitivo em ratos expostos a fumaca do cigarro (CZUBAK et al.,, 2008;
NOWAKOWSKA et al.,, 2006). De forma complementar, foi realizado o teste do
reconhecimento de objetos, um teste que mensura a preferéncia dos animais por um
objeto desconhecido (BALDERAS et al., 2008). A avaliacdo da memoria através do
teste do reconhecimento de objetos revelou uma reducdo na preferéncia por objetos
desconhecidos no grupo de ratos expostos de forma passiva a fumaca do cigarro,
indicada pelo declinio no indice de reconhecimento. Este resultado sugere um
comprometimento nos processos de aprendizado e memdria, o que corrobora com
os resultados obtidos no principio deste estudo.

Uma das principais preocupac¢des em testes cognitivos que envolvem fortes
componentes aversivos como o choque, e particularmente estudos que investigam o
efeito de drogas administradas antes da realizacdo do teste, € se o tratamento
farmacoldgico afeta a atividade locomotora e exploratéria. Com o intuito de excluir
esta possibilidade, investigou-se através do teste do campo aberto as atividades
locomotora e exploratéria imediatamente apds a secéo de teste da esquiva inibitéria
e do reconhecimento de objetos para identificar se a presenca de alguma inabilidade
motora poderia ter influenciado a performace dos animais nos testes realizados.
Pode-se perceber que nenhum dos grupos apresentou diferenca no nimero de
cruzamentos (atividade locomotora) e respostas de levantar (atividade exploratéria)
em relacdo ao grupo controle. Desta forma, estes resultados permitem a exclusao da
possibilidade de que a atividade locomotora possa ter exercido algum tipo de
influéncia nos resultados obtidos.

ApoGs a avaliagdo dos parametros cognitivos foram investigados alguns dos
possiveis mecanismos envolvidos no comprometimento observado nos testes de
aprendizado e memdria causado pela exposicdo passiva a fumaca do cigarro. Com
este propdsito foi avaliado: a atividade de enzimas envolvidas no mantenimento de
gradientes iGnicos transmembrana; o balanco redox através da avaliacdo de
marcadores de dano oxidativo e nitrosativo, e avaliacdo das defesas antioxidantes; e
outras enzimas que desempenham funcdes vitais para o SNC.

Os impulsos nervosos que percorrem 0S neurdnios e estdo envolvidos nos

processos cognitivos possuem natureza eletroquimica, pois requerem a formacéo de
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um gradiente i6nico através da membrana plasmética neuronal, ou seja, a
capacidade de manter um desequilibrio nas concentracdes intra e extracelulares de
fons como Na*, K* e Ca®" (ERECINSKA; SILVER, 1994). A medida das atividades
das enzimas Na",K*-ATPase e Ca**-ATPase em cortex cerebral de ratos expostos
de forma passiva a fumaca do cigarro revelou uma reducéo na atividade de ambas
enzimas, 0 que possivelmente leva ao aumento nas concentragdes intracelulares
dos fons Na* e Ca** e a deplecdo de K*. O desequilibrio no balanco eletrolitico altera
0 potencial transmembrana e a propagacdo dos impulsos nervosos causando um
estimulo excessivo de receptores neuronais em virtude da liberacdo acentuada de
neurotransmissores excitatérios como o glutamato, a ACh e o ATP. Em
consequéncia destes eventos, pode haver dano e morte celular (XIAO et al., 2002).
A inibicdo da atividade da Na',K'-ATPase esta associada com morte neuronal
devido & quebra da homeostase ibnica envolvendo componentes apoptéticos e
necréticos (XIAO et al., 2002). Além disso, ja foi demonstrado (YANG, Y. M.; LIU,
2003) que o extrato da fumaca do cigarro inibe a ATPase mitocondrial encefalica de
camundongos e aumenta a concentracdo de Ca®" nesta organela, o que também
associa-se com dano tecidual e morte celular.

Estudos indicam que as EROs e radicais livres estdo envolvidos na inibi¢cao
das enzimas Ca*-ATPase (ROHN et al., 1996) e Na* K*-ATPase (FRANZON et al.,
2003; ROHN et al., 1996). Em conformidade com estes achados, neste estudo o
grupo de animais expostos de forma passiva a fumaca do cigarro apresentou um
aumento em biomarcadores de estresse oxidativo e nitrosativo como o TBARS e
NOX, respectivamente, o que provavelmente estaria associado a inibicdo observada
nas atividades das ATPases e, consequentemente teria contribuido com o
desarranjo da homeostase ibnica. Além disso, o grupo de animais expostos de forma
passiva a fumaca do cigarro apresentaram uma deplecédo nas defesas antioxidantes
nao enzimaticas e enzimaticas representadas pelo conteido de NPSH e pela
atividade da enzima SOD, respectivamente. O efeito observado nas defesas
antioxidantes tornam o tecido encefélico mais vulneravel ao dano oxidativo causado
por espécies reativas geradas de forma endogena pelo metabolismo celular, ou
exdgenamente, pela exposicdo a fumaca do cigarro. Estes resultados corroboram
com os achados de autores que descrevem que had uma associacdo entre a
exposicdo a fumaca do cigarro e o declinio nas defesas antioxidantes enzimaticas

(e.g., SOD, catalase, glutationa redutase, glutationa peroxidase) e sequestradores



67

ndo enzimaticos (e.g., reducdo nos niveis de glutationa, ti6is de baixa massa
molecular, e vitaminas A, C e E) no encéfalo (ANBARASI et al.,, 2006; MENDEZ-
ALVAREZ et al., 1998).

Acredita-se que a ativacdo das plaquetas em individuos expostos a fumaca
do cigarro também contribua com estes efeitos, pois em consequéncia da ativagdo
plaquetaria ha liberacdo dos diversos fatores trombogénicos e pro-inflamatérios e a
consequente reducdo na seletividade da BHE, como discutido previamente, o que
acarreta em um aumento na migracao de células inflamatoérias para o tecido neural,
uma das principais caracteristicas de diversas desordens neuroimunes (MAZZONE
et al., 2010). Neste contexto, concomitante com o processo neuroinflamatério, ocorre
um aumento na producdo de EROs e ERNs o0 que, por sua vez, contribui para a
exacerbacédo dos danos teciduais e celulares.

Para uma melhor compreensédo acerca dos mecanismos envolvidos nos
efeitos cognitivos causados pela exposi¢do passiva a fumaca do cigarro investigou-
se a atividade da enzima AChE, a qual desempenha um papel fundamental em
varias funcdes vitais para o SNC, especialmente o aprendizado e a memoéria (DAS
et al., 2002; MESULAM et al., 2002; SATO et al., 2004; WINKLER et al., 1995).
Estudos demonstram que alguns compostos presentes na fumaca do cigarro, como
o NO’ e o cianeto, estdo relacionados com um aumento na atividade da enzima
AChE e prejuizos cognitivos (JEYARASASINGAM et al., 2000; OWASOYO;
IRAMAIN, 1980). Desta forma, sugere-se que o aumento na atividade desta enzima
possa ser uma das bases patoldgicas do comprometimento cognitivo causado pela
exposicdo a fumaca do cigarro.

De fato, neste estudo, observamos um aumento na atividade da enzima AChE
em cerebelo, cortex cerebral, hipocampo, estriado, hipotdlamo e sangue total de
ratos expostos de forma passiva a fumaca do cigarro. Os efeitos observados na
atividade da AChE em sangue total nos diferentes grupos foi similar agueles obtidos
nas regides encefélicas. E interessante mencionar que ja foi descrito anteriormente
gue a AChE eritrocitica (predominante no sangue) tem demonstrado similares
propriedades funcionais e estruturais aquelas da AChE encefalica e, desta forma, a
atividade enzimatica observada em sangue total poderia refletir o status do sitio
sinaptico (THIERMANN et al., 2005). Além da facilidade para a obtencdo de amostra
para a quantificacdo da atividade da enzima AChE eritrocitica, uma justificativa para

esta alternativa é que foi proposto que ela pode apresentar niveis de atividade
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alterados mesmo antes das colinesterases encefalicas (MATTSSON et al., 2001).
Este padrdo na atividade da enzima AChE ja foi observado anteriormente em nosso
grupo de pesquisa (SCHMATZ et al., 2009).

Assim como o sistema colinérgico, 0 sistema purinérgico tem uma
participagdo chave em processos que envolvem o SNC como a neurotransmissao
(BURNSTOCK, 1976; BURNSTOCK, 2007), a neuromodulacdo (BURNSTOCK,
2007) e a plasticidade sinaptica (WIERASZKO; EHRLICH, 1994), além dos
processos de tromborregulacdo, hemostase e funcédo plaquetaria (ZIMMERMANN,
1999), discutidos anteriormente. Desta forma, investigou-se a atividade de enzimas
purinérgicas envolvidas na regulagdo dos niveis extracelulares dos nucleotideos e
do nucleosideo de adenina que, por sua vez, sao moléculas sinalizadoras.
Observou-se um aumento na hidrélise de ATP pela enzima E-NTPDase e na
hidrolise de AMP pela enzima E-5’-NT em sinaptossomas de coOrtex cerebral de ratos
expostos de forma passiva a fumaca do cigarro. O ATP é uma potente molécula
sinalizadora, a qual exerce seus efeitos fisiologicos de curta duracdo através da
ligacdo com receptores ionotrépicos do tipo P2X, abundantemente expressos no
SNC, o que desencadeia o influxo de fons Ca*" levanto a ativacdo secundéaria de
canais de célcio dependentes de voltagem (VGCC, voltage-gated calcium channels).
Estes receptores possuem uma funcédo bem estabelecida na neurotransmisséo, co-
transmissao, neuromodulacdo, comunicacdo glial e efeitos tréficos (APOLLONI et
al., 2009), o que demonstra claramente a importancia das purinas no mantenimento
da homeostase neural. O aumento observado na atividade da enzima E-5-NT no
grupo de ratos expostos de forma passiva a fumaca do cigarro pode representar
uma elevacdo nos niveis pericelulares de adenosina. Sabe-se que a molécula de
adenosina pode modular a liberacdo de uma ampla variedade de
neurotransmissores, incluindo o glutamato, a ACh, a noradrenalina, e a dopamina
(DI IORIO et al., 1998), assim como o ATP, uma vez que ele é co-liberado com os
demais neurotransmissores (ZIMMERMANN, 2008). Um importante evento
adaptativo de neuroplasticidade da via das ectonucleotidases € a reducdo dos niveis
de ATP, um neurotransmissor excitatorio, e 0 aumento dos niveis de adenosina, um
composto neuroprotetor.

Corroborando com os resultados deste trabalho, um artigo publicado
recentemente indica que a exposicdo crbnica a fumaca do cigarro reduz

significativamente a atividade de ATPases ancoradas a membrana, o que leva a
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quebra da homeostase idnica e ao aumento nos niveis dos fons Ca®’" e Na'
intracelulares (ANBARASI et al., 2006). O aumento simultdneo na concentragao
citosdlica destes ions é capaz de gerar uma hiperpolarizacdo da membrana celular
neuronal e, consequentemente, acentuar a liberacdo de neurotransmissores como a
ACh e 0 ATP. Se a molécula de ATP é liberada em grandes quantidades e durante
um periodo extenso, ela pode promover um aumento dramatico nos niveis de Ca**
intracelulares mediados por receptores do tipo P2X, o que pode representar danos
celulares e teciduais semelhantes aqueles causados pelo excesso de glutamato
(EDWARDS et al., 1992). Por outro lado, o mantenimento de niveis elevados do
neurotransmissor ACh esta associado com a dessensibilizacédo e a internalizacéo de
seus receptores, em especial o mMAChR que esta intimamente associado com
processos cognitivos (INTROINI-COLLISON et al., 1996). Neste sentido, acredita-se
que o aumento observado na atividade das enzimas AChE e E-NTPDase (ATP
como substrato) no grupo de animais expostos de forma passiva a fumaca do
cigarro seja um mecanismo de resposta aos eventos bioquimicos que levam ao
aumento de seus respectivos substratos. Além disso, associa-se 0 aumento da
cinética enzimética da E-NTPDase e E-5-NT com o aumento dos niveis sinapticos
de adenosina, o que pode representar uma resposta a quebra da homeostase e aos
efeitos causados pelo aumento dos niveis de ATP.

Uma vez que o cértex cerebral possui um papel crucial na modulacdo do
aprendizado e da memoria, tanto as alteragcdes hemostaticas quanto as alteracdes
observadas nesta estrutura como o desequilibrio redox, a alteracdo na atividade de
enzimas envolvidas no mantenimento do gradiente ibnico transmembrana e as
alteracdes nos sistemas colinérgico e purinérgico de ratos expostos de forma
passiva a fumaca do cigarro possivelmente estdo associadas com os efeitos
neurocognitivos descritos neste estudo.

Como citado anteriormente, dentre as alternativas para o tratamento de
diversas doencas destaca-se o emprego de compostos naturais extraidos das
plantas, denominados fitoterapicos. Levando em consideracdo que a exposi¢cao a
fumaca do cigarro altera parametros tromborregulatérios e causa alteracOes
neurobiolégicas, neuroquimicas e neurocognitivas optou-se por empregar um
composto com propriedades anti-agregantes e neuroprotetoras como a curcumina

no tratamento dos animais expostos de forma passiva a fumaca do cigarro.
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Nossos dados demonstram que a curcumina foi eficaz na prevencdo das
alteracOes observadas nas atividades das enzimas E-NTPDase e E-5-NT em
plaguetas de ratos expostos de forma passiva a fumaca do cigarro. De acordo com
um estudo realizado anteriormente (SRIVASTAVA et al.,, 1995), a curcumina foi
capaz de promover a reducdo da liberacdo de Ca*" intracelular das plaquetas e de
inibir as atividades das enzimas fosfolipase A,/C e cicloxigenase, levando a reducéo
da liberacdo de AA com a concomitante reducdo da formacédo de TXB,. Além disso,
as plaquetas tratadas com a curcumina apresentaram a liberacdo simultanea de
produtos derivados da atividade da enzima lipoxigenase como o0s &cidos
monohidroperdxidoeicosateraenoicos (12-HPETE; precursor do 12-HETE), o qual
inibe a agregacao plaquetéaria e, em altas concentracdes, inibe também a formacéao
de tromboxano (AHARONY et al., 1982). Como apresentado anteriormente nesta
discussdo, as alteracGes observadas no grupo de ratos expostos de forma passiva a
fumaca do cigarro sdo indicativas de um aumento nos niveis circulantes de ADP.
Desta forma, uma vez que a alta concentracéo plasmatica de ADP é associada com
0 aumento da agregacao plaquetaria, estes efeitos exercidos pelo tratamento com a
curcumina na atividade das enzimas purinérgicas em plaquetas é proposto como
mais uma das suas propriedades antiagregantes.

Sabe-se que além dos produtos da liberacdo dos granulos plaguetarios outros
fatores como a geracdo de EROs ERNs também estdo envolvidos na inducédo da
agregacao plaquetaria. A fumaca do cigarro é composta de duas diferentes fases: a
fase gasosa e a fase particulada. Os radicais presentes na fase particulada (10*’
spin/grama) sdo provenientes do Q° (PRYOR et al., 1983), enquanto uma Unica
tragada contém mais de 10'° radicais organicos na fase gasosa (PRYOR, 1992).
Dentre estas espécies reativas encontram-se o O,", 0 H,O,, o HO', o diéxido de
nitrogénio (NOz), o NO°, o ONOO™ e 0 O,NOO" (PRYOR; STONE, 1993). Estes
oxidantes sdo capazes de reagir e causar danos aos tecidos e biomoléculas. Por
sua vez, os danos causados pelos subprodutos da fumaca do cigarro podem levar a
liberacdo de moléculas sinalizadoras e desencadear a agregacdo plaquetéria
atraves de diversas vias. Acredita-se que as propriedades antioxidantes descritas da
curcumina (GOEL et al., 2008; ILBEY et al., 2009; KAMAT et al., 2008; KOWLURU;
KANWAR, 2007) possam estar associadas com os efeitos observados neste estudo,
uma vez que ela protegeria a integridade das biomoléculas da acdo dos oxidantes

presentes na fumaca do cigarro.
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Em decorréncia do efeito protetor da curcumina contra 0 aumento da
liberacdo de ADP e o consequente estimulo para a agregabilidade plaquetaria,
também se esperaria que houvesse a reducao da liberacdo do FAP, que por sua vez
aumenta a permeabilidade da BHE. Desta forma, em consequéncia destes eventos,
uma das hipoteses seria a atenuacdo ou prevencao dos efeitos nocivos oriundos da
exposicdo passiva a fumacga do cigarro observados no SNC e também representado
pelos efeitos cognitivos.

O tratamento com a curcumina (12.5 ou 25 mg/kg) no grupo de ratos expostos
de forma passiva a fumaca do cigarro preveniu a reducao observada nas laténcias
de descida da plataforma. Estes resultados indicam que o tratamento com a
curcumina foi capaz de prevenir o comprometimento cognitivo e de memoria
induzido pela exposicado passiva a fumaca do cigarro. Posteriormente a obtencao
destes resultados investigamos o0 potencial da formulagdo de curcumina
anteriormente utilizada, doravante denominada curcumina livre, e também uma
formulacdo de curcumina nanoencapsulada, no teste comportamental do
reconhecimento de objetos. Percebemos que tanto a curcumina livre nas doses de
25 mg/kg (efeito parcial) e 50 mg/kg quanto a nanoencapsulada na dose de 4 mg/kg
preveniram o déficit cognitivo promovido pela exposicdo passiva a fumaca do
cigarro, indicada pelo baixo indice de reconhecimento (abaixo de 0.5). Corroborando
com 0S nossos estudos, outros grupos de pesquisa ja descreveram o potencial da
curcumina livre administrada por via oral em uma amplo expectro de doses (3-300
mg/kg) e de tempo (2-6 semanas) na prevencdo do déficit cognitivo causado por
diferentes tipos de agentes como, por exemplo, a fenitoina (REETA et al., 2009), a
escopolamina (AHMED; GILANI, 2009), o cloreto de aluminio (AICl3) associado com
D-galactose (PAN et al., 2008), e a glicoproteina 120 do virus da imunodeficiéncia
humana (HIV) (TANG et al., 2009).

O estudo desenvolvido com a formulagéo de curcumina nanoencapsulada foi
realizado primeiramente para avaliar o desempenho desta nova formulagéo
disponivel sobre os efeitos da exposicdo passiva a fumaca do cigarro sobre a
memoria e parametros envolvidos na homeostase do SNC. Interessantemente, as
nanocapsulas carregadas com a curcumina (C-LNC, curcumin-loaded nanocapsules)
em uma dose cerca de 4 vezes mais baixa do que a dose inefetiva de curcumina
livre (12.5 mg/kg) apresentou resultados semelhantes aos da dose mais alta (50

mg/kg) de curcumina livre. Esta dose foi equivalente a cerca de 12 vezes mais
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curcumina quando comparada com a dose da curcumina nanoencapsulada, o que é
fortemente sugestivo de que esta formulagcdo possui o potencial de aumentar a
biodisponibilidade oral da curcumina.

Diversos estudos tém empregado carreadores nanomeétricos com o objetivo
de aumentar a biodisponibilidade da curcumina e resultados promissores tém sido
descritos nas areas de pesquisa da terapia contra o cancer humano (BISHT et al.,
2007; NAIR et al., 2012; YALLAPU et al., 2010) e também patologias envolvendo o
SNC (MATHEW et al., 2012; RAY et al., 2011). Um estudo recente utilizando as
mesmas nanocapsulas de nucleo lipidico empregadas nesta pesquisa mostrou um
aumento na concentracdo do resveratrol nos tecidos encéfalico, hepatico e renal
apos injecOes intraperitoneais (i.p.) ou administracbes orais diarias quando
comparado com a droga administrada em sua forma livre (FROZZA et al., 2010).
Além disso, foi demonstrado que a encapsulacdo da curcumina aumenta a sua
biodisponibilidade oral em uma taxa de pelo menos 9 vezes comparada com a
curcumina administrada na forma de suspenséo associada a piperina, um promotor
de absorcdo (SHAIKH et al, 2009). Adicionalmente, um estudo publicado
recentemente (TSAI et al., 2011) demonstra que apés a administracao intravenosa
(i.v.) de nanoparticulas de poliéster de acido lactico-co-glicélico (PLGA) carregadas
com curcumina, a meia vida (t12) e o tempo médio de residéncia (MRT, mean
residence time) da curcumina no tecido encefdlico aumentou em relacdo a
formulacdo convencional da droga. Analises farmacocinéticas em diferentes regides
encefélicas revelam que a ty, € o MRT aumentaram no hipocampo e no cortex
cerebral (TSAI et al., 2011), ambas regides de vital importancia nos processos
cognitivos e de memoria (IZQUIERDO; MEDINA, 1995).

Nossos resultados demonstram que a administracdo de ambas as
formulagcbes de curcumina, livre e nanoencapsulada, foram eficazes na prevencéo
da reducdo das atividades das enzimas Na* K'-ATPase e Ca?*-ATPase em cértex
cerebral induzida pela exposicdo passiva a fumaca do cigarro, embora a dose de
12,5 mg/kg tenha apresentado prevencao parcial. Notavelmente, apesar da baixa
dose administrada (4 mg/kg), as C-LNC apresentaram resultados similares agueles
encontrados com as doses mais altas de curcumina livre, 0 que acredita-se estar
associado com um aumento na biodisponibilidade da droga. No que diz respeito aos
parametros de estresse oxidativo avaliados, todas as doses de curcumina (livre e

nanoencapsulada) foram eficazes em prevenir as alteragcbes induzidas pela
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exposicdo passiva a fumaga do cigarro nos sistemas de defesa antioxidantes e,
desta forma, contribuindo com a prevencao do aumento observado nos marcadores
de dano celular mediado por EROs e ERNs em cortex cerebral. Todos estes efeitos
promovidos pelo tratamento com a curcumina podem ser atribuidos as suas
propriedades antioxidantes sistémicas, especialmente no tecido encefélico (LIM et
al.,, 2001; SCAPAGNINI et al., 2006), e a sua habilidade de estabelecer a
homeostase nas membranas celulares (SHARMA et al., 2010). Sugere-se que a
protecdo conferida pela curcumina contra o dano causado pelas EROs e ERNs as
membranas celulares e subcelulares foi de grande utilidade na prevencao da quebra
da homeostase idbnica e provavelmente seria Util na prevencdo e tratamento de
processos patoldgicos envolvendo o SNC.

Anteriormente ao estudo realizado com a formulacdo de curcumina
nanoencapsulada haviamos investigado o potencial da curcumina livre na prevencao
dos efeitos da exposicdo passiva a fumaca do cigarro sobre os sistemas colinérgico
e purinérgico. A curcumina livre demonstrou ser capaz de prevenir o aumento na
atividade da enzima AChE induzida pela fumaca do cigarro em sangue total, em
sinaptossomas de cortex cerebral e em homogenatos de cerebelo, cértex cerebral,
hipocampo, estriado e hipotalamo. No entanto, embora as diferentes doses testadas
de curcumina livre tenham sido eficazes na prevencdo do aumento promovido pela
exposicao passiva a fumaca do cigarro na atividade da enzima nas estruturas
encefélicas, a dose de 50 mg/kg néo foi eficaz em reverter este efeito no estriado e
no hipotdlamo. Uma vez que o sistema colinérgico esta intimamente envolvido na
regulacdo do aprendizado e da memodria (IZQUIERDO; MEDINA, 1995), a
normalizacdo na atividade da enzima AChE observada no grupo de ratos expostos
de forma passiva a fumaca do cigarro e tratados com a curcumina livre nas doses de
12.5, 25 e 50 mg/kg, especialmente no cOrtex cerebral e hipocampo pode ser um
dos importantes fatores envolvidos no mantenimento da fungéo cognitiva.

Recentemente, foi demonstrado que a curcumina livre administrada por via
oral na dose de 60 mg/kg atenuou a disfuncao colinérgica e foi eficaz na prevencgéo
do aumento na atividade da enzima AChE em ratos diabéticos (KUHAD; CHOPRA,
2007). Alem disso, também foi demonstrado que a curcumina livre administrada pela
mesma via na dose de 200 mg/kg preveniu o aumento na atividade da enzima AChE

em ratos induzidos a deméncia pela streptozotocina (AGRAWAL et al., 2010).
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A atividade da enzima AChE em sangue total e em sinaptossomas de cortex
cerebral ndo apresentou alteragcdo com o uso da curcumina livre per se nas mesmas
doses empregadas no tratamento dos grupos expostos de forma passiva a fumaca
do cigarro. Todavia, embora a atividade desta enzima nos homogenatos de
estruturas encefalicas ndo tenha apresentado alteragdo com a administracdo da
curcumina livre per se nas doses de 12.5 ou 25 mg/kg, foram observadas alteracdes
na dose de 50 mg/kg. Corroborando com os resultados deste trabalho, um estudo
recente também demonstrou que a curcumina ndo apresentou nenhum efeito per se
na atividade da enzima AChE encefalica na dose de 20 mg/kg (RINWA et al., 2010).

O tratamento com a curcumina livre também foi eficaz em prevenir as
alteracdes observadas nas atividades das enzimas E-NTPDase e E-5-NT em
sinaptossomas de cortex cerebral de ratos expostos de forma passiva a fumaca do
cigarro. As atividades destas enzimas em sinaptossomas de cortex cerebral também
nao foram influenciadas pelo uso da a curcumina livre per se nas mesmas doses
utilizadas no tratamento dos animais expostos a fumaca do cigarro.

De uma forma geral, o conjunto de dados apresentados neste estudo indica
que a exposicao passiva a fumaca do cigarro causa um aumento no nivel circulante
de ADP e, consequentemente, do FAP que por sua vez aumenta a permeabilidade
da BHE, tornando o tecido encefalico mais vulneravel ao dano causado pelas
espécies reativas, como observado. A reducdo nas atividades das enzimas Na'-K*-
ATPase e Ca**-ATPse esta associada com a despolarizacdo da membrana neuronal
e a consequente liberacdo excessiva de neurotransmissores excitatérios como o
glutamato, ACh e o ATP. Acredita-se que o aumento observado nas atividades das
enzimas AChE e E-NTPDase em nivel de SNC esteja associado com uma resposta
ao aumento dos niveis sindpticos de seus substratos (ACh e ATP, respectivamente)
e que o aumento na atividade da enzima E-5-NT seja uma adaptacdo para a
promocdo do aumento dos niveis pericelulares de adenosina, uma molécula
neuroprotetora.

Por outro lado, especula-se que os efeitos conferidos pelo tratamento com a
curcumina na prevencdo do aumento nos niveis circulantes de ADP e FAP
mantenham a integridade da BHE e impecam alguns dos efeitos oriundos da
exposicdo passiva a fumaga do cigarro como a excitotoxicidade. Desta forma, nao
haveria o aumento na liberacdo de ACh, ATP e nem do contetudo de adenosina, o

gue explicaria os niveis basais das atividades das enzimas AChE, E-NTPDase e E-
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5’-NT. Além disso, o mantenimento da hemostase e da homeostase em nivel de
SNC promovido pelo tratamento com a curcumina estaria associado com a
prevencdo dos efeitos cognitivos causados pela exposicdo passiva a fumaca do
cigarro. Esta hipétese explicaria os nossos achados que indicam que a curcumina
previne as alteracdes observadas nas atividades enzimaticas, embora ndo modifique

a atividade basal destas enzimas quando administrada per se.



CONCLUSAO

que:

Tendo em vista os resultados obtidos no presente estudo, pode-se concluir

O tratamento com a curcumina livre previne o aumento na atividade das
enzimas E-NTPDase (ATP como substrato) e E-5-NT, e a reducdo na
atividade da enzima E-NTPDase (ADP como substrato) em plaquetas de ratos

expostos de forma passiva a fumaca do cigarro.

A administracdo de curcumina livre previne o aumento nas atividades das
enzimas E-NTPDase, E-5-NT e AChE em sinaptossomas de cortex cerebral

de ratos expostos de forma passiva a fumaca do cigarro.

A curcumina livre previne 0 aumento na atividade da enzima AChE em
cerebelo, cortex cerebral, hipocampo, estriado, hipotalamo e sangue
periférico de ratos expostos de forma passiva a fumaca do cigarro. O
tratamento também previne o déficit cognitivo observado no grupo de ratos

exposto de forma passiva a fumaca do cigarro.

O uso das formulacbes de curcumina livre e nanoestruturada previne a
reducdo na atividade das enzimas Na*K'-ATPAse e Ca*-ATPase e o
desequilibrio redox em cértex cerebral de ratos expostos de forma passiva a
fumaca do cigarro. O tratamento com ambas as formulacdes também previne
o déficit cognitivo observado no grupo de ratos exposto de forma passiva a

fumaca do cigarro.

Por fim, estes resultados indicam que a administracdo da curcumina através
de nanocapsulas de nucleo lipidico possa ser uma alternativa para o aumento
de sua eficacia, provavelmente pelo aumento da biodisponibilidade da

curcumina administrada de forma oral.
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