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RESUMO

Tese de Doutorado
Programa de Pds-Graduacdo em Farmacologia
Universidade Federal de Santa Maria, RS, Brasil

ESTUDO DA ACAO ANTIPSICOTICA E EFEITOS COLATERAIS DO

HALOPERIDOL NANOENCAPSULADO EM RATOS
Autora: Dalila Moter Benvegnu
Orientadora: Profé. Dr2. Marilise Escobar Burger
Data e Local da Defesa: Santa Maria, 29 de junho de 2012

O haloperidol é um neuroléptico tipico comumente utilizado no tratamento de desordens
psicaticas e continua sendo o antipsicdtico mais prescrito no mundo, por sua elevada poténcia e baixo
custo. Apesar da boa eficicia terapéutica, o uso do farmaco é relacionado ao desenvolvimento de
sérios efeitos adversos de natureza enddcrina, cognitiva e motora. De particular importancia, os
distirbios motores podem se manifestar de forma irreversivel e incapacitante e sua fisiopatologia tem
sido associada a geracdo de radicais livres, estresse oxidativo e morte neuronal dopaminérgica em
regibes extrapiramidais. Atualmente, as nanoparticulas poliméricas constituem uma importante
ferramenta na farmacologia, pois possibilitam uma vetorizagdo e liberacdo controlada de farmacos, o
que pode aumentar a eficicia terapéutica e reduzir os efeitos adversos. Neste contexto, o presente
estudo teve como objetivo geral fazer uma avaliagdo comparativa entre formulagGes de haloperidol
nanoencapsulado e o farmaco livre, considerando sua atividade terapéutica e efeitos colaterais em
ratos. Inicialmente, foram desenvolvidas suspensfes contendo nanocépsulas de haloperidol, cuja
caracterizacao fisico-quimica mostrou que o farmaco foi satisfatoriamente nanoencapsulado. Apos um
primeiro estudo utilizando um modelo animal de pseudo-psicose, a formulacdo de haloperidol
nanoencapsulado mostrou superioridade terapéutica qualitativa e quantitativa, observadas através da
maior eficacia e maior tempo de acdo antipsicotica. Em relacdo aos efeitos colaterais extrapiramidais,
a formulacéo nanoencapsulada foi capaz de prevenir e/ou minimizar os distdrbios motores agudos e
subcronicos caracteristicos, 0s quais sao frequentemente observados com o farmaco livre. Com o
objetivo de otimizar os resultados até entdo observados, foi desenvolvida uma nova formulagdo
contendo nanocépsulas de haloperidol a partir da substituicdo do nucleo oleoso composto por
triglicerideos capricos e caprilicos por dleo de peixe, o qual é rico em &cidos graxos poliinsaturados e
tem sido descrito por suas propriedades neuroprotetoras e antiapoptéticas. Esta formulacdo mostrou
adequabilidade fisico-quimica e reducéo de efeitos adversos motores em relagdo ao farmaco livre;
demonstrando também capacidade de atuar na reducdo do estresse oxidativo, observado através dos
menores niveis de peroxidagdo lipidica, bem como aumento das defesas antioxidantes em regibes
extrapiramidais. Uma terceira etapa experimental foi desenvolvida a partir de uma nova formulagéo de
haloperidol contendo 6leo de semente de uva em substituicdo aos &cidos graxos de cadeia média acima
referidos, a qual ndo atingiu completamente as propriedades necessarias para uma nanoformulagéo,
mas mesmo assim foi incluida no estudo comparativo entre as diferentes formulacdes de nanocapsulas.
Neste estudo, a nanoformulacdo de haloperidol com 0Oleo de peixe mostrou maior capacidade de
prevenir os efeitos colaterais motores comuns com o farmaco livre, atuando na manutengdo da
viabilidade celular e no controle da geracdo de radicais livres. Tomados em conjunto, os resultados do
presente estudo apontam de forma favordvel quanto ao desenvolvimento de formulagBes de
nanocépsulas contendo haloperidol, o que caracteriza uma perspectiva positiva para a minimizacao de
efeitos adversos motores decorrentes do uso do farmaco livre. Neste sentido, estas formulacGes
poderiam colaborar na reducdo das limitacGes fisicas incapacitantes e causadoras de constrangimento
frequentemente descritas, contribuindo para uma melhor qualidade de vida dos pacientes psiquiatricos.

Palavras-chave: Haloperidol. Nanocapsulas Poliméricas. Estresse Oxidativo. Efeitos Extrapiramidais.
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Author: Dalila Moter Benvegnu
Advisor: Marilise Escobar Blrger
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Haloperidol is a typical neuroleptic widely used in the treatment of several psychotic disorders
and it remains the most prescribed antipsychotic worldwide, due to its high potency and low cost.
Despite its good therapeutic efficacy, the use of this drug is related to development of serious side
effects of endocrine and cognitive nature, besides movement disturbances. Of particular importance,
the motor disorders may be manifested in an irreversible and disabling form, whose pathophysiology
has been linked to free radical generation, oxidative stress and dopaminergic neuronal death in
extrapyramidal regions. Currently, polymeric nanoparticles are important terapeutic tools in the
pharmaceutical area, because they permit a vectorization and a control drug release, it increasing the
therapeutic efficacy and reducing adverse side effects. In this context, the present study aimed to
perform a comparative evaluation among formulations of haloperidol-loaded nanocapsules and the
free drug considering to its therapeutic action and side effects in rats. Firstly, it was prepared
suspensions containing nanocapsules of haloperidol whose physicochemical characterization showed
that haloperidol can be satisfactory encapsulated. After a first study using a pseudo-psychosis animal
model, the haloperidol nanoencapsulated formulation demonstrated qualitative and quantitative
therapeutic superiority, which were observed by the higher eficacy and action duration. In relation to
extrapyramidal side effects, encapsulated formulation was able to prevent and/or minimize the
characteristic acute and chronic movement disturbances, frequently observed with the free drug. In
order to improve the results already obtained, a new formulation containing haloperidol nanocapsules
was developed from the replacement of the oily core composed of caprylic and capric triglycerides in
fish oil rich in polyunsaturated fatty acids, that has been described by its neuroprotective and
antiapoptotic properties. This formulation showed physicalchemical suitability and reduced side
effects in relation to the free drug, showing also ability to act in the prevention of oxidative stress
which was observed by lower levels of lipid peroxidation, as well as an increase of antioxidant
defenses in extrapyramidal regions. A third experimental phase was developed from the preparation of
a new formulation of haloperidol containing grape seed oil in place of medium chain fatty acids
mentioned above, which did not reach the necessary properties for a nanoformulation, but it was
included for the comparative study of different nanocapsules formulations. The nanoformulation of
haloperidol containing fish oil showed higher ability to prevent the motor side effects commonly seen
with the free drug, which were observed by the maintenance of cell viability and control of free radical
generation. Taken together, the results of this study point favorably to the development of
nanocapsules formulations containing haloperidol, characterizing a positive perpective for minimizing
of motor side effects consequent to the free drug. In this sense, these formulations can reduce the
disabling physical limitations that cause embarrassment, contributing to a better quality of life of
psychiatric patients.

Key-words: Haloperidol. Polymeric Nanocapsules. Oxidative Stress. Extrapyramidal Effects.
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APRESENTACAO

Esta tese de doutorado estd estruturada em secBes dispostas da seguinte forma:
Introducdo, Objetivos, Artigos Cientificos, Discussdo, Conclusdes, Perspectivas e Referéncias
Bibliograficas.

Os itens Materiais e Métodos, Resultados, Discussdo dos Resultados e Referéncias
Bibliograficas encontram-se inseridos nos proprios artigos na secdo MANUSCRITOS
CIENTIFICOS e representam a integra deste estudo.

Ao fim desta tese, encontram-se os itens DISCUSSAO e CONCLUSOES, nos quais
ha interpretagdes e comentarios gerais sobre os artigos cientificos contidos neste estudo.

As REFERENCIAS BIBLIOGRAFICAS referem-se somente as citacdes que
aparecem nos itens INTRODUCAO, REVISAO BIBLIOGRAFICA e DISCUSSAO desta

tese.






1 INTRODUCAO

1.1 Psicoses e esquizofrenia

O termo psicose descreve os distdrbios psiquiatricos graves, geralmente de origem
desconhecida ou idiopatica, portanto, “funcionais”, nos quais sao encontrados, além dos
distdrbios do comportamento, a incapacidade de pensar coerentemente e de compreender a
realidade. A orientacdo e a memoria estdo conservadas, apesar do comprometimento do
pensamento, das emogdes e do comportamento (SILVA, 2002). As psicoses apresentam uma
prevaléncia ao longo da vida de 2-3% e contam com elevada percentagem de morbidades
severas associadas a doengas psiquiatricas. O que define as caracteristicas das psicoses sdo 0s
sintomas psicoticos, como uma ilusdo (uma crenca, apesar de ser provado o contrario), uma
alucinagdo (experiéncia sensorial sem um estimulo externo) ou pensamento desordenado
(CROW; HARRINGTON, 1994; FLETCHER; FRITH, 2009).

O termo “esquizofrenia” (esquizo = divisao; phrenia = mente), cunhado pela primeira
vez, em 1908, por Eugen Bleuler (1857-1930), faz alusdo, como a prépria etimologia da
palavra indica, a uma quebra entre as fungcbes do pensamento, da afetividade e do
comportamento. Mais de oitenta anos ap6s a criacdo desta denominacdo, a doenca ainda nao
representa uma entidade Unica definida, em funcdo da heterogeneidade de suas formas de
apresentacdo (BRANDAO; GRAEFF, 1996). Bleuler classificou ainda os sintomas da
esquizofrenia, conforme suas caracteristicas, em sintomas positivos, os quais incluem delirios
e alucinacbes e negativos, como perda motivacional e oscilagdo emocional (LEWIS;
LIEBERMAN, 2000; SAWA; SNYDER, 2002).

A esquizofrenia consiste na desordem mental mais crénica, incapacitante e custosa
(MAHADIK et al., 2001), afetando cerca de 1% da populacdo mundial (OMS, 2000; APA,
2004), ou seja, apresentando uma incidéncia semelhante a do diabetes mellitus (HARVEY;
CHAMPE, 2002), independente da cultura, pais ou grupo racial (BROMET; FENNING,
1999). Estima-se que, somente no Brasil, cerca de 1.170.000 pessoas sofram de esquizofrenia
e cerca de 80.000 novos casos acabem surgindo anualmente (THEME-FILHA et al., 2005).
Esta doenca apresenta um forte componente genético e as manifestacdes surgem, geralmente,
entre o final da segunda década de vida e o inicio da terceira, caracterizando-se por delirios,
alucinacOes, afeto embotado, desorganizacdo do pensamento e distirbios da fala (SILVA,
2006).
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A etiologia da esquizofrenia ainda continua ndo completamente esclarecida. Embora
existam varias hipoteses bioquimicas desenvolvidas para explicar a génese da doenca, como a
hipdtese glutamatérgica e a serotonérgica, a hipdtese da hiperfuncdo dopaminérgica central
atualmente é a mais bem investigada e mais aceita. No entanto, sabe-se que, além do sistema
dopaminérgico, outros sistemas de neurotransmissores centrais desempenham algum papel,
sendo provavel seu envolvimento simultdneo (LIEBERMAN et al., 1998).

A hipdtese dopaminérgica da esquizofrenia postula que os sintomas positivos da
doenca sejam secundarios a uma hiperatividade dopaminérgica subcortical ou, mais
precisamente, mediados pelos receptores dopaminérgicos do tipo D, da via dopaminérgica
mesolimbica (LARUELLE et al., 1999). A revisdo da hipdtese dopaminérgica atribui também
um déficit de atividade da via dopaminérgica mesocortical (DAVIS et al., 1991; KNABLE;
WEINBERGER, 1997; BOWIE; HARVEY, 2006) ou, em especifico, uma hipoatividade do
receptor dopaminérgico do tipo D; no cortex-pré-frontal (ABI-DARGHAM, 2004). Essa
hipofungdo dopaminérgica estaria relacionada com os sintomas negativos e cognitivos
observados na doenca (DAVIS et al., 1991; KNABLE; WEINBERGER, 1997; GOLDMAN-
RAKIC et al., 2004). Em suma, acredita-se atualmente que um déficit na atividade
dopaminérgica cortical e um aumento na atividade dopaminérgica subcortical estariam
envolvidos na doenca (ABI-DARGHAM, 2004; LARUELLE, 2005; HOWES; KAPUR,
2009).

Dois conjuntos de observacdes confirmam a hip6tese dopaminérgica: primeiramente,
provando que a eficicia dos neurolépticos estd correlacionada com a sua ligacdo aos
receptores D, antagonizando os efeitos da dopamina (DA) (SEEMAN, 1975; 1976; CREESE,
1976) e que agonistas potentes dos receptores D2, como a apomorfina, sdo capazes de induzir
surtos psicoticos em animais (VOIKAR et al., 1999; MOTAMAN et al., 2005; MUTHU;
SINGH, 2008). Em segundo lugar, a observacdo de que estimulantes como a anfetamina e a
cocaina, quando administrados cronicamente, induzem ao aumento da atividade
catecolaminérgica central, podendo desencadear episddios psicoticos (ROBINSON; BECKER
1986; LYON, 1991; BYRNES; HAMMER, 2000; CURRAN et al., 2004).

1.2 Farmacos antipsicoticos
Os antipsicoticos estdo entre o0s psicotropicos mais prescritos, constituindo uma

farmacoterapia amplamente empregada no controle dos sintomas psicoticos e em distarbios

do comportamento associados a deméncia e drogas de adi¢do (RAJA, 1995; ARRUDA et al.,
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2012). Historicamente, os antipsicéticos passaram a ser utilizados na psiquiatria a partir da
descoberta casual de Delay e Deniker, no inicio da década de 50, quando a prometazina, um
potente anti-histaminico mostrou que sua propriedade sedativa era acompanhada de
indiferenca, diminuindo também as alucinacbes comuns aos sintomas psicoticos. A partir
deste farmaco, modificagBes quimicas levaram ao desenvolvimento da clorpromazina, que foi
considerado o primeiro farmaco antipsicético (BLIN, 1999), inicialmente classificado como
farmaco “Neuroléptico”, ou “Tranquilizante Maior” (em oposi¢ao aos benzodiazepinicos, os
“Tranquilizantes Menores” (KING et al., 2002). E importante ressaltar que tais medicamentos
tratam apenas 0s sintomas e ndo apresentam perspectivas de cura da doenca mental. Além
disso, a eficacia clinica atinge cerca de 70% dos pacientes psicéticos, sendo os 30% restantes
classificados como “resistentes ou refratarios ao tratamento”, representando um importante
problema na psiquiatria (RANG et al., 2004).

Atualmente, os antipsicoticos classificam-se em tipicos e atipicos, seguindo sua
respectiva capacidade em desenvolver efeitos adversos extrapiramidais ou ndo, como também
sua potencial eficacia sobre os sintomas negativos da esquizofrenia (BLIN et al., 1999;
PROESQ, 2007). Dentre os neurolépticos tipicos, estdo a clorpromazina, a flufenazina e o
haloperidol; ja como exemplo de atipicos podem ser citados a clozapina e farmacos de
segunda geracgédo, como olanzapina e risperidona.

Os antipsicoticos cléssicos ou tipicos atuam bloqueando, de modo principal, receptores
dopaminérgicos D, (CREESE et al., 1976; SNYDER, 1986; FLEISCHHACKER, 2005).
Entre os sistemas dopaminérgicos cerebrais nos quais os antipsicéticos atuam, o mesocortical
e 0 mesolimbico sdo os que provavelmente estdo mais relacionados com a fisiopatologia da
esquizofrenia. Entretanto, existe uma via dopaminérgica que se projeta da substancia negra
para o estriado dorsal (caudato-putamen, nos ntcleos da base), sendo integrante do “sistema
extrapiramidal” (HEIMER, 2003). Os antipsicoticos tipicos, ao antagonizarem essa Via,
induzem os efeitos colaterais chamados “efeitos extrapiramidais”, que sdo alteracdes motoras
agudas e cronicas, como bradicinesia e acatisia, constituindo o reconhecido “Parkinsonismo”
e a sindrome da discinesia tardia (DT).

Em relacdo aos neurolépticos atipicos, a maioria desses farmacos possui a capacidade
de bloquear tanto os receptores da serotonina (5-HT) quanto os dopaminérgicos. No entanto,
foi observado que, em contraste aos antipsicoticos tipicos, eles ndo foram efetivos em
modelos de estereotipia induzidos por anfetamina e apomorfina (HIPPIUS, 1989; HEALY,
2002). Posteriormente, foi observado que pacientes acometidos por sintomas negativos da

esquizofrenia passaram a responder de maneira mais satisfatoria ao tratamento com os
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atipicos (KANE et al., 1988; ROSENHECK et al., 1999; BUCKLEY; STHAL, 2007). Neste
sentido, novos antipsicoticos atipicos passaram a ser sintetizados visando minimizar os efeitos
colaterais extrapiramidais. Por outro lado, apesar dos atipicos serem menos neurotoxicos, eles
sdo considerados disruptores metabdlicos, implicados como causa de intolerancia a glicose,
desenvolvimento de diabetes melittus, pancreatite, ganho de peso e, além disso, podem
desencadear discrasias sanguineas graves, necessitando monitoramento sérico constante
(HENDERSON, 2000; MORGAN et al., 2003). Adicionalmente, estes farmacos podem
apresentar uma menor eficacia em relacdo aos sintomas positivos da esquizofrenia e também
um maior custo, o que limita o uso por parte da populacdo que apresenta um nivel
socioecondmico inferior, j& que a utilizacdo do medicamento geralmente é em longo prazo,
podendo até mesmo ser para a vida toda (SHIRAKAWA et al., 2001). Neste sentido, os
neurolépticos tipicos, em especial o haloperidol, continuam sendo amplamente empregados
no tratamento farmacoldgico da esquizofrenia (SHARM et al., 2003; PONTO et al., 2010).

1.3 Haloperidol

1.3.1 Aspectos gerais

OH

Cl

Figura 1 - Estrutura quimica do haloperidol
Fonte: adaptado de Moor et al. (1992)

@] haloperidol, 4-[4-(4-clorofenil)-4-hidroxi-1-piperidinil]-1-(4-fluorofenil)-1-
butanona (Figura 1), € um neuroléptico pertencente a classe dos antipsicoticos classicos ou
tipicos, que se destaca por sua poténcia, especificidade e longa duracdo de acdo
(NIEMEGEERS, 1983; FROTA, 2001). O medicamento foi a primeira butirofenona a ser
descoberta, em 1958, pelo médico e farmacologista belga Paul Janssen, na tentativa de

desenvolver um farmaco analgésico opioide (JANSSEN, 1998). Contudo, havia sido
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descoberto um farmaco com acdo antipsicética, marcando um acontecimento decisivo na
historia dos neurolépticos, tornando-se o medicamento para controle de psicoses mais vendido
mundialmente (DENIKER, 1998). Enquanto a segunda geracdo de antipsicoticos apresenta
um elevado aumento no uso, particularmente na América do Norte e na Europa, o haloperidol
continua sendo um farmaco muito importante no resto do mundo, principalmente em paises
subdesenvolvidos, devido a sua ampla disponibilidade e baixo custo de aquisi¢do (EMSLEY
etal., 1999; PONTO et al., 2010).

O haloperidol é um farmaco eficaz para o controle dos sintomas positivos da
esquizofrenia (TIRONE et al., 1985; GLICK et al., 2001), transtornos afetivos, delirios,
alucinagfes, confusdo mental e psicoses agudas e cronicas que apresentem agitacoes
psicomotoras (MENEGATTI et al., 2004; GRANGER; ALBU, 2005). Sua acdo
farmacoldgica envolve o bloqueio dos receptores dopaminérgicos D, na via mesolimibica
(CREESE et al., 1976; ANANTH et al., 2004). Além disso, € um potente antagonista dos
receptores opidides o e apresenta fraca atividade antagonista em receptores muscarinicos,
histaminérgicos Hy, a-adrenérgicos e serotoninérgicos (DOLLERY, 1991).

O haloperidol encontra-se disponivel no mercado na forma de comprimidos e gotas
para adminitracdo oral e na forma injetadvel, para administracdo intramuscular. Apos
administracdo por via intramuscular, o pico das concentracdes plasmaticas do farmaco ocorre
dentro de 15 a 60 minutos e a biodisponibilidade é de aproximadamente 75% (JAVAID,
1994). Ja por via oral, as concentracfes plasmaticas maximas ocorrem geralmente dentro de
3-6 horas (KUNKA; PEREL, 1989) e a biodisponibilidade cai para 65% (HOLLEY et al.,
1983). O farmaco se liga fortemente as proteinas plasmaticas, na faixa de 92% (FORSMAN;
OHMAN 1976) e é extensivamente metabolizado pelo figado (FORSMAN et al., 1977).
Vérias sdo as vias de biotransformacdo do farmaco, o qual pode sofrer glicuronidacéo,
reducdo, oxidacdo, desalquilacdo e desidratacdo, estando essas ilustradas na Figura 2. Dentre
os metabdlitos formados, destaca-se o haloperidol piridinium (HPP™), reconhecido por sua
hepatotoxicidade (PARIKH et al. 2003; SILVEIRA, 2007) e neurotoxicidade
(BLOOMOQUIST et al., 1993; 1994; KALGUTKAR et al. 2003). A meia vida do farmaco é de
cerca de 20 horas, podendo esta ser muito variavel (intervalo de 10-36 horas) (FORSMAN;
OHMAN, 1976; HOLLEY et al.,, 1983) e a excregdo €& predominantemente urinaria
(BERESFORD; WARD, 1987).


http://www.ncbi.nlm.nih.gov/pubmed?term=Granger%20B%5BAuthor%5D&cauthor=true&cauthor_uid=16433054
http://www.ncbi.nlm.nih.gov/pubmed?term=Albu%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16433054
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Figura 2 - Vias de biotransformacédo do haloperidol em humanos
Fonte: adaptado de Kalgutkar et al. (2003)

1.3.2 Efeitos colaterais

Os principais efeitos adversos do haloperidol séo os efeitos motores extrapiramidais,
como distonia aguda, rigidez muscular, tremores e acatisia. Além disso, outros sintomas
também surgem apds o uso do farmaco e consistem em agitacdo, sonoléncia, insdnia,
cefaleias, nduseas, visdo turva, retencdo urinaria, hipotermia, hipotensdo, depressdo, estados
confusionais, comprometimento da funcdo sexual, sensibilidade a luz solar, ataques
epilépticos, hiperprolactinemia, arritmias ventriculares e anormalidades em testes de funcéo
hepéatica. A DT e a sindrome neuroléptica maligna (reacdo ao uso de substancias relacionadas
a DA, cujos sintomas principais sdo rigidez muscular e hipertermia) também foram associadas
a terapia com haloperidol (ALLEN et al., 1998) e constituem situacGes de elevada gravidade.
Uma observacdo importante € que o haloperidol apresenta uma estreita janela terapéutica
(DARBY et al., 1995; KUDO; ISHIZAKI, 1999), conduzindo para a necessidade do ajuste

das dosagens e monitoramento constante durante o tratamento.
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1.3.2.1 Efeitos motores extrapiramidais

Em animais de laboratério, foi observado que o haloperidol e seus metabolitos
produzem movimentos anormais como, por exemplo, discinesia orofacial (DO) e
comportamento cataléptico (NAIDU et al., 2003; COLPO et al., 2007; BARCELOS et al.,
2010; TREVIZOL et al., 2011), os quais tém sido associados a altera¢cbes morfoldgicas nas
regides cerebrais dos nacleos da base, como o corpo estriado e a regido da substancia negra
(MESHUL; TAN, 1994; BARCELOS et al., 2010; 2011).

Em relacdo a clinica, embora considerado seguro, o uso do haloperidol pode
desencadear uma série de efeitos secundarios extrapiramidais, incluindo parkinsonismo e DT
(CREESE et al., 1976; ALVAREZ; SKOWRONSKI, 2003; ANANTH et al., 2004; TADA et
al., 2004; YEN et al.,, 2004; GRANGER; ALBU, 2005), que pode surgir durante 0 uso
prolongado de doses elevadas do farmaco. Foi verificado que h&d uma janela terapéutica para a
ocupacdo dos receptores D,, com resposta antipsicotica, iniciando por volta de 60% de
ocupacdo, enquanto os efeitos extrapiramidais sdo desencadeados com cerca de 80% de
ocupacdo (KAPUR et al., 2000).

As primeiras descrigdes da DT foram publicadas entre 1956 e 1957, sendo
inicialmente denominada de "discinesia persistente”, "sindrome bucolinguo-mastigatéria” ou
"sindrome da insuficiéncia extrapiramidal terminal* (KANE, 1995). A DT é uma das
principais preocupacdes geradas pelo tratamento crénico de pacientes esquizofrénicos com
antipsicoticos tipicos, aparecendo meses ou anos ap6s 0 inicio do tratamento, podendo
persistir com a retirada do farmaco (ANDREASSEN; JORGENSEN, 1994). Esta sindrome
acomete cerca de 20-40% dos individuos tratados com haloperidol e demais antipsicoticos
tipicos (KANE et al.,1986; WOERNER et al.,, 1998) e menos frequentemente apds o
tratamento com antipsicoticos atipicos (CHOUINARD, 1995; BEASLEY et al.,, 1997;
GLAZER, 2000). A taxa de casos aumenta com o avanco da idade e uma prevaléncia superior
a 50% tem sido relatada em pacientes mais velhos, com idade acima de 50 anos (YASSA,
JESTE, 1992).

A sindrome da DT caracteriza-se por movimentos anormais hipercinéticos, sem
propdsito, repetitivos e involuntarios, os quais podem ocorrer durante ou ap0s uma
interrupcdo do tratamento prolongado com neurolépticos. Estes distirbios do movimento
ocorrem mais frequentemente na regido orofacial e compreendem movimentos de mastigagéo,
protrusdo da lingua, estalido dos labios, atos de franzir do rosto e piscar de olhos. Em alguns

casos, 0s distarbios hipercinéticos podem também atingir o pescoco, os membros
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(principalmente os superiores) e o tronco (KANE, 1995). Também podem desenvolver
sintomas axiais de movimentos pélvicos para frente e para trds ou movimentos rotatorios,
descontinuos, dos quadris (LAPORTA et al., 1990).

Algumas hipoteses neuroquimicas tém sido propostas para o desenvolvimento da DT
durante as Gltimas décadas, incluindo a hipersensibilidade dos receptores dopaminérgicos
(CASEY, 1994), o desbalanco entre os receptores D1/D, (IKEDA et al., 1999), a perturbacao
de equilibrio entre os sistemas dopaminérgico e colinérgico (GERLACH & THORSEN,
1976), a disfuncdo de neurénios gabaérgico nigro-estriatais (FIBIGER & LLOYD, 1984) e a
excitotoxicidade (EBADI & SRINIVASAN, 1995; ANDREASEN & JORGENSEN, 2000).
No entanto, os mecanismos moleculares responsaveis pela neurofisiopatofisiologia da DT
ainda nao foram completamente elucidados.

A supersensibilidade dopaminérgica consiste na hipdtese mais popular para explicar o
desenvolvimento da DT. Segundo esta hipétese, a sindrome resulta de uma resposta cerebral,
secundaria ao blogqueio crénico dos receptores dopaminérgicos pelos antipsicaticos, em locais
relacionados ao controle dos movimentos, como a via nigro-estriatal. Em resposta a este
bloqueio crbnico, hd um aumento compensatorio no numero de receptores dopaminérgicos,
receptores esses que, provavelmente, respondem a menores niveis de DA, levando a um
estado hiperdopaminérgico e a manifestagdes clinicas como, por exemplo, a DT
(KLAWANS; RUBOVITS, 1972; WU et al., 2002).

O aumento na densidade dos receptores D, na regido estriatal de seres humanos e em
animais coincide com o aparecimento dos efeitos secundarios extrapiramidais da DT
(KLAWANS & RUBOVITS, 1972). No entanto, esta teoria possui algumas contradi¢des: o
fator de risco mais importante para o desenvolvimento da DT é a idade (KANE, 1995;
WOERNER et al., 1998); contudo, foi demonstrado que o envelhecimento faz com que ocorra
a reducdo do numero e da sensibilidade dos receptores dopaminérgicos; também ha o fato de
que a retirada do farmaco coincide com o retorno da densidade normal dos receptores
dopaminérgicos estriatais; porém, a sindrome pode manifestar-se de forma irreversivel
(SACHDEV, 2000).

Assim, uma hipotese que vem ganhando atencdo na literatura é a de que os radicais
livres (RL) podem ter uma importante participacdo no desenvolvimento da DT (CADET et
al., 1987; LOHR et al., 2003). Devido ao fato de bloquearem receptores dopaminérgicos pre-
sinapticos inibitdrios, os antipsicéticos podem causar uma elevacdo secundaria da sintese e
liberacdo de DA, a qual fica vulneravel ao metabolismo oxidativo e & auto-oxidacdo (LOHR,
1991; ANDREASSEN; JORGENSEN, 2000; ZHU, 2004). A DA, ao sofrer oxidacdo pela
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monoaminoxidase (MAO), gera o &cido 3,4-dihidroxifenilacético (DOPAC) e sabe-se que a
atividade de oxidases como a MAO produz o peréxido de hidrogénio (H2.O,) que, ao reagir
com metais de transicao, forma RL via reacdo de Fenton. Além disso, a auto-oxidagdo da DA
forma dopamino-quinonas, que também contribuem na geracdo de RL (LOHR et al., 1991;
2003; ASANUMA et al., 2003). De fato, a geragdo de RL e o aumento dos produtos de
lipoperoxidagédo (LPO) podem resultar em estresse oxidativo (EO) em diferentes regides
cerebrais dopaminérgicas (BECHELLI, 2000; BURGER et al., 2005b; BARCELOS et al.,
2010; 2011), levando a morte celular (Figura 3). Ainda, o bloqueio dos receptores
dopaminérgicos estriatais pode causar excitotoxicidade, através do aumento do glutamato
extracelular, elevando assim os danos oxidativos (COYLE; PUTTFARCKEN, 1993; TSAI et
al., 1998; BURGER et al., 2005a; ALBENSI, 2007; ZHURAVLIOVA et al., 2007).
Adicionalmente, cabe ressaltar o papel toxico do HPP*, metabolito que inibe o complexo | da
cadeia respiratoria, induzindo EO cerebral. Também foi demonstrado que este metabdlito é
capaz de interagir com os transportadores de aminas biogénicas, induzindo a liberacdo dessas
aminas, bem como o bloqueio da recaptacdo de DA em sinaptossomas de camundongos
(BLOOMOQUIST et al., 1993; KOU et al., 2006). O bloqueio da recaptacdo e o aumento da
liberacdo poderiam exacerbar os niveis sinapticos de DA, contribuindo para a geracdo de RL e
consequente neurotoxicidade (FILLOUX; TOWNSEND, 1993; CAMARERO et al., 2002;
ASANUMA et al., 2003).

monoaminoxidase + O,
Dopamina = DOPAC
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Figura 3 - Oxidagdo da dopamina e a producéo de radicais livres
Fonte: adaptado de Elkashef e Wyatt (1999).
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Os niveis de LPO no sangue e liquido cefalorraquidiano de pacientes que sofrem de
DT séo significativamente maiores, quando comparados a pacientes normais (LOHR et al.,
2003; RUKMINI et al., 2004; SARANDOL et al., 2007; ARINOLA; IDONIE, 2009;
HUANG et al. 2010). Além disso, o uso cronico de neurolépticos demonstrou causar
diminuicdo na atividade de enzimas antioxidantes, tais como superoxido dismutase e catalase
(CADET et al., 1987; PARIKH et al., 2003; MILJEVIC et al., 2010). Ainda, distdrbios do
movimento induzidos pelo haloperidol em modelos animais confirmaram a agéo protetora de
substancias antioxidantes (BURGER et al., 2005b; COLPO et al., 2007; BARCELOS et al.
2010, TREVIZOL et al., 2011; MAXIA et al.,, 2012), enquanto o envelhecimento e a
neurotoxina mitocondrial do &cido 3-nitropropiénico, os quais elevam a geragdo de RL,
agravaram a DO induzida por haloperidol (CALVENTE et al., 2002).

1.4 Nanotecnologia

1.4.1 Consideracgdes iniciais

A nanotecnologia é definida pela National Science Foundation (EUA) como sendo o
desenvolvimento de pesquisa e tecnologia nos niveis atbmico, molecular ou macromolecular
na faixa de dimensbes entre 1 e 100 nm (NSF, 2000). Entretanto, em alguns casos
particulares, a dimensao critica para a obtencdo de novas propriedades e fenbmenos pode se
concentrar abaixo de 1 nm (manipulacdo de atomos) ou acima de 100 nm, como no caso das
nanoparticulas estudadas na area das ciéncias da vida, incluindo a éarea farmacéutica
(FRONZA et al., 2007; HIA; NASIR, 2011).

A nanotecnologia foi desenvolvida para contribuir com diferentes ramificacGes da
ciéncia, com destaque para aplicacdo nas ciéncias biomeédicas (LIN et al., 2010).
Recentemente, “nanotecnologia” tornou-se um termo popular que representa os principais
esforcos da ciéncia e da tecnologia atual. Como ela ainda ndo é uma tecnologia madura é,
portanto, mais apropriadamente chamada de nanociéncia (PARK, 2007). A nanociéncia, por
sua vez, fornece um entendimento fundamental dos fendmenos e materiais em nanoescala,
criando e usando estruturas, dispositivos e sistemas que tenham novas propriedades e funcoes
devido ao seu tamanho reduzido (FRONZA et al., 2007). Desta forma, a nanociéncia
representa nao apenas uma area especifica, mas uma grande variedade de disciplinas que
inicia a partir da ciéncia dos materiais basicos para aplicacdes em cuidados pessoais (PARK,

2007). Assim, foi verificada uma correlacéo entre a ascensdo de nanomateriais e avangos nas
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mais diversas disciplinas, destacando-se engenharia, fisica, quimica, robdtica, biologia e
medicina (FARAJI; WIPF, 2009; MU; SPRANDO, 2010).

Uma das areas importantes da nanotecnologia é a "nanomedicina™ que, de acordo
com o National Institute of Health (NIH), refere-se a intervencdo medica, em escala
nanomeétrica, altamente especifica, destinada a prevencdo, diagndstico, monitoramento e
tratamento de doencas (MOGHIMI et al., 2005).

O controle da liberacdo de farmacos em sitios de acdo especificos, através da
utilizacdo de vetores, capazes de permitir a otimizacdo da velocidade de cedéncia e do regime
de dosagem das substancias, tem sido uma area de intensa pesquisa (SCHAFFAZICK et al.,
2003; BERKLAND et al., 2004). O farmaco vetorizado é definido como uma substancia que
tem uma liberacdo seletiva para sitios fisioldgicos especificos, 6rgados, tecidos ou células, nos
quais a atividade farmacoldgica é requerida (YOKOYAMA; OKANO, 1996; SOPPIMATH et
al., 2001). Assim, um aumento na concentracdo do farmaco em sitios especificos e/ou reducéo
da toxicidade em sitios ndo especificos pode levar a indices terapéuticos mais adequados
(YOKOYAMA; OKANO, 1996).

Tendo em vista a vetorizacdo de farmacos, a ciéncia farmacéutica passou a aplicar a
nanotecnologia nos anos 70, dando inicio a uma revolugdo na administracdo de medicamentos
no organismo (SAKATA et al., 2007). Com o auxilio desta tecnologia, um farmaco pode ser
incorporado a um sistema nanoestruturado e ser capaz de atingir tecidos infectados e
inflamados, os quais jamais seriam atingidos por meio de medicamentos convencionais
(BRANDAO, 2005).

No que diz respeito a liberagdo de farmacos, é inutil descrever nanotecnologia com
base em um limite de tamanho, pois a eficiéncia e a utilidade dos sistemas de liberacdo de
farmacos ndo sdo baseadas apenas em seus tamanhos. Assim, os nanocarreadores de farmacos
podem variar de nanosistemas verdadeiros (por exemplo, conjugados de polimero-farmaco)
até microparticulas na faixa de 100 um, pois tanto os sistemas em escala nano quanto micro
estdo sendo extremamente importantes para o desenvolvimento de varios sistemas de
liberacdo de farmacos utilizados clinicamente. Desta forma, por razdes praticas, o termo

"nanotecnologia” inclui "microtecnologia” e "nanofabricacdo” (PARK et al., 2007).

1.4.2 Sistemas carreadores nanoestruturados

Os nanosistemas de liberacdo de farmacos constituem uma parcela significativa da
nanomedicina (PARK et al., 2007; DANHIER et al.,, 2010; CHACKO et al.,, 2011;
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VERCAUTEREN et al., 2012). A nanotecnologia farmacéutica iniciou a partir da década de
70, com o surgimento dos lipossomas. Em seguida, foram desenvolvidos os sistemas
nanoparticulados, empregando polimeros biodegradaveis sintéticos (COUVREUR et al.,
1979). Ja nos anos 90, surgiram as nanoparticulas lipidicas solidas e os nanosistemas mais
sofisticados, denominados sistemas furtivos, 0s quais apresentam revestimentos contendo
polimeros hidrofilicos, que permitem um aumento no tempo de circulagdo no organismo
(BARRAT et al., 2000).

A estrutura, o tamanho e a forma dos nanosistemas fornece uma nova dimenséo de
controle fisico, podendo ocorrer uma adaptacao especifica para determinada funcédo (FARAJI
et al., 2009). Neste sentido, utilizando-se sistemas de liberagdo em nanoescala, as
propriedades farmacoldgicas de determinada substancia podem ser drasticamente
aprimoradas, levando a descoberta de candidatos farmacoldgicos seguros e eficazes
(WAGNER et al., 2006; DAVIS et al., 2008). Desta forma, compostos que sofrem alguns
impedimentos, os quais dificultam o desenvolvimento de medicamentos, como baixa
solubilidade em &gua, toxicidade ou baixa biodisponibilidade, podem ter suas caracteristicas
melhoradas com o auxilio de um nanocarreador (FORREST & KWON, 2008).

Pelo fato de apresentarem elevada area superficial, os sistemas nanoestruturados
podem ser considerados vetores para administracdo de diversas substancias, principalmente as
lipofilicas (GUTERRES et al., 2007) e podem ser administrados pelas vias intravenosa,
subcutanea, intramuscular, ocular, oral e topica (COUVREUR et al., 2002).

Os nanocarreadores fornecem inlmeras vantagens, quando comparados a liberacao
convencional de farmacos. Como ja mencionado acima, estes sistemas podem modificar as
propriedades das substancias, melhorando a solubilidade de compostos hidrofobicos,
tornando-os adequados para a administracdo parenteral (CHEN et al., 2011a). Além disso,
eles aumentam a estabilidade de uma variedade de agentes terapéuticos, como peptideos e
oligonucleotideos (KOO et al., 2005). E, de modo especial, por serem capazes de alterar
pardmetros farmacocinéticos, podem melhorar a biodistribuicdo (conduzindo a uma
vetorizacdo das substancias até orgdos, tecidos ou células especificas, por meio de um
aumento da permeabilidade e efeito de retencdo), prolongar a meia-vida dos farmacos,
aumentar a biodisponibilidade e possibilitar uma liberacdo homogénea, controlada e
sustentada (HILLERY et al., 2001; VERMA; GARG, 2001; SURI et al., 2007; FARAJI et al,
2009). Consequentemente, os efeitos adversos sistémicos podem ser reduzidos, bem como a
dose e a frequéncia de administracdo do farmaco, fazendo com que aumente a aderéncia ao
tratamento por parte do paciente (MATSUMURA; MAEDA, 1986; TAO; DESAI, 2001;
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ALLEN; CULLIS, 2004). Além disso, a possibilidade de administracdo pela via parenteral é
capaz de prevenir a degradacdo gastrintestinal dos farmacos (LAVELLE et al., 1995;
SAHOO; LABHASETWAR, 2003). Outra vantagem é que 0s nanosistemas podem ser
utilizados para liberacdo de farmacos no SNC, devido ao seu tamanho reduzido e maior
permeabilidade, através da BHE (KREUTER et al., 2001; BERNARDI et al., 2009; FROZZA
et al., 2010). Por fim, eles s&o capazes de evitar reagdes de hipersensibilidade e proporcionam
uma boa compatibilidade aos tecidos, visto que sdo fabricados com materiais biodegradaveis
(LOBENBERG, 2003).

Sistemas nanoestruturados como carreadores farmacoldgicos tém sido propostos,
principalmente para agentes antitumorais, peptideos, proteinas, vacinas e agentes anti-
infecciosos (COUVREUR; VAUTHIER, 2006). Os principais sistemas coloidais incluem as
nanoemulsdes, nanoesferas, nanocapsulas, lipossomas e complexos lipidicos (GARCIA-
GARCIA et al., 2005). Na Figura 4, estdo representados alguns exemplos de nanosistemas

que podem ser utilizados como carreadores farmacoldgicos.
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Figura 4 - Representagdo de alguns sistemas nanocarreadores farmacoldgicos
Fonte: adaptado de Faraji et al. (2009) e Muthu e Singh ( 2009)



38

1.4.2.1 Nanoparticulas poliméricas

H& cerca de vinte anos formulacdes com nanoparticulas poliméricas tém sido
desenvolvidas como alternativa ao uso de formulacdes contendo farmacos livres. As
nanoparticulas poliméricas sdo sistemas carreadores de farmacos que apresentam didametro
inferior a 1 um. Dependendo do processo de preparacdo das nanoparticulas, podem-se obter
tipos de estruturas diferentes, as nanoesferas e as nanocapsulas, as quais diferem entre si
segundo a composicdo e organizacdo estrutural (Figura 5) (SOPPIMATH et al., 2001;
SCHAFFAZICK et al., 2003; DURAN et al., 2006; SANTOS; FIALHO, 2007; OLIVEIRA,
2009; MELO, 2010). As nanocapsulas séo sistemas vesiculares constituidos por um invélucro
polimérico, disposto ao redor de um nucleo lipofilico, podendo o farmaco estar disperso ou
dissolvido nesse nucleo e/ou adsorvido a parede polimérica. Dessa forma, as nanocapsulas
podem ser consideradas um sistema “reservatorio” (COUVREUR et al., 2002). Por outro
lado, as nanoesferas, denominadas sistemas matriciais, ndo apresentam 6leo em sua
composicao, sendo formadas apenas por uma matriz polimérica, a qual retém e/ou adsorve o
farmaco (COUVREUR et al., 1995; SCHAFFAZICK et al., 2003; GUTERRES et al., 2007).

Nanocapsulas Nanoesferas

Polimero Polimero

Oleo

Farmaco

Figura 5 - Representacdo esquematica dos sistemas de nanoparticulas poliméricas
Fonte: adaptado de Schaffazick et al. (2003)

Diversos sdo os métodos descritos na literatura para a preparacdo de nanoparticulas
poliméricas, destacando-se a técnica de nanoprecipitacdo descrita por Fessi et al. (1989), a
qual envolve a deposigdo interfacial de polimeros pré-formados. O método consiste na
dissolugdo do polimero em uma fase orgénica contendo o farmaco e posterior precipitacao,
quando vertido sob uma fase aquosa, contendo um tensoativo hidrofilico. Esta técnica origina
as nanoesferas, com didmetros médios situados entre 200 e 500 nm. Entretanto, se

incorporado um 6leo juntamente a fase organica, serdo originadas as nanocapsulas, as quais
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objetivam uma maior eficiéncia de incorporacdo de farmacos lipofilicos. O 6leo comumente
utilizado para a preparacdo de nanocapsulas é formado por uma mistura de triglicerideos de
cadeia média (TCM) (DHANIKULA et al., 2007).

As nanocépsulas apresentam uma série de vantagens em relagdo a outros sistemas
carreadores e emulsdes, pois conferem protecdo da substancia ativa nela incorporada frente a
degradacdo quimica, uma vez que a substancia ativa fica retida no interior de uma matriz
solida ou de um involucro polimérico que também tem a funcdo de controlar a liberacao da
substancia ativa ao meio de dispersdo (DINGLER et al., 1999; LAMBERT et al., 2000;
COUVREUR et al, 2002; VRIGNAUD et al., 2011).

Inicialmente, as nanoparticulas apresentavam a limitacdo de permanecerem por menos
tempo na circulacdo sanguinea, por serem capturadas pelo sistema fagocitario mononuclear.
Como regra geral, a opsonizacdo de particulas hidrofobicas, em comparagdo com as particulas
hidrofilicas, ocorre mais rapidamente, devido a adsor¢do das proteinas plasmaticas nestas
superficies (MULLER et al, 1992.; NORMAN et al., 1992). Posteriormente, foram
desenvolvidas nanoparticulas capazes de vencer a fagocitose, as quais permanecem por um
tempo maior na circulacdo, sendo, portanto, denominadas, “invisiveis” (BRIGGER et al.,
2002). Neste sentido, um método amplamente usado para opsonizacao lenta é o uso de grupos
de blindagem adsorvidos ou enxertados a superficie das nanoparticulas, bloqueando
interacOes eletrostaticas que facilitam a ligacdo das opsoninas a essa superficie. Esses grupos
tendem a ser longas cadeias de polimeros hidrofilicos, como o polietilenoglicol (PEG) e
tensoativos ndo-iénicos, como os polisorbatos (PERACCHIA et al., 2003).

O tamanho e a distribuicdo de tamanho das nanoparticulas sdo importantes para
determinar a interacdo dessas com a membrana celular, assim como a penetracdo através das
barreiras fisioldgicas. O tamanho necessario para as nanoparticulas atravessarem diferentes
barreiras biologicas é dependente do tecido, do sitio alvo e da circulacio (BRANNON-
PEPPAS; BLANCHETTE, 2004). J& a carga da superficie das nanoparticulas também ¢é
importante, visto que pode determinar se as particulas tenderiam a se agrupar no fluxo
sanguineo, se aderir ou interagir com cargas opostas nas membranas das células (FENG,
2004).

Os polimeros biodegradaveis estdo entre os materiais que tém sido extensivamente
utilizados na preparacdo de nanoparticulas, principalmente por ndo apresentarem toxicidade
ao corpo humano, sendo substancias facilmente metabolizadas (HASIRCI et al., 2000). Estes

polimeros formam uma rede, a qual propicia uma melhor retencdo do farmaco, permitindo
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uma degradacdo mais lenta e, consequentemente, uma liberacdo prolongada do ativo
(MULLER et al., 2000).

Dentre os polimeros utilizados, destaca-se a poli(e-caprolactona) (PCL), cuja
propriedade de biodegradabilidade foi identificada pela primeira vez em 1973 (MURTHY,
1997). Devido a natureza biocompativel e biodegradavel, a PCL tem sido amplamente
estudada em formulacGes que visam um controle de liberacdo do farmaco. Sua elevada
permeabilidade a uma gama de medicamentos permite a distribui¢cdo uniforme dos farmacos
na matriz polimérica e, por ser um polimero semicristalino, apresenta uma degradacdo mais
lenta, o que facilita a liberacdo sustentada do farmaco (GUTERRES et al., 2007), até mesmo
por varios meses (HAKKARAINEN; ALBERTSSON, 2002; SINHA et al.,, 2004). Sua
natureza ndo-toxica e sua citocompatibilidade com uma série de tecidos corporais o torna um
material ideal para engenharia tecidual. Além disso, € utilizado na medicina, em curativos,
suturas, contraceptivos e na odontologia (LU & CHEN, 2004), devido as suas propriedades
mecanicas, como boa flexibilidade, elasticidade e resisténcia a tracdo (ESTELLE et al., 2008;
WOODRUFF; HUTMACHER, 2010).

Os sistemas contendo nanoparticulas poliméricas tém sido desenvolvidos visando
inimeras aplicacbes terapéuticas, sendo planejados, principalmente, para administracdo
parenteral, oral, oftdlmica ou topica (SCHAFFAZICK et al., 2003). Varios medicamentos, das
mais diversas classes farmacoldgicas, mostraram-se capazes de serem nanoparticulados, tais
como antibioticos (MOHAMMADI et al., 2010), anti-inflamatérios (MARCHIORI et al.,
2010), antivirais (MAINARDES et al., 2010), antifungicos (CHEN et al., 2008), antitumorais
(MATTHEOLABAKIS et al., 2009), entre outros. Além disso, nanoparticulas poliméricas
destinadas ao controle de doencas severas, como cancer (MU; FENG, 2003), AIDS
(COESTER et al., 2000), diabetes (DAMGE et al., 2007), maléaria (DATE & JOSHI, 2007) e
tuberculose (AHMAD et al., 2006) estdo em diferentes fases de testes e algumas ja estdo
sendo comercializadas (KIM;LEE, 2001; LEE et al., 2008).

Assim como os demais sistemas nanoestruturados, as nanoparticulas poliméricas
biodegradaveis sdo frequentemente utilizadas para proteger moléculas labeis (FLORES et al.,
2011; OURIQUE et al., 2011) ou aquelas que sofrem degradagdo enzimatica ou imunoldgica
(HAN et al., 2009) e que apresentam baixa biodisponibilidade e baixa solubilidade em agua
(WU et al., 2008; MAULUDIN et al. 2009a; 2009b), aumentando, desta forma, a
biodisponibilidade e o tempo de retencdo. Estas formulages também vetorizam o farmaco
(NAGARWAL et al., 2009; ZHU et al., 2009), aumentando a especificidade e reduzindo os
efeitos adversos sistémicos (BECK et al., 2005; YEN et al., 2008; GAO et al., 2010). Além
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disso, promovem uma liberagdo controlada e sustentada do ativo (BECK et al., 2005; 2006;
2007; FONTANA et al, 2009; MARCHIORI et al., 2010) e aumentam a eficacia
farmacologica (SCHAFFAZICK et al., 2008; BERNARDI et al., 2009; OURIQUE et al.,
2010; FONTANA et al., 2011; IANISKI et al., 2012), possibilitando uma reducédo da dose e

da frequéncia de administracdo do farmaco.

1.4.2.1.1 Nanocapsulas contendo diferentes ndcleos oleosos

O tipo de fase oleosa usada como ndcleo na preparagdo de nanocépsulas poliméricas
pode modificar as propriedades de uma formulacgdo, pelo fato de influenciar no tamanho
médio de particula, no indice de polidispersdo e na estabilidade, devido a diferenca de
viscosidade, tensdo interfacial e caracteristicas hidrofobicas (SCHAFFAZICK et al., 2003;
BOUCHEMAL et al., 2004). A diferente composi¢cdo de &cidos graxos presente no 6leo
poderia, além disso, apresentar um efeito terapéutico per se (ALMEIDA et al., 2009; 2010),
modificando a resposta biologica. Neste sentido, éleos vegetais estdo sendo utilizados na
preparacdo de nanocapsulas poliméricas (DHANIKULA et al., 2007; ALMEIDA et al., 2009;
2010, FLORES et al., 2011; RIGO, 2011). Estudos realizados por Almeida e colaboradores
(2009; 2010) demostraram que o 6leo de semente de uva mostrou-se compativel e adequado
para a preparagdo de nanocapsulas contendo benzofenona-3, uma substancia fotoprotetora e
rutina, um flavonoide com propriedades antioxidantes.

O oleo de semente de uva é composto por 90%, em média, de acidos graxos mono e
poliinsaturados, que sdo responsaveis por seu valor nutritivo como &leo comestivel,
especialmente, &cido linoléico (n-6), seguido pelo &cido oléico (n-9) e menor quantidade de
acidos graxos saturados (10%) (BOCKISCH, 1993; FIRESTONE, 1999). Além disso, este
6leo possui tocoferois (5-52mg/100g) e numerosos bioflavondides polifendlicos, conhecidos
por apresentar atividades farmacoldgicas e terapéuticas potenciais (FIRESTONE, 1999)
destacando-se o efeito antioxidante (YAMAGUCHI, 1999; SHAFIEE, 2003). E, devido a este
potencial antioxidante, vinte vezes superior a vitamina E e cinquenta vezes maior que a
vitamina C (SHI et al., 2003), foi classificado pelo FDA como um ingrediente alimentar
seguro.

Em relacdo a industria farmacéutica, o 0leo de semente de uva possui grande potencial
nos medicamentos para uso interno que precisam de 6leo como veiculo (transporte) (PASSOS
et al., 2009), visto que a presenga de vitamina E protege da degradacao outras substancias que

estiverem juntamente inseridas nos medicamentos (MIGUEL, 1983).
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Além do 6leo de semente de uva, outros Oleos destacam-se, devido ao potencial
terapéutico, como améndoas doces (AHMAD, 2010), gérmen de trigo (MURSEL et al.,
2011), gergelim (REZA et al., 2011), oliva (VISIOLI et al., 2002) e, de modo especial, o 6leo
de peixe (WANG et al., 2006). O dleo de peixe, encontrado especialmente em peixes
marinhos (WAINWRIGHT, 2002), é composto principalmente por acidos graxos essenciais
da série dmega-3, tais como: eicosapentanoico (EPA), docosahexaenoico (DHA), a-linolénico
(LA) e docosapentaenodico (DPA) (MANTZIORIS et al., 2000). Estes &cidos graxos sao
importantes para a integridade anatdémica, histologica e bioquimica cerebral (ZARARSIZ et
al., 2006), visto que estdo relacionados com as mais diversas funcdes cerebrais, especialmente
na modificacdo da membrana celular, influenciando na sua fluidez, na atividade de enzimas,
no numero e afinidade de receptores, na funcdo de canais ibnicos, na transducgdo de sinais e
fatores de crescimento neuronais e na atividade e afinidade de neurotransmissores,
(YEHUDA et al., 2005) principalmente da DA (CHALON et al., 1998; WAINWRIGHT,
2002).

Assim, os &cidos graxos da série dmega-3, por agirem em regides cerebrais criticas
como hipocampo (SARSILMAZ et al., 2003a), corpo estriado (SARSILMAZ et al., 2003b) e
hipotdlamo (SONGUR et al., 2004), sdo capazes de conferir protecdo em diferentes desordens
neuroldgicas e neuropsiquiatricas (BLACK et al.,, 1979; 1984; ASSISSI et al., 2006).
Contrariamente, sua caréncia tem sido associada ao desenvolvimento de diferentes
psicopatologias, como depressdo (SILVERS, et al., 2005), hiperatividade e déficit de atencéo
(YEHUDA et al., 2005), aceleracdo do processo de envelhecimento (BOURRE, 2004),
doenca de Huntington (CLIFFORD et al., 2002) e esquizofrenia (JOY et al. 2000;
ARVINDAKSHAN et al., 2003; DAS, 2004; SIVRIOGLU et al., 2007).

No que diz respeito a disturbios do movimento e déficit cognitivo, o 6leo de peixe, ou
diretamente os seus acidos graxos, j& mostraram diversos beneficios. Assim, experimentos
conduzidos pelo laboratério ja mostraram os efeitos protetores do 6leo de peixe em modelos
animais de DO induzidos por reserpina ou mesmo pelo proprio haloperidol em ratos
(BARCELOS et al., 2010; 2011), os quais também foram mostrados em primatas por outros
pesquisadores (SAMADI et al., 2006). Na clinica humana, a suplementacdo de &cidos graxos
O0mega-3 a pacientes psiquiatricos portadores de DT mostrou efeitos antidiscinéticos
(VADDADI et al., 1989; EMSLEY et al., 2002; 2003). Ainda, estudos envolvendo aquisi¢éo
de memoria espacial em animais (CALON et al., 2004; 2005, BARCELOS et al., 2010) e
fungcdo cognitiva associada ao Alzheimer (HASHIMOTO et al., 2002; 2006) também

mostraram os efeitos benéficos dos acidos graxos da série dmega-3, orientando para o0 seu uso
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como uma defesa nutracéutica de facil acesso e baixa toxicidade, atuante em distlrbios
cerebrais (CALON & COLE, 2007).

1.4.3 Vetorizacédo de farmacos ao Sistema Nervoso Central
1.4.3.1 Barreira hematoencefélica

A BHE representa um grande obstaculo para a passagem de moléculas ativas do
compartimento sanguineo para o cérebro (DAVSON & SEGAL, 1996). Ela é composta por
diferentes tipos celulares: células endoteliais, pericitos, astrocitos e microglias (ABBOTT et
al., 2010). Uma caracteristica importante € que as células do endotélio microvascular cerebral
apresentam uma morfologia distinta, pois exibem jun¢des intercelulares, denominadas tight
junctions (junc@es oclusivas), auséncia de fenestracGes e uma atividade pinocitica diminuida
(Figura 6). Além disso, estdo contidas, nestas células, uma variedade de enzimas, tanto em
nivel citosélico quanto em nivel de membrana extracelular, que metabolizam varios farmacos.
Ainda existem as limitacdes fisioldgicas, tais como alta resisténcia elétrica, gradiente de carga
anidnica/catiénica e a presenca de transportadores de efluxo, responséaveis pela manutencéao
da homeostase cerebral, tais como MDR-proteina resistente a mdltiplas drogas, MOAT-
transportadores organicos aniénicos e a glicoproteina P. (DEEKEN; LOSCHER, 2007).
Assim, o somatorio de todos estes fatores ajuda a restringir a passagem de substancias através
da BHE (BODOR & BUCHWALD, 1999).

Membrana Basal

Astrdcito Pericito

Célula Endotelial

Vs
Liimen

Neurdnio —= Juncdo
Oclusiva

Figura 6 - Anatomia da barreira hematoencefalica
Fonte: adaptado de Deeken e Loscher (2007)
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A caracteristica da BHE, de evitar a passagem de moléculas grandes, também
enfraquece a eficiéncia do aporte de farmacos ao cérebro (JEFFREY & SUMMERFIELD,
2010). Para que os farmacos possam atingir o cérebro, de forma passiva, eles devem
apresentar algumas propriedades, tais como o tamanho da molécula (menor que 5.000
Daltons), propriedades lipofilicas e carga elétrica neutra. Uma vez dentro do cérebro, estes
farmacos devem vencer o sistema de tranportadores, para ndo serem eliminados para fora do
cérebro (GABATHULER, 2010).

1.4.3.2 Sistemas nanocarreadores em nivel cerebral

Os nanocarreadores cerebrais apresentam vantagens quando comparados as terapias
convencionais, pois além de serem mais eficazes podem ser administrados de forma néo-
invasiva, melhorando a qualidade de vida dos pacientes. Atualmente, existem varias
aplicacbes importantes para as nanoparticulas em nivel cerebral. Um importante aspecto seria
0 carreamento de agentes diagnosticos com a finalidade de gerar imagens. Outra aplicacdo
importante envolve a situacdo dos tumores cerebrais que apresentam 0s vasos sanguineos
mais permeaveis em relacdo aos vasos dos tecidos normais. Além destas, o uso de
nanocarreadores para o tratamento de doencas neurodegenerativas (GARCIA-GARCIA et al.,
2005) cria novas perspectivas em relacdo a doencas tidas como incuréaveis, como Alzheimer e
esclerose multipla (KREUTER et al., 2002). Além das nanoparticulas permitirem 0 acesso,
através da BHE, de farmacos ndo-transponiveis, mascarando suas caracteristicas fisico-
quimicas através do encapsulamento nesses sistemas (GARCIA-GARCIA et al., 2005),
também podem ser usadas como sistemas de liberagdo controlada para prolongar a
disponibilidade de farmacos que atravessam livremente a BHE; porém, apresentam uma curta
duracdo de acdo no SNC (FRIESE et al., 2000).

Varias sdo as substancias, com as mais variadas atividades terapéuticas, utilizadas para
tratamento de distdrbios em nivel de SNC e que, ap6s terem sido testadas, mostraram-se
capazes de serem associadas a sistemas nanocarreadores. Dentre estas substancias estdo
quimioterapicos (BERNARDI et al., 2009; KUO; LIANG, 2011; WOHLFART et al., 2011),
anti-inflamatorios (KIM; MARTIN, 2006; BERNARDI et al., 2010), antibiéticos (PANDEY;
KHULLER, 2006; XU et al., 2009; WANG et al., 2010a, 2010b), antifangicos (CHEN et al.,
2011b; XU et al., 2011), antivirais (MAHAJAN et al., 2010; WONG et al., 2010),
antiparasitarios (GUPTA et al., 2007; MIMCHE et al., 2011), antipsicéticos (MUTHU et al.,
2008; 2009; PARIHK et al., 2010), ansioliticos (PRIPREM et al., 2008), farmacos para
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doengas neurodegenerativas (HU et al.,, 2011; MITTAL et al., 2011; WEN et al., 2011;
IANISKI et al., 2012), entre outros.

O mecanismo pelo qual as nanoparticulas séo capazes de atravessar a BHE ainda nédo
estd totalmente elucidado. No entanto, existe uma série de possibilidades, as quais poderiam
explicar esta penetracdo: 1) um aumento na retencdo das nanoparticulas nos capilares
sanguineos cerebrais, criando um gradiente de concentracdo maior, que facilitaria o transporte
através da camada de células endoteliais; 2) um efeito tensoativo, caracterizado por uma
solubilizacdo dos lipideos da membrana das células endoteliais, o que poderia levar a
fluidizacdo da membrana e, portanto, aumentar a permeabilidade do farmaco atraves da BHE;
3) as nanoparticulas poderiam ser capazes de proporcionar uma abertura das “tight junctions*
entre as células endoteliais, favorecendo a penetracdo do farmaco na sua forma livre ou em
conjunto com as nanoparticulas; 4) as nanoparticulas poderiam sofrer endocitose pelas células
endoteliais e, assim, liberarem o farmaco dentro dessas células, chegando ao cérebro; 5) o
sistema nanoparticula-fArmaco poderia sofrer transcitose, através da camada de células
endoteliais; 6) o polissorbato 80, usado como agente de revestimento, poderia estar inibindo o
sistema de efluxo, de modo particular a glicoproteina-P. Além disso, todos estes mecanismos
poderiam estar atuando em conjunto (KREUTER et al., 2001; 2002, 2005; GARGIA-
GARCIA et al., 2005; WONG et al., 2012).

1.4.3.3 Antipsicoticos associados a nanocarreadores

Até 0 momento, ja foram realizadas diversas pesquisas visando o desenvolvimento de
sistemas nanoestruturados contendo farmacos antipsicoticos, como a risperidona (KUMAR et
al., 2008; 2009; SINGH; MUTHU, 2007; MUTHU; SINGH, 2008; MUTHU et al.., 2009;
SILVA et al, 2011), clozapina (VENKATESWARLU; MANJUNATH, 2004;
MANJUNATH; VENKATESWARLU, 2005), sulpirida, (PARIHK et al., 2010); olanzapina
(VIVEK et al., 2007; SEJU et al., 2011), tioridazina (LAI et al., 2006) e o préprio haloperidol
(BUDHIAN et al., 2005; 2007; 2008).

Estudos de caracterizacdo fisico-quimica destas nanoestruturas mostraram uma
modificacéo no perfil de liberacéo in vitro da risperidona (MUTHU; SINGH, 2008; MUTHU
et al., 2009), tioridazina (LAI et al., 2006), olanzapina (VIVEK et al., 2007; SEJU et al.,
2011) e haloperidol (BUDHIAN et al., 2008), possibilitando uma liberagdo mais sustentada e
controlada. Além disso, foi verificado in vivo um aumento da biodisponibilidade e da
concentracdo plasmética da clozapina (VENKATESWARLU; MANJUNATH, 2004,
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MANJUNATH; VENKATESWARLU, 2005) ou uma diminuicdo da eliminacdo da sulpirida
(PARIHK et al., 2010), quando veiculadas a nanosistemas. Ainda, através de estudos de
distribuicdo em modelos animais, foi observado um maior aporte cerebral de olanzapina
(SEJU et al., 2011) e clozapina (MANJUNATH; VENKATESWARLU, 2005) quando
administradas na forma nanoparticulada do que na forma livre.

No entanto, estudos de eficicia terapéutica e efeitos colaterais de nanoparticulas
contendo antipsicoticos sdo escassos na literatura. Um estudo realizado por Muthu et al.
(2009) mostrou que nanoparticulas poliméricas contendo risperidona apresentaram maior
atividade antipsicotica em camundongos, por meio de um modelo de pseudo-psicose induzido
por apomorfina, bem como uma reducdo no comportamento cataléptico.

No que diz respeito ao haloperidol associado a nanoparticulas, até o0 momento de
realizacdo do presente trabalho haviam sido realizados estudos mostrando apenas a
preparagdo, a caracterizacdo (BUDHIAN et al., 2005; 2007; DHANIKULA et al., 2007) e a
liberagdo in vitro do farmaco (BUDHIAN et al., 2008). Em relagdo ao desenvolvimento de
sistemas de haloperidol nanoencapsulado, ja foi observada a substituicdo do ndcleo oleoso
composto por TCM, pelos 6leos de girassol e 6leo de soja (DHANIKULA et al., 2007). No
entanto, ndo ha registros cientificos de estudos pre-clinicos, demonstrando a eficacia
terapéutica ou os efeitos adversos destas formulaces de nanocépsulas contendo haloperidol e
tampouco o emprego do 6leo de peixe e Oleo de semente de uva na preparacdo desses

sistemas.



2 OBJETIVOS

2.1 Objetivo geral

Desenvolver suspensdes de nanocapsulas de haloperidol contendo diferentes nucleos
oleosos e avaliar a atividade antipsicotica e os efeitos colaterais motores, relacionados ao

estresse oxidativo, em ratos.

2.2 Objetivos especificos

« Desenvolver suspensdes de nanocapsulas de haloperidol contendo triglicerideos de
cadeia média e nucleos oleosos alternativos, compostos por éleo de peixe e 6leo de semente
de uva.

« Avaliar a eficécia terapéutica do haloperidol nanoencapsulado em ratos e comparar
ao farmaco livre.

« Avaliar a incidéncia e gravidade de efeitos colaterais motores agudos e subcrénicos
em ratos, comparando as formulacGes de haloperidol livre e nanoencapsulado.

« Avaliar marcadores de estresse oxidativo em tecidos neuronais da regido
extrapiramidal de ratos tratados com haloperidol livre e nanoencapsulado e suas relacdes com
o0 desenvolvimento de distirbios do movimento.

* Realizar um estudo comparativo entre trés formulacbes de haloperidol
nanoencapsulado contendo diferentes 6éleos (triglicerideos de cadeia média, 6leo de semente
de uva e 6leo de peixe) sobre o desenvolvimento de discinesia oral aguda e subcrénica em
ratos.

« Avaliar a viabilidade celular e a geracdo de radicais livres em tecidos da regido
extrapiramidal de ratos tratados com trés formulacdes de haloperidol nanoencapsulado
contendo diferentes 6leos (triglicerideos de cadeia média, 60leo de semente de uva e Gleo de

peixe).
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ARTICLE INFO ABSTRACT

Article history:

Haloperidol is an antipsychotic drug associated with the development of movement disorders. We eval-
uated the effect of its nanoencapsulation onits pharmacological activity and motor side effects. Haloper-
idol-loaded polysorbate-coated nanocapsules (H-NC) showed nanometric size, negative zeta potential
and low polydispersity indices and high encapsulation efficiency (*95%). Rats received a single dose of
H-NC (0.2 mg/kg ip) and four doses of pr-amphetamine, AMPH (8.0 mg/kg ip}, injected every 3 h (0, 3,
& and 9 h). The AMPH-induced sterectyped movements were quantified in the intervals of 15 min after
each of four doses of AMPH, demonstrating greater pharmacological efficacy of the H-NC over free halo-
peridol (FH). The acute motor side effects were evaluated 1 h after a single dose of H-NC or its free solu-
tion (0.2 mgfkgip). The group treated with H-NC presented lower extrapyramidal effects (catalepsy and
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Vacuous chewing movement oral dyskinesia) than those treated with FH. In the last experimental set, rats sub-chronically treated with
Catalepsy a daily dose of H-NC (0.2 mgfkgip) for 28 days showed a lower incidence of extrapyramidal effects than

those treated with the free drug (0.2 mg/kg ip). Our findings showed the potential of using H-NC in the
development of a nanomedicine aimed at increasing the efficacy of this antipsychotic drug and reducing

its side effects.

© 2010 Elsevier BV, All rights reserved.

1. Introduction

Haloperidol is an antipsychotic drug that causes movementdis-
orders such as parkinsonism and tardive dyskinesia, which is char-
acterized by involuntary movements frequently irreversible and
disabling.

Body weight gain and diabetes development are side effects of
the more recent atypical neuroleptics, so that typical neuroleptics
such as haloperidol are still the most widely used drugs to eat
psychiatric disorders.

* Corresponding authors. Universidade Federal do Rio Grande do Sul (UFRGS),
Faruldade de Farmacia, Porto Alegre 91610-000, RS, Brazil. Tel:+55 51 3308 5951;
fax: +55 51 3308 5090 (R.CR. Beck). Universidade Federal de Santa Maria,
Departamento de Fisiologia ¢ Farmacologia, Santa Maria 97105-900, RS, Brazil.
Tel.: +55 55 3220 8676; fax: +55 55 3220 8241 (M.E. Biirger).

E-mail addresses: dalil abenvegnu@ya hoo.combr (D.M. Benvegnil), raque Lbarce-
los@hotmail.com (RCS. Barcelos), nardelibou@hotmailcom (N Boufleur), patri-
claredeziegel@hotmailoom (P. Reckziegel) cmilapase@yahoocombr (CS. Pase),
alineour ique@gmail.com (AF. Ourique), ruy beck@ufrgs br (RCR Bedk), mariliseeh
@yahoomm.be (ME. Biirger )

0939-6411/% - see front matter © 2010 Elsevier BV, All rights reserved.
doiz10.1016/.¢jpb2010.12.016

Polymeric nanoparticles have attracted attention as drug
delivery systems and can be employed to carry and release drugs
at controlled rate in specific body sites [1], especially in the central
nervous system (CNS). We hypothesized that by loading haloperidol
in polysorbate-coated nanocapsules, we could improve its pharma-
cologicalefficacy and/or reduce its side effects, proposing its use as a
nanomedicine, To the best of our findings, no study has been previ-
ously designed to evaluate the improved efficacy of haloperidol by
its nanoencapsulation in polymeric nanoparticles.

2. Materials and methods
2.1. Preparation and characterization of nanocapsules suspension

2.1.1. Preparation of nanocapsules suspension

Haloperidol-loaded nanocapsules {H-NC) were prepared by
interfacial deposition of preformed polymer [2]. Blank nanocap-
sules (B-NC) were prepared as controls using the same protocol
of H-NC, but omitting the presence of the drug. A free suspension
of haloperidol (0.25 mg/mL) was prepared in water using 5% (w/
v) of polysorbate 80.
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2.1.2. Physicochemical characterization

Particle sizes, polydispersity indices and zeta potential were
measured by photon correlation spectroscopy using Zetasizer®
Nano Series equipment (Zetasizer Nanoseries ZEN 3600, Malvern
Instruments, UK ).

2.1.3. Determination of drug content and encapsulation efficiency

Drug content {mg/mL) was assayed by HPLC { Gemini RP-18 col-
umn (150 = 450 mm, 5 pm) and a Shimadzu instrument {UV-VIS
SPD-10AVP Module). The mobile phase consisted of methanol/
potassium phosphate monobasic pH 4.0 (60:40% w/v) and was
pumped through the system at a flow rate of 1.0 mL/min. The vol-
ume injected was 20 pL, and haloperidol was detected at 254 nm.
HPLC assay demonstrated that this method was linear (r=0.9979)
in the range of 5-40 pg/mL and precise (RSD: 2.58% for repeatabil-
ity and 0.63% for intermediate precision). Free drug was
determined in the clear supernatant following separation of
nanocapsules by a combined ultrafiltration-centrifugation tech-
nique. Encapsulation efficiency (%) was calculated by the difference
between the total and free drug concentrations determined in the
nanocapsule suspension and in the ultrafiltrate, respectively, using
the HPLC method described above.

2.2, In vivo experiments

This study was approved by the Animal Ethical Committee ( Uni-
versidade Federal de Santa Maria-22/2010), which is affiliated to
the Brazilian college of animal experimentation (COBEA) in accor-
dance with international rules of ethics in research.

2.2.1. Experiment 1: pseudo-psychosis induced by o,i-amphetamine
(AMPH)

AMPH treatment promotes a set of positive symptoms similar
to schizophrenia. Five groups of male Wistar rats (n = 7) were allo-
cated in mirrored individual cages, allowing the assessment when
the animal was facing away from the observer. Considering the
abbreviations: AMPH {amphetamine), FH (free haloperidol), H-NC
(haloperidol-loaded nanocapsules), B-NC (blank nanoccapsules)
and C(control), the following groups were designated and treated
with the suspensions: AMPH + FH; AMPH + H-NC; AMPH + B-NC;
AMPH; and C. All groups received their first pi-amphetamine
administration (8 mg/kg ip) at time 0 (hour 0), except the control
group (C), which received saline. After 30 min of AMPH or saline
administraton, the FH, H-NC and B-NC received a single injection
of each nanocapsule suspension (0.2 mg/Kg body weight ip). The
AMPH and C groups received a single injection of Tween 80 sus-
pension (5% ip). Three, 6 and 9 h after the first AMPH administra-
tion, the rats received the second, third and fourth AMPH or
saline administration. The duration of the experiment was 12 h,
and every 3 h, a new dose of AMPH was administered. Two observ-
ers quantified the stereotyped head behavior every 15 min accord-
ing to Ujike et al. [ 3] scale scores: 0, no head movement; 1, normal
head movement and normal exploration; 2, increased rate of head
movement with hyperactivity; 3, discontinuous repetitive and ste-
reotyped up-down head movement; 4, continuous stereotyped
head movement with occasional break; 5, continuous and intense
stereotyped head movement at one location. Results are expressed
as stereotyped behavior scores during the 3 h following each
AMPH administration.

2.2.2. Experiment 2: motor side effects induced by acute haloperidol
administration

Twenty-eight rats were divided in four groups (n=7), as de-
scribed below: (C group): received an ip injection of polysorbate
80 suspension 5% (v/v), (B-NC group): received an injection of
blank nanocapsule suspension; (FH group): received an injection

of free haloperidol suspension; {(H-NC group): received an injection
of haloperidol-loaded nanocapsules suspension. All drugs were
administered at the dose of 0.2 mg/kg ip, and the behavioral tests
were performed 1 h after the administration as follows:

(A) Catalepsy: Only the haloperidol-treated rats (FH and H-NC
groups) were individually placed on a wire inclined grid (45° rela-
tive to the bench top) and observed for 60 s. The amount of time
spent in this atypical position was recorded for three times, with
an interval of 5 min between them. If the animal did not mowe, it
was removed from the grid and returned to it If it did not move
within 60s, it was removed again and returned to the grid. At
the end, the mean time spent by the rat without moving was cal-
culated for each rest

(B) Oral dyskinesia (OD): Immediately after the catalepsy rest,
the rats were allocated in mirrored individual cages, allowing the
assessment when the animal was facing away from the observer,
0D was quantified by the frequency of vacuous chewing move-
ment (VCM), which was recorded for three sets of 5 min with 5-
min intervals. Observers were blind to the treatment.

22.3. Experiment 3: motor side effects induced by sub-chronic
haloperidol administration

Twenty-eight rats were divided in the same four groups (n =7)
described above (C, B-NC, FH and H-NC). All drugs were adminis-
tered in the dose of 0.2 mg/kg ip once a day for 28 days. The same
behavioral tests (measurement of catalepsy and OD) were per-
formed on the 7th, 14th, 21st and 28th days of treatment. On these
days, the drugs were administrated after the behavioral tests, dif-
ferently from Experiment 2.

23, Statistical analysis

AMPH-induced stereotyped behavior data (experiment 1) were
analyzed by Kruskal-Wallis followed by Mann-Whitney U-test
Differences among the three observed times after each AMPH
administration were analyzed by Wilcoxon matched pairs test.
Acute and sub-chronic haloperidol-induced 0D and catalepsy mea-
surement data {experiments 2 and 3, respectively) were analyzed
by one-way ANOVA followed by Duncan’s multiple range test, if
necessary. Differences among the groups at the same time were
analyzed by paired samples i-test. A value of p < 0.05 was consid-
ered as statistically significant.

3. Results and discussion

The physicochemical characteristics of polymeric nanocapsules
are shown in Table 1. All formulations appeared macroscopically
homogeneous similar to a milky bluish opalescent fluid (Tyndall
effect). Haloperidol was efficiently encapsulated (95 + 1%) using
the method of interfacial deposition of a preformed polymer
(poly-e-caprolactone), which was chosen due to its biodegradabil-
ity and biocompatible properties. Both nanocapsule suspensions
(B-NC and H-NC) presented particles in the sub-micrometric range
(between 200 and 300 nm), low polydispersity (<0.25), negative
zeta potentials, acid pH values and drug content near 100% of the
theoretical (0.25 mg/mL). These values are in agreement with the
diameters observed for nanocapsules prepared using the pre-
formed polymers by the interfacial deposition method [4]. The
negative zeta potential values (~—8 mV) are a consequence of
the particle coating with polysorbate 80, presenting a negative sur-
face density of charge due to the presence of oxygen atoms in their
molecules.

Efforts have been made by our group to reduce the motor disor-
ders induced by haloperidol [5]. Studies have demonstrated that
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Table 1

Physicochemical characteristics of blank and haloperidol-loaded nanocpsules (B-NC and H-NC).

Formulation Particle size (nm}) PO

Zeta potential (mV') pH

Drug content {mg/mL)

B-NC 280£15
H-NC B30+22

025£0.
014200

—B3 205
—81z:02

63+£02 -
025202

Mean + 5D: represents the variation between the different batches (n=3).
2 PDI: polydis persity index.

drug-loaded nanocarriers are an efficient tool in drug delivery [6],
promoting its permeation across the blood-brain barrier [7] and
suggesting their use to deliver haloperidol to the brain. The results
of experiment 1 show the head movement scores of AMPH-treated
rats (Table 2). AMPH treatment increased the head movements at
the three observed times after each AMPH administration, when
compared to the control. Wilcoxon pairs test showed that the ste-
reotyped behavior was modified by time after each AMPH admin-
istration. In addition, AMPH reached its maximum effect 1 h after
each administration and this effect began to decrease 3 h later,
indicating a new administration for psychosis maintenance. This
procedure was thus performed every 3 h for 12 h for a full view
of the responses to the haloperidol treatments {H-NC and FH)
and proved to be adequate to evaluate the antipsychotic efficacy
of haloperidol.

The effects of H-NC versus FH solution on the percentage of
AMPH-induced stereotyped behavior are shown in Fig. 1. Krus-
kal-Wallis analysis revealed significant differences at the three ob-
served times after the 1st (p<0.001), 2nd (p<0.001) 3rd
(p=<0.001) and 4th (p <0.001) AMPH administration, respectively.
Rats treated with B-NC showed no reduction in head movements at
any observation following each AMPH ad ministration. On the other
hand, both H-NC and FH showed reduced behavioral scores at all
observed times after the 1st and 2nd AMPH administration. Fol-
lowing the 3rd dose, only the H-NC group showed decreased
movement scores. From 2 h after this AMPH administration, only
H-NC reduced the movements in relation to the B-NC group.
Regarding the differences between the two haloperidol-treated
groups, the H-NC group showed a greater decrease in stereotyped
movements than the FH group in almost all observations, except
3 h after the 1st and 1 h after the 4th AMPH administration. The
Wilcoxon test indicated that the effects of B-NC, FH and H-NC on
the AMPH-induced stereotyped behavior were modified by time
after each AMPH administration (Fig. 1A-C). After the last dose

Table 2
Stereotyped  behavior amphetamine (AMPH) induced in rats (n=7). Data are
represented in scores scale.

AMPH administratons Huours Head movement
C group A group
1 0.2 (0f0.5) 35 (3/35)
1 2 0.2 (0/02) 5 (457
3 NS 37 (3.7/4)
1 0(0j0.2) 5(5/5)
2 2 NS 42 (4/5)
3 NS 32 (3)35F"
1 NS 47 (4.5/4.7)
3 2 NS 5 (4.7]5)
3 NS 37 (35047
1 NS 5 (5/5)
4 2 NS 45 (4.5/45)
3 M5 3.7 (3.5/4)

N5: Mo stereotypy. Data are expressed as median (lowerfupper quartile) The
lowercase letters show significant differences among the times within the same
treatment.

* Different from 1 h

* Different from 2 h

7 AMPH+H-NC

[ ampH+e-ne
250 A

4 AMPH+FH

% Head movernent

% Head movernent

hours after amphetamine

hours after amphetamine

Fg. 1. Effect of blank nanocapsules (B-NC), free haloperidol (FH) and haloperidal-
loaded nanocapsules (H-NC) on amphetamine (AMPH-induced stereotyped
behavior in rats (n= 7). The behavioral evaluation was expressed as stereotyped
behavior scores for 3 h following the first (A), second (B), third (C) and fourth (D)
AMPH administration. Data are expressed as median (lowerfupper quartile)
of % amphetamine-induced stereotyped behavior. The lowercase letters show
significant differences among the tmes within the same AMPH administration;
symbals show significant difference among treatments within the same AMPH
administraion. "Different from AMPH; different from AMPH#B-NC group; “different
from AMPH+FH group; “different from 1 h; *different from 2 h.

of AMPH, the stereotyped behavior was reduced at 3 h only, for all
groups (B-NC, FH and H-NC) (Fig. 1D).

With a single sub-therapeutic dose (0.2 mgfkg), haloperidol-
loaded nanocapsules showed higher antipsychotic effects evi-
denced by the decrease in AMPH-induced stereotyped movements
when compared to the FH group. As haloperidol is a potent anti-
psychotic, a low dose was chosen to allow the observation of the
efficacy of H-NC compared to FH at the same dose. In our study,
both groups treated with haloperidol (H-NC and FH) decreased
the AMPH-induced stereotyped behavior, but the H-NC group
showed a more prolonged antipsychotic action at the equivalent
dose. These findings are in agreement with a recent study [8],
which also showed stronger biological effects in brain using drug
delivery systems composed of polymeric nanocapsules. In order
to evaluate if this prolonged antipsychotic effect was accompanied
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by adverse effects, motor effects were monitored after acute and
sub-chronic haloperidol courses (experiments 2 and 3, respec-
tively). The motor side effects induced by acute haloperidol reat-
ment (H-NC or FH) are shown in Fig. 2. Duncan’s test of the OD
data showed an increase of 95% in the VCM frequency (p < 0.05)
after the administration of FH when compared to the C group
(C). H-NC or B-NC showed unchanged behavior in relation to the
C group regarding this orofacial parameter (Fig. 2A). Duncan's test
showed that the H-NC treatment led to a decrease in the immobil-
ity time (31%) in relation to the FH group {p < 0.05) (Fig. 2B). Taken
together, these results showed that FH reatment caused extrapy-
ramidal effects, such as 0D and catalepsy. On the other hand, the
H-NC group showed less motor side effects than the group treated
with the free drug. Subsequently, we evaluated the motor side ef-
fects induced by sub-chronic haloperidol reatment (H-NC and FH)
(Fig. 3). Post hoc tests of OD showed a significant increase in the
VM frequency after FH administration when compared to the C
group (p < 0.05). The groups treated with H-NC and B-NC showed
unchanged behavior in relation to the C group regarding this oro-
facial parameter at all analyzed times (Fig. 3A). Paired t-test indi-
cated that there were no significant modifications in the C, B-NC
and H-NC groups along the time. However, there was a significant
increase in the orofacial parameter in the FH group at day 21 when
compared to days 7 and 28.

Duncan's test of catalepsy showed a lower immobility time
(23%) in the H-NC-treated group than in the FH group at day 28
(p <0.05) (Fig. 3B). The paired test indicated that both FH and H-
NC groups showed an increase in catalepsy time at days 21 and
28 when compared to day 7 (p < 0.05) (Fig. 3B). These results were
similar to those observed after H-NC acute administration and con-
firm that H-NC causes less extrapyramidal effects than FH does.
The mechanism behind drug delivery into the brain by colloidal
carriers remains uncertain. Studies have given support to the role
of polysorbates on the endocytosis processes. Polysorbate acts
mainly as an anchor for the apolipoprotein-overcoated nanoparti-
cles and thus would mimic lipoprotein particles and could interact
with and then be taken up by the brain capillary endothelial cells
via receptor-mediated endocytosis andfor transcytosis [9]. In fact,
nanoparticles coated with polysorbate adsorb apoliprotein E. Apart
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Fig. 2. Acute effect of free haloperidol or haloperidol-loaded nanocapsules on the
development of vacuous chewing movements (A) and catalepsy (B) in rats. Both
behavioral parameters were evaluated 1 h after haloperidol administration. Data
are expressed as mean + SEM (n=7) C - control group: B-MC — blank nanocapsules
group; FH - free haloperidol; H-NC - haloperidol-loaded nanocapsules, "Different
from C group; “different from FH group.
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Fig. 3. Sub-chronic e ffect of free haloperidol or haloperidol-loaded nanocapsules on
the development of vacuous chewing movements (A) and catale psy (B)in rats. Both
behavioral parameters were evaluated on days 7, 14, 21 and 28 after daily
haloperidal administration. Data are expressed as mean+SEM (n= 7). C - control
group; B-NC - blank nanocapsules group; FH - free haloperidol; H-NC - haloper-
idol-loaded nanoc psules. The lowercase letters show significant differences among
the times within the same treatment; symbaols show significant difference among
trestments within the same time. "Different from C group; “different from FH
group; “different from days 7 and 28; different from day 7.

from this, the surfactant polysorbate 80 is an inhibitor of P-glyco-
protein, representing an important constituent of the BBB. The
molecular basis for the barrier function of the BBB is a group of
drug efflux transporters such as P-glycoprotein, which hinder the
access of some drugs into the CNS. The mechanism involved in this
barrier function is by extruding drugs from the brainand is a major
obstacle for many pharmacological agents. Furthermore, the coat-
ing of polymeric nanoparticles by polysorbate 80 can change their
particle surface (hydrophobic to hydrophilic), avoiding their
opsonization by plasma proteins. Thus, H-NC could maintain halo-
peridol blood levels for a longer time, explaining its effect for at
least 12 h, ie., about three additional hours when compared to
the free suspension.

So, the most important result was the significant decrease in the
motor side effects after H-NC administrations, which are com-
monly related to dopamine receptors blockade at the nigro-striatal
system. Thereby, our results suggest that H-NC targeted the drug to
the mesocorticolimbic region (related to psychotic symptoms),
reaching the nigro-striatal system in lower concentration and min-
imizing the extrapyramidal disorders. Haloperidol levels in brain
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dopaminergic regions need to be studied in order to confirm this
hypothesis.

The feasibility of delivering drugs into the brain using polymeric
nanoparticles may open new perspectives for the treatment of dis-
eases such as schizophrenia, mainly by the possibility of achieving
their biological activity at low doses. Recently, the prolonged anti-
psychotic effects and reduced extrapyramidal effects of risperi-
done-loaded nanoparticles, an atypical antipsychotic, were
demonstrated [10]. Here, we are demonstrating for the first time
the design of a nanomedicine as an alternative to the administra-
tion of haloperidol, which is the most widely used drug to treat
mental disorders, and its nancencapsulation in polymeric systems
is a promising therapeutic tool.

In summary, our data clearly demonstrated the feasibility of
preparing H-NC to improve its therapeutic efficacy. The antipsy-
chotic effect of H-NC was maintained for a longer time, and the
acute and sub-chronic extrapyramidal motor disorders were re-
duced when compared to the administration of FH suspension.
The exact mechanisms related to these findings should be investi-
gated in further studies.
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ABSTRACT

Haloperidol is the most widely used antipsychotic drug in the treatment of psychiatric
disorders. Despite its satisfactory therapeutic effect, its chronic use is related to severe motor
side effects. Here, we investigate the incidence of motor side effects of haloperidol-loaded
nanocapsules when compared to free haloperidol and the relation with oxidative stress (OS)
development. Both vehicle (B-NcFO) and haloperidol loaded polysorbate-coated
nanocapsules suspension (H-NcFO) prepared with fish oil as core showed uniform and
rounded particles, nanometric size, negative zeta potential, low polydispersity indices and
high encapsulation efficiency. Wistar rats received a single dose of free haloperidol (FH), B-
NcFO or H-NcFO (0.2mg/kg ip) and were submitted to acute motor side effects evaluation 1h
after the injection. Lower catalepsy time and oral dyskinesia were observed in H-NcFO-
treated group than in FH group; however, both formulations decreased animals’ locomotor
activity. In a experiment performed subchronically, rats injected daily with H-NcFO
(0.2mg/kg-ip) for 28 days showed decreased oral dyskinesia frequency and catalepsy time and
no impairment on locomotor activity as compared to FH group (0.2mg/kg-ip). FH group
showed higher OS, as observed by increased lipid peroxidation and reduced glutathione levels
and catalase activity in extrapyramidal region. Our findings showed that nanocapsules may be
an efficient form to prevent or minimize haloperidol motor side effects, which are related to

OS development, ameliorating psychiatric patients’ quality of life.

Keywords: Haloperidol, polymeric nanocapsule, extrapyramidal effects, orofacial dyskinesia,

oxidative stress.
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1. Introduction

Haloperidol is a typical antipsychotic drug used in the treatment of schizophrenia,
mania and neurological disorders and recognized for its potency, specificity and long action
(Mutschler et al., 1995). Its mechanism of action is mediated by blockade of D2 dopamine
receptors in brain (Creese et al. 1976).

The antipsychotic efficacy of haloperidol is somewhat compromised by the tendency
to cause acute and chronic extrapyramidal movement disorders such as parkinsonism,
akathisia, dystonias, and tardive dyskinesia, which is characterized by repetitive, often
irreversible and disabling involuntary movements (Andreassen and Jorgensen, 2000).
Haloperidol and its metabolites also produce abnormal movements in animals, e.g. oral
dyskinesia (OD), which has been associated with morphological alterations and oxidative
stress (OS) in extrapyramidal brain regions (Andreassen and Jorgensen, 2000; Burger et al.,
2006; Fachinetto et al., 2007; Naidu et al., 2003). In this sense, the pathophysiology of
movement disorders induced by haloperidol has been related to oxidative damage (Burger et
al., 2006; 2005a) and neurotoxicity, which are closely related to increase of turnover rate of
dopamine (by blockade of presynaptic receptors), leading to production of reactive substances
as a by-product of its metabolism (Andreassen and Jorgensen, 2000). Furthermore, the brain
IS more susceptible to oxidative damage when compared to other organs or systems (Halliwel
and Gutteridge 1999), mainly because it contains high levels of membrane lipids, excitotoxic
amino acids, low levels of antioxidant defenses, and autoxidizable neurotransmitters.
Experimentally, several studies conducted in our laboratory have shown a relationship
between haloperidol-induced movement disorders and OS, as well as beneficial effects of
antioxidant compounds (Barcelos et al., 2010; Birger et al., 2006; 2005a; Colpo et al., 2007;
Trevizol et al, 2011).

Although more recent atypical neuroleptics do not cause extrapyramidal motor
disorders, their clinical use remains restricted to a minority of patients because of their high
cost, body weight gain, and development of diabetes and blood dyscrasias requiring intensive
monitoring (Meltzer et al., 1995). For these reasons, typical neuroleptics such as haloperidol
are still the most widely used antipsychotic drugs in treatment of schizophrenia and other
psychiatric disorders (Ponto et al., 2010).

Polymeric nanoparticles have attracted considerable attention as potential drug
delivery systems, increasing therapeutic efficacy and reducing side effects of a variety of
drugs associated with these systems (Beck et al., 2005; 2006; Bernardi et al., 2009; Mora-

Huertas et al., 2010). Polymeric nanoparticles present a size ranging from 10 to 1000 nm and
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are employed to carry drugs by incorporation or absorption (Garcia-Garcia et al, 2005).
Carried by nanoparticles, drugs can be released at controlled rates and to specific body sites to
obtain accurate delivery, which will enhance their therapeutic efficacy and reduce their
toxicity and side effects (Kreuter et al., 2002; Mohanraj and Chen, 2006).

Polysorbate-coated nanoparticles were previously reported as efficient carriers capable
of transporting the loaded drugs across blood-brain barrier (BBB) after administration, being
interesting drug delivery systems to the brain (Bernardi et al., 2010; 2009; Xin-Hua et al.,
2011; Wang et al., 2009). Furthermore, polymeric nanoparticles can be used as parenteral
controlled release systems to prolong the availability of drugs that freely penetrate the BBB
but have a short duration of action in the central nervous system (Friese et al., 2000).

It was demonstrated that the association of antipsychotic risperidone with
nanoparticles prolonged its therapeutic effect and reduced catalepsy time in mice (Muthu and
Singh, 2008; Muthu et al., 2009). Recently we reported better therapeutic efficacy and longer
time of action by haloperidol nanocapsules in a pseudo-psychosis animal model (Benvegnu et
al., 2011). Moreover, this formulation also caused minor acute and subchronic extrapyramidal
side effects, as observed by reduction of OD and shorter time of catalepsy in rats. In addition,
since extrapyramidal motor side-effects are related to haloperidol treatment, in the present
study we aimed to observe the acute and subchronic motor side effects induced by free and
nanoencapsulated haloperidol and their relationship to OS markers in dopaminergic brain
regions involved in the development of movement disorders. For this, we developed
haloperidol-loaded polysorbate-coated nanocapsules containing fish oil (FO) rich in n-3 fatty
acids, whose antiapoptotic actions (Bazan, 2007) have shown beneficial effects in animal
models of movement disorders (Barcelos et al., 2011; 2010) We hypothesized that this
haloperidol nanoformulation may be an alternative to overcome some drawbacks associated

with the therapeutic use of free haloperidol.

2. Materials and methods
2.1. Chemicals

Haloperidol was obtained from Galena (Campinas-SP, Brazil). Fish oil capsules
(Ache-Guarulhos-SP, Brazil), containing 1g oil/capsule with 120mg of DHA and 180mg of
EPA were used. Poly(e-caprolactone) and sorbitan monostearate (Span 60®) were obtained
from Sigma (Tatuapé-SP, Brazil). Polysorbate 80 was acquired from Delaware (Porto Alegre,
RS, Brazil). All other chemicals and solvents used were of pharmaceutical or HPLC grade

and used as received.
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2.2. Animals

Wistar adult male rats (200+£50g) were kept in Plexiglas cages with free access to food
and water in a room with controlled temperature (22-23°C) and on a 12h-light/dark cycle
with lights on at 7:00 am. The experimental protocol of this study was approved by Animal
Ethical Committee of Universidade Federal de Santa Maria (CIETEA- 22/2010), which is
affiliated to CONCEA, and was adhered to the “Principles of Laboratory Animal Care’’ (NIH

publication) and international rules of ethics in research.

2.3. Preparation of haloperidol-loaded polysorbate-coated nanocapsules suspensions
containing fish oil

Nanocapsules (H-NcFO) were prepared by interfacial deposition of preformed
polymer, as described by Fessi et al. (1989). Briefly, the organic solution consisted of FO (0.8
mL), poly(e-caprolactone) (250 mg), haloperidol (6.3 mg), sorbitan monostearate (192 mg)
and acetone (67 mL), which were poured under magnetic stirring into an aqueous solution
(134 mL) containing polysorbate 80 (192 mg). Acetone was removed and the suspension
concentrated by evaporation under reduced pressure. The final volume of the suspension was
adjusted to 25 mL (0.25 mg/mL of haloperidol). Blank nanocapsules (B-NcFO) were prepared
using the same protocol described above, but omitting the presence of the drug. Haloperidol
free suspension (0.25 mg/mL) was prepared in an aqueous solution using 5% (w/v) of
polysorbate 80.

2.4. Physicochemical characterization of nanocapsules

Particle sizes and polydispersity indices (n=3) were measured by photon correlation
spectroscopy after adequate dilution (1:500 v/v/) of an aliquot of the suspension in distilled
water (Zetasizer Nanoseries ZEN 3600, Malvern Instruments, UK). Zeta potential was
determined using the same equipment, but after dilution of the samples in 10 mmol L™ NaCl
aqueous solution. Drug content (mg/mL) was determined (n=3) after dissolution of
nanocapsules in acetonitrile (1 mL of suspension to 5 mL of acetonitrile) and assayed by high
performance liquid chromatography (HPLC), according to previously described and validated
protocol (Benvegnu et al., 2011), using a Shimadzu instrument (LC-10AVP Pump, UV-VIS
SPD-10AVP Module, Class-VP Software, Shimadzu, Tokyo, Japan). Encapsulation
efficiency was determined by the ultrafiltration-centrifugation technique. So, the

concentration of free drug was determined in the clear supernatant after this technique
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(Ultrafree-MC® 10,000 MW, Millipore, Bedford, USA). Encapsulation efficiency (%) was
calculated by the difference between total and free drug concentrations determined in the
nanocapsule suspension (drug content) and in the ultrafiltrate, respectively, using the HPLC
method described above. pH values of suspensions were determined by immersion of the
electrode directly in the suspension using a calibrated potentiometer (MPA-210 Model, MS-
Tecnopon, S&o Paulo, Brazil), at room temperature. In addition, the morphological analysis
was conducted by transmission electron microscopy (TEM; Jeol, JEM 1200 ExlI, Centro de
Microscopia Eletronica, UFRGS) operating at 80 kV. For this analysis, the diluted suspension
was deposited in Formvar-Carbon support film on specimen grid (Electron Microscopy
Sciences) and negatively stained with 2% (w/v) uranyl acetate solution.

2.5. In vivo experiments

2.5.1. Experiment 1: Motor side effects induced by acute haloperidol administration

Twenty-eight rats were randomly divided in four groups (n=7), and treated with single
injection (ip) of aqueous solution containing polysorbate 80 5% (v/v) (negative control,
group-C), haloperidol aqueous dispersion (free haloperidol, group-FH), blank nanocapsules
(blank nanocapsules, group-B-NcFO) and haloperidol-loaded nanocapsules (haloperidol
nanocapsules, group-H-NcFO). All suspensions were administered in the dose of 0.2 mg/Kg-
ip and the behavioral tests were performed one hour after the administration, according to the

methodology described below:

2.5.1.1. Oral dyskinesia

Animals were individually placed in cages (20x20x19 cm?®) containing one mirror
under the floor and one behind the back wall of the cage to allow behavioral quantification
when the animal was facing away from the observer. To quantify the occurrence of oral
dyskinesia, the incidence of vacuous chewing movement frequency (VCM) was recorded for
three sets of 5 minutes with 5-minute intervals. Observers were blind to the treatment. In a
preliminary study (using five control and ten haloperidol-treated rats) of interrater reliability,
we found that the use of this method of observation and definition for the parameters

evaluated usually results in 94% agreement between three different observers.

2.5.1.2. Locomotor activity
In order to evaluate the reduction of haloperidol-induced motor activity, rats’

spontaneous locomotor activity was quantified just after the first interval of oral dyskinesia.
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Animals were placed individually in the center of an open-field arena (40 x 40 x 30 cm) with
black plywood walls and a white floor divided into nine equal squares, as described by Kerr et
al. (2005). The number of lines crossing and the number of rearings was recorded for 5 min.
The crossing and rearing numbers were indicators of locomotor and exploratory activity,

respectively.

2.5.1.3. Catalepsy time

This behavioral test was adapted from Rocha et al. (1997). Catalepsy was measured
using a wire grid (25x9x30 cm?) inclined 45° relative to the bench top. This behavioral
parameter is characterized by positional passivity, which is observed through failure to correct
an uncomfortable imposed posture. Each rat was placed with its forepaws near the edge of the
grid and the amount of time spent in this atypical position was recorded for three times, with
an interval of 5 min between them. All the rats treated with haloperidol (group FH and group
H-NcFO) were individually placed on the inclined grid and observed for 60 seconds. At the
end of the three replications, the mean time spent by the rat without moving was calculated

for each test.

2.5.2. Experiment 2: Motor side effects induced by subchronic haloperidol
administration and oxidative stress markers

Twenty-eight rats were randomly divided in the same four groups (n =7) described
above (C, B-NcFO, FH and H-NcFO). All drugs were administered (ip) in the dose of 0.2
mg/Kg/mL once a day, for 28 consecutive days. The same behavioral tests (oral dyskinesia,
catalepsy time and locomotor activity) described above were performed 7, 14, 21, and 28 days
after treatment initiation, immediately before administration of suspensions.

At day 29 animals were euthanized by cervical decapitation after anesthesia with
sodium pentobarbital (50 mg/kg body weight-ip). Brains were removed and cut coronally at
the caudal border of the olfactory tubercle. Cortex, hippocampus and striatum were removed,;
Posterior areas containing the right and left substantia nigra were carefully dissected
according to the coordinates of the Atlas (Paxinos and Watson, 2007): Anterior-posterior
(AP) —4 to -6 mm; dorsal-ventral (DV) 7 to 8.8 mm; lateral (L) 2 to 3 mm, using external
landmarks as delimiters of the region. Dissected nigral area, cortex, hippocampus and striatum
were homogenized in 10 v (w/v) of 0.1 M Tris-HCI, pH 7.4, centrifuged at 1300 g (10 min)

and the supernatants were used for OS biomarkers determination.
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2.5.2.1. Lipid Peroxidation measure

Lipid peroxidation (LP) was estimated by quantification of thiobarbituric acid reactive
species (TBARS). LP was measured through the pink chromogen produced by the reaction of
thiobarbituric acid with malondialdehyde (MDA) at 100°C, measured spectrophotometrically
at 535 nm, according to Ohkawa et al. (1979). Results were expressed as nmol MDA/g

tissue.

2.5.2.2. Antioxidant defenses

Reduced gluthatione (GSH) tissue content was determined after reaction with 5,5’-
dithiobis-(2-nitrobenzoic acid). The yellow color formed was read at 412 nm, according to
Boyne and Ellman (1972). A standard curve using cysteine was used to calculate the content

of GSH in tissue samples, expressed as umol GSH/g tissue.

Catalase (CAT) activity was spectrophotometrically quantified in tissues by the
method of Aebi (1984), which involves monitoring the disappearance of H,O, in the presence
of cell homogenate (pH 7 at 25°C) at 240 nm. The enzymatic activity was expressed in pmol
H20,/min/g tissue.

2.6. Statistical Analysis

Data were analyzed by two way ANOVA [(4 (FH/ BNcFO/ HNcFO/ C) x 4 periods of
behavioral quantifications)] followed by Duncan’s multiple range test, when required.
Pearson’s correlation coefficient was calculated between behavioral parameters (VCM,
catalepsy, crossing and rearing) and substantia nigra LP (TBARS levels). Data were analyzed
using Statistica (11.0 version) and expressed as mean+S.E.M. Significance was considered

when p<0.05.

3. Results
3.1. Physicochemical characteristics of polymeric nanocapsules are shown in Table 1 and
Figure 1.

All formulations appeared macroscopically homogeneous and their aspects were
similar to a milky bluish opalescent fluid (Tyndall effect). Both nanocapsule suspensions (B-
NcFO and H-NcFO) presented particles in the submicrometric range (between 200 and 300
nm), low polydispersity (< 0.25), negative zeta potentials and neutral pH values (Table 1).
The nanometric size population represents more than 97% of the particle size distribution for
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both formulations. Furthermore, H-Nc showed drug content of 0.249 mg/mL and excellent
encapsulation efficiency (95.09+0.43%). TEM analysis showed uniform and rounded particles
(Figure 1).

3.2. Motor side effects induced by haloperidol acute treatment (haloperidol-loaded
nanocapsules or free haloperidol) are shown in Figure 2.

Oral dyskinesia: VCM frequency was increased by 310% after free haloperidol (FH)
administration (p<0.05) in relation to control (C group). Both nanocapsule suspensions (H-
NcFO and B-NcFO groups) showed orofacial movements unchanged, which were similar to
control (Fig. 2A).

Catalepsy measurement: In this behavioral evaluation, C and B-NcFO groups showed
no catalepsy. Therefore, they were not included in the results and discussion sections. Duncan
post hoc tests showed that H-NcFO treatment led to a decrease in immobility time (10%) in
relation to FH group (p<0.05) (Fig. 2B).

Locomotor activity: Haloperidol-treated rats (FH and H-NcFO groups) demonstrated
lower locomotor activity than C group. In fact, FH and H-NcFO groups presented a decrease

of 86% and 84% in crossing and 90% and 84% in rearing, respectively (Fig. 2C and 2D).

3.3 Motor side effects induced by subchronic haloperidol treatment (haloperidol-loaded
nanocapsules and free haloperidol) are shown in Figures 3 and 4.

Oral dyskinesia: Post hoc test showed a significant increase in VCM frequency in FH-
treated group in relation to control (p<0.05), while both nanocapsule suspensions (H-NcFO
and B-NcFO) did not affect this parameter in animals at all analyzed times (Fig 3A). Paired
sample T-test indicated that vehicle- (C), blank nanocapsules- (B-NcFO) and free haloperidol-
(FH) treated rats showed no changes in VCM frequency over time, but between days 7 and
14, haloperidol-loaded nanocapsules (H-NcFO) treatment increased this orofacial parameter.

Catalepsy time measurement: H-NcFO-treated rats showed lower immobility time
than FH-treated onesat all analyzed times (p<0.05) (Fig. 3B). Paired sample T-test indicates
that H-NcFO group increased catalepsy time at day 28 as compared to day 7.

Locomotor activity: FH-treated rats showed decreased crossing and rearing behavior at
days 28 and 21, respectively, in relation to control. Both nanocapsule suspension (B-NcFO
and H-NcFO) treatments did not affect locomotor activity in relation to control (Fig. 4A and

4B). Paired comparison indicates that FH group showed a significant decrease in crossing at
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days 21 and 28as compared to day 7and in rearing at days 21 and 28as compared to days 7
and 14.

3.4. Oxidative stress and antioxidant defenses parameters of rats treated with subchronic
haloperidol treatment (haloperidol-loaded nanocapsules and free haloperidol) are shown in
Table 2.

Duncan post hoc test revealed that FH group showed an increase in TBARS levels in
striatum and substantia nigra, a decrease in GSH levels in striatum and a reduction in CAT
activity in substantia nigra as compared to C group. H-NcFO group showed a decrease in
TBARS levels in striatum and substancia nigra as well as an increase in GSH levels in

striatum in relation to FH group.

3.5. Correlations of rats treated with subchronic haloperidol (haloperidol-loaded
nanocapsules containing fish oil and free haloperidol) are shown in Table 3.

Pearson’s correlation coefficient analyses revealed a significant positive correlation of
substantia nigra TBARS levels with VCM frequency and catalepsy duration. In addition, there
was a negative correlation of substantia nigra TBARS levels with locomotor parameters
(crossing and rearing), confirming that haloperidol-induced motor disturbances are closely
related to OS, verified through LP.

4. Discussion

Our previous study showed that antipsychotic effects of haloperidol-loaded
nanocapsules was maintained for longer time and more efficient and the motor side effects
were reduced in relation to free haloperidol (Benvegnu et al., 2011), but up to now no study
had evaluated the oxidative status in extrapyramidal brain regions of rats treated with this
formulation.

Many studies have demonstrated that drug-loaded nanocarriers are an efficient tool in
drug delivery, enhancing therapeutic effects and reducing adverse side effects (Beck et al.,
2005; 2006; Bernardi et al., 2009; Fontana et al., 2011; Wu et al., 2008). Furthermore, these
systems are able to promote permeation of drugs across the BBB, as previously demonstrated
by several authors (Bernardi et al., 2009; 2010; Xin-Hua et al., 2011; Wang et al., 2009),

suggesting their use as an alternative to haloperidol delivery to the brain.
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Here, haloperidol was efficiently encapsulated in polymeric nanocapsules using FO as
oily core. The physicochemical properties of the new formulation are similar to the
formulation previously developed using medium chain triglycerides as oil core (Benvegnu et
al.,, 2011). So, FO did not have any interference in the system, showing adequate
nanotechnological characteristics (size, zeta potential, encapsulation efficiency and
morphology) as well as drug delivery systems (pH and drug content). Although the zeta
potential can be considered low (in module), it is important to highlight that these polymeric
suspensions are stabilized by the presence of the polysorbate layer at the particle/water
interface, acting as a steric stabilizer (Jager et al., 2007).

Despite the advances observed in recent years, the mechanism involved in the
transport of drug-loaded polymeric nanocapsule into the brain remains uncertain (Garcia-
Garcia et al., 2005). Polysorbate 80 could play a special role as anchor between nanoparticles
and the apolipoprotein, especially ApoE. Nanoparticles combined with the apolipoprotein are
considered as LDL, and LDL receptor-mediated transcytosis brings drug-loaded nanoparticles
across the BBB (Kreuter et al., 2002). In addition, polysorbate 80 could also inhibit the efflux
system, especially P-glycoprotein (Kreuter et al., 2005), which hinder the access of some
drugs into the central nervous system. However, the exact mechanism involved in this
transport remains unclear.

Motor side effects were monitored after acute and subchronic haloperidol treatment:-
Free haloperidol-treated group showed extrapyramidal side effects, evidenced by increase of
OD frequency and catalepsy time, as well by locomotor impairment, reinforcing previous
reports of our group (Barcelos et al., 2010; Colpo et al., 2007; Trevizol et al., 2011) and other
research groups (Naidu et al., 2003; Zhang et al., 2007).

Excitotoxicity and OS have been closely related to development of haloperidol-
induced extrapyramidal side effects (Tsai et al., 1998). In line with this, haloperidol
administration can increase dopamine turnover, which reacts with molecular oxygen to form
dopamine quinones depleting glutathione and generating reactive species during this process
(Andreassen and Jorgensen, 2000). In addition, blockade of striatal dopamine receptors can
increase extracellular glutamate (Blrger et al.,, 2005b), which in turn contributes to OS
development (Tsai et al., 1998). Then, the involvement of excitotoxicity and particularly OS
in haloperidol-induced motor disorders has been intensely studied by our group (Barcelos et
al., 2010; Burger et al., 2005a, b; Colpo et al., 2007; Teixeira et al., 2011) seeking to better
understand the pathophysiology of extrapyramidal disturbances induced by typical
antipsychotics such as haloperidol, in order to minimize and/or prevent these symptoms. Of
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particular importance, findings of the present study demonstrated that free haloperidol
administration caused a significant LP increase in striatum and substantia nigra, which are
brain regions closely involved in movement disorders. Concomitantly, antioxidant defenses
such as GSH levels and CAT activity were also reduced by free haloperidol treatment in
striatum and substantia nigra, respectively. Contributing to our findings, a positive correlation
between movement disorders and TBARS levels in substantia nigra were observed as well.
Taken together, these findings confirm OS involvement in development of extrapyramidal
disorders such as haloperidol-induced OD. On the other hand, haloperidol loaded-
nanocapsules-caused fewer motor side effects than free haloperidol did, with no significant
increase of brain LP or changes in the antioxidant defense system.

In fact, recently we showed that haloperidol nanocapsules were able to increase and
prolong its antipsychotic effect with a reduction of motor side effects (Benvegnu et al., 2011).
Then, different preparations of slow release such as haloperidol decanoate and osmotic
minipumps are currently available in the antipsychotic therapeutic arsenal, which achieve
controlled release and stable plasma levels, but unfortunately, they still are able to induce
long-term motor side effects (Andreassen & Jorgensen, 2000). In this sense, searches for new
formulations that may minimize or delay the serious motor side effects haloperidol-induced
are emerging. Here, we are showing for the first time that the beneficial effects of
nanoencapsulated haloperidol on the motor system may result from lower oxidative damages
in extrapyramidal brain regions, when compared to free drug. In fact, these brain structures
themselves may be key contributors to OS development, mainly because they are rich in
dopamine that generates reactive metabolites by autoxidation and deamination (by
monoamino oxidase-MAO) (See, 1991). Considering that the efficacy of haloperidol-loaded
nanocapsules showed a more pronounced activity in a animal model of pseudo-psychosis
(Benvegnu et al., 2011) and that drug-loaded polysorbate 80 coated-nanocapsules reaches
more efficiently the brain compared to the administration of the non-encapsulated drug
(Bernardi et al., 2009; Frozza et al., 2010), the hypothesis of the lower delivery of haloperidol
to the brain can be refuted. This way, we can suggest two hypothesis: i) an alteration in the
distribution of haloperidol in the different brain areas to explain the decrease in the
extrapyramidal motor disorders after the administration of its nanoencapsulated form. This
modified biodistribution could contribute to lower generation of reactive species and OS,
evidenced here by minor LP in these dopaminergic regions; ii) haloperidol-loaded
nanocapsules allows a sustained and continued delivery of drug, without causing its excessive

bioaccumulation in brain extrapyramidal area, differently from FH, whose brain delivery
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occurs instantaneously and may generate a burst effect, facilitating drug accumulation in the
same area of the basal ganglia, and evoking motor side effects, as shown in the present study.
In fact, according to different authors, polymeric nanoparticles promote targeted drug delivery
(Nagarwal et al., 2009; Zhu et al., 2009), higher selectivity and lower systemic side effects
(Beck et al., 2005; 2006; Gao et al., 2010) in relation to free drug. However, more studies
involving both pharmacokinetic parameters such as biodistribution and tecidual levels of
haloperidol in brain dopaminergic areas are needed to confirm on or both hypothesis proposed

here.

5. Conclusion

Our study showed that haloperidol loaded-nanocapsules were able to minimize motor
side effects as well as oxidative damages in extrapyramidal brain regions. To our knowledge,
this is the first pharmacological study demonstrating beneficial effects of haloperidol
nanoencapsulation on the oxidative status and related to behavioral evaluations. We believe
that this new polymeric nanocapsule system can be considered in psychiatry in order to
reduce OS-related movement disorders, ameliorating the quality of life of patients who need
haloperidol. Further studies are necessary to investigate the haloperidol levels in different

brain regions as a function of time.
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Legends for Figures

Figure 1. Transmission electron microscopy (TEM) images of haloperidol- nanocapsule. A-
image on the left: bar =1200 nm (200.000x); B - image on the right: bar = 50 nm (400.000x).

Figure 2. Acute effect of free or nanoencapsulated haloperidol (0.2 mg/kg, ip). on vacuous
chewing movements (VCM) frequency (A), catalepsy time (B), crossing (C) and rearing (D)
numbers in rats (n=7). These observations were performed 1 h after a single haloperidol
administration. C-control; B-NcFO-blank nanocapsules; FH-free haloperidol; H-NcFO-
haloperidol-loaded nanocapsules. Data are expressed as meantS.E.M (n=7). *Indicates
significant difference from C group; *Indicates significant difference from FH group (P<0.05

for all comparisons).

Figure 3. Subchronic effects of daily administration of free or nanoencapsulated haloperidol
(0.2 mg/Kg/mL-ip once a day, for 28 days) on vacuous chewing movement (VCM) frequency
(A) and catalepsy time (B) in rats (n=7). These observations were performed at 7, 14, 21 and
28 days after the first injection. C-control; B-NcFO-blank nanocapsules; FH-free haloperidol;
H-NcFO-haloperidol-loaded nanocapsules. Data are expressed as meanzS.E.M. (n=7).
Symbols indicate significant difference between treatments at same observed time:
*difference from C group; *difference from FH group. Letters indicate significant difference
between observed times in the same treatment: °difference from 7 day (P<0.05 for all

comparisons).

Figure. 4. Subchronic effects of daily administration of free or nanoencapsulated haloperidol
(0.2 mg/Kg/mL-ip once a day, for 28 days) on crossing (A) and rearing behavior (B) in rats
(n=7). These observations were performed at 7, 14, 21 and 28 days after the first injection. C-
control; B-NcFO-blank nanocapsules; FH-free haloperidol; H-NcFO-haloperidol-loaded
nanocapsules. Data are expressed as meantS.E.M. (n=7). Symbols indicate significant
difference between treatments at same observed time: *difference from C group; *difference
from FH group. Letters indicate significant difference between observed times in the same

treatment: *difference from day 7; °difference from day 14 (P<0.05 for all comparisons).
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Table 1. Physicochemical characteristics of blank and haloperidol loaded-nanocapsules

containing fish oil (B-NcFO and H-NcFO).

Nanocapsules Drug Content Particle size

PDI? Zeta Potential pH

(mv)

(mg/mL) (nm)
B-NcFO - 290.14+14.4
H-NcFO 0.25+0.002 261.40+£3.52

0.23+0.02 -12.43+1.6 7.05+0.2
0.21+0.00 -13.23+0.7 7.46+0.1

Mean+S.D.: represents the variation between the different batches (n=3).

a
PDI: polydispersity index.
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Figure 1
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Figure 3:
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Figure 4:
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Table 2. Biochemical measures from lipid peroxidation measured by thiobarbituric acid

reactive substances (TBARS), reduced glutathione (GSH) and catalase (CAT) of rats.

Parameter Tissue C B-NcFO FH H-NcFO
Cortex 164.91+10.61 167.02+20.20 198.62+7.74 161.67+17.32
TBARS Striatum 126.96+09.88 118.37+23.07 177.15+23.97* 97.41+12.33"
Substantia Nigra  107.84+18.42 180.33+39.81 342.80+17.51* 179.06+37.86"
Cortex 1.88+0.17 2.16+0.11 1.76+0.29 1.98+0.11
GSH Striatum 1.97+0.11 1.69+0.22 1.12+0.20* 1.83+0.26"
Substantia Nigra 1.66+0.36 1.43+0.43 0.94+0.07 1.17+0.24
Cortex 224.44+46.68 163.89+16.05 165.34+2.49 206.42+31.50
CAT Striatum 262.80+41.98 202.85+26.72 210.89+24.69 225.91+25.24
Substantia Nigra  342.60+26.50 233.66+26.55 208.19+18.31*  307.72+63.20

Values are expressed as mean+S.E.M. (n=7).

C-control; B-Nc-blank nanocapsules; FH-free haloperidol; H-Nc-haloperidol-loaded nanocapsules.

Units-TBARS: nmol MDA/g tissue; GSH: umol GSH/g tissue; CAT: umol Hz0:/min/g tissue.

*Indicates significant difference from C group; +Indicates significant difference from FH group (P<0.05 for all comparisons).
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Table 3. Linear regression analysis between substantia nigra TBARS levels and behavioural
parameters in rats treated with free haloperidol or haloperidol-loaded nanocapsules. Linear
regression was evidenced by Pearson’s correlation coefficients (n=7).

Behavioural parameter R p
Substantia nigra TBARS-VCM 0.599 0.007
Substantia nigra TBARS-Catalepsy 0.708 0.022
Substantia nigra TBARS-Crossing -0.579 0.009
Substantia nigra TBARS-Rearing -0.511 0.025

Linear regression was evidenced by Pearson’s correlation coefficients (n=7).
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3.3 Manuscrito 2

EFFECTS OF FISH AND GRAPE SEED OILS AS CORE OF
HALOPERIDOL-LOADED NANOCAPSULES ON ORAL DYSKINESIA
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ABSTRACT

Background and purpose: Haloperidol is a widely used antipsychotic, despite the severe
motor side effects resulting from its chronic use. This study was carried out to compare oral
dyskinesia (OD) induced by different formulations of haloperidol-loaded nanocapsules
containing caprylic/capric triglycerides (H-NcCCO), fish oil (H-NcFO) or grape seed oil (H-
NcGSO) as core, as well as free haloperidol (FH).

Experimental approach: Haloperidol-loaded lipid-core nanocapsules formulations were
prepared and physicochemical characterized. After, the formulations (0.5 mg/kg-ip) were
administered to rats for 28 days. OD was evaluated acutely and subchronically. Cell viability
and free radical generation in cortex and substantia nigra were evaluated at the end of
behavioral observations.

Key results: All formulations presented satisfactory physicochemical parameters, however
the H-NcGSO formulation showed lower encapsulation efficiency. Acutely, all evaluated
formulations were able to prevent development of OD in comparison to FH, except H-
NcGSO, whose preventive effect was only partial. After subchronic treatment, all
formulations of haloperidol-loaded nanocapsules prevented OD development in relation to
free drug. In addition, H-NcFO and H-NcGSO were more effective than H-NcCCO and FH in
cell viability preservation and control of free radical generation.

Conclusions and implications: Our findings showed that H-NcFO may be considered as the
best formulation of haloperidol-loaded lipid-core nanocapsules, being able to prevent motor

side effects associated with chronic use of antipsychotic drugs, as haloperidol.

Keywords: haloperidol, polymeric lipid-core nanocapsule, fish oil, grape seed oil, oral

dyskinesia

Abbreviations: BBB-brain blood barrier, B-Nc-blank nanocapsules, CCO-caprylic/capric
triglycerides, CNS-central nervous system, DA-dopamine, FA-fatty acids, FH-free
haloperidol, FO-fish oil, GSO-grape seed oil, H-Nc-haloperidol loaded nanocapsules, OD-oral
dyskinesia, OS-oxidative stress, PUFA-polyunsaturated fatty acids, SFA-saturated fatty acids.
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1. Introduction

Haloperidol is a butyrophenone commonly used to treat schizophrenia. It is widely
prescribed worldwide due to its high potency and low cost (Ponto et al., 2010). However, the
use of this antipsychotic is limited by its strong tendency to produce extrapyramidal
movement disorders such as Parkinsonism, akathisia, dystonia, and tardive dyskinesia (Creese
et al., 1976). Haloperidol has been experimentally used to study movement disorders,
observed by the generation of orofacial dyskinesia (OD) and catalepsy in animals (Andressen
and Jorgensen, 2000; Barcelos et al., 2010; Trevizol et al., 2011), which occur due to the
increased turnover rate of dopamine (DA) (by blockade of the pre-synaptic receptors) in the
nigro-striatal brain area. The overproduction of reactive substances as a byproduct of DA
metabolism is closely related to the development of oxidative stress (OS) and neurotoxicity
(Andressen and Jorgensen, 2000; Zhu et al., 2004; Birger et al., 2005a). Moreover, neuronal
apoptosis was demonstrated in vitro (Ukai et al., 2004) and in vivo (Mitchell et al., 2002) after
haloperidol administration.

In the last years, efforts have been made by our research group to understand and
ameliorate the perspectives of the use of neuroleptic drugs. Several studies have shown the
beneficial effects of natural antioxidants, synthesized compounds (Burger et al, 2005b; Burger
et al., 2006; Fachinetto et al., 2007; Colpo et al., 2007; Trevizol et al., 2011; Busanello et al.,
2011) and dietary n-3 fatty acids (FA) (Barcelos et al. 2010; 2011) by preventing or
minimizing these adverse motor effects. Recently, as an alternative to avoid this serious
problem, we reported greater therapeutic efficacy and longer time of action of haloperidol-
loaded polysorbate-coated lipid-core nanocapsules, with minor acute and subchronic
extrapyramidal side effects as observed by the prevention of OD and decreased time of
catalepsy in rats (Benvegnu et al., 2011).

Novel drug delivery systems such as polymeric nanoparticles have attracted
considerable attention by their innovative property of enhancing therapeutic efficacy (Ourique
et al., 2011; Fontana et al. 2011; Bernardi et al., 2009; laniski et al., 2012) while minimizing
side effects (Beck et al., 2005; Yen et al., 2008; Gao et al., 2010). These beneficial properties
are due to these nanosystems’ ability to release drugs at a controlled rate and in specific body
sites (Nagarwal et al., 2009; Zhu et al., 2009). Of particular importance, drugs that present
low brain penetration have shown facilitated transport across the brain blood barrier (BBB)
when loaded by nanoparticles (Schaffazick et al., 2008; Bernardi et al., 2009; Frozza et al.,
2010; Wohlfart et al., 2011). Furthermore, nanometric systems are able to prolong the action

time of drugs that freely penetrate the brain but have a short action duration in the central
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nervous system (CNS) (Friese et al., 2000), a property that has been shown in neuroleptic
drugs (Muthu et al., 2009, Parikh et al., 2010, Seju et al., 2011).

The type of oily phase used as the core in preparation of polymeric nanocapsules can
influence the mean particle size and polydispersity index due to differences in its viscosity,
hydrophobic characteristic, and interfacial tension (Schaffazick et al., 2003; Bouchemal et al.,
2004). Alternative vegetable oils have been assayed to prepare nanocapsules with satisfactory
results (Dhanikula et al., 2007; Almeida et al., 2009; 2010, Flores et al., 2011). In addition,
different oils with therapeutic activity can be used (Almeida et al., 2009, 2010), thus
contributing to the pharmacological effects of the drug.

A recent study by Almeida et al., (2010) showed antioxidant property of rutin
nanocapsules containing grape seed oil (GSO) in vitro. GSO contains chemical components
rich in phenolic compounds, linoleic acid and tocopherols that present antioxidant activity
(Baydar et al., 2007). However, the therapeutic properties of this oil in the CNS are poorly
known and therefore deserve more research. In contrast, fish oil (FO) is already recognized
for this contribution in CNS disorders (Wainwright, 2002). Recently, our research group
showed the beneficial effect of FO supplementation on haloperidol- and reserpine-induced
movement disorders in rats (Barcelos et al.,, 2010; Barcelos et al., 2011), and we also
demonstrated a reduction in extrapyramidal side effects closely related with OS biomarkers in
rats treated with haloperidol-loaded nanocapsules containing FO (Benvegnu et al., 2012). FO
is rich in n-3 polyunsaturated fatty acids (PUFA) (Stansby et al, 1969), which contribute to
the maintenance of the histological, anatomical and biochemical integrity of neuronal
membranes phospholipids (Zararsiz et al., 2006) due to attenuation of apoptotic processes
associated with OS (Bazan 2006, 2007).

Given that haloperidol-loaded lipid-core nanocapsules have shown fewer motor side
effects in rats (Benvegnu et al., 2011), the aim of this study was to compare the
physicochemical properties of haloperidol-loaded nanocapsules containing different oils, and
the capacity of these formulations to induce extrapyramidal disturbances, together with a

biochemical analysis of the brain areas involved in movement disorders.

2. Materials and methods
2.1. Chemicals

Haloperidol was obtained from Galena (Campinas-SP, Brazil). FO capsules containing
1g oil/capsule, with 120mg of DHA and 180mg of EPA, were acquired from Aché®-

Guarulhos-SP, Brazil. Poly(e-caprolactone) and sorbitan monostearate (Span 60®) were
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obtained from Sigma (Tatuape-SP, Brazil). Caprylic/capric triglyceride (CCO) mixture was
supplied by Brasquim (Porto Alegre-RS, Brazil). Polysorbate 80 (Tween 80®) and GSO were
acquired from Delaware (Porto Alegre, RS, Brazil). All other chemicals and solvents used

were of pharmaceutical or HPLC grade and used as received.

2.2. Animals

Adult male Wistar rats (360+35g) were kept in Plexiglas cages with free access to
food and water in a room with controlled temperature (22-23°C) and on a 12h-light/dark
cycle with lights on at 7:00 a.m. The experimental protocol of this study was approved by the
Animal Ethical Committee of the Universidade Federal de Santa Maria (CIETEA- 22/2010),

which is affiliated to CONCEA in accordance with international rules of ethics in research.

2.3. Poly(e-caprolactone) swelling in the presence of FO

Films of poly(e-caprolactone) were obtained by squeezing with a hydraulic press for 5
min at 5 ton. Each film was exactly weighed and than immersed in sufficient volume (2 mL)
of FO in different flasks (n = 3). The flasks were closed and stored at room temperature. At
predetermined time intervals (5, 12, 16, 30 and 90 days), the films were pinched and FO was
removed using absorbing paper, and then the films were weighed again (Weiss-Angeli et al.,
2008).

2.4. Preparation of haloperidol-loaded polysorbate-coated nanocapsules suspensions
Nanocapsules were prepared by interfacial deposition of preformed polymer, as
described by Fessi et al. (1989). Briefly, the organic solution consisted of CCO, FO or GSO,
poly(e-caprolactone), haloperidol, sorbitan monostearate and acetone, which were poured
under magnetic stirring into an aqueous solution containing polysorbate 80. Acetone was
removed and the suspension concentrated by evaporation under reduced pressure. The final
volume of the suspension was adjusted to 25 mL (0.25 mg/mL of haloperidol). Blank
nanocapsules were prepared using the same protocol described above, but omitting the
presence of the drug. The free suspension of haloperidol (0.25 mg/mL) was prepared in an

aqueous solution using 5% (w/v) of polysorbate 80.

2.5. Physicochemical characterization of nanocapsules
Particle sizes, polydispersity indices and zeta potential (n=3) were measured by photon

correlation spectroscopy (Zetasizer Nanoseries ZEN 3600, Malvern Instruments, UK). Drug
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content (mg/mL) was determined (n=3) after dissolution of nanocapsules in acetonitrile (1 mL
of suspension to 5 mL of acetonitrile) and assayed by high performance liquid
chromatography (HPLC), according to previously described and validated protocol (Benvegnu
et al., 2011) using a Shimadzu instrument (LC-10AVP Pump, UV-VIS SPD-10AVP Module,
Class-VP Software, Shimadzu, Tokyo, Japan). Encapsulation efficiency was determined by
the ultrafiltration-centrifugation technique. Then, the concentration of free drug was
determined in the clear supernatant after this technique (Ultrafree-MC® 10,000 MW,
Millipore, Bedford, USA). Encapsulation efficiency (%) was calculated by the difference
between total and free drug concentrations determined in the nanocapsule suspension (drug
content) and in the ultrafiltrate, respectively, using the HPLC method described above. Values
of pH were determined using a calibrated potentiometer (MPA-210 Model, MS-Tecnopon,

Séo Paulo, Brazil).

2.6. Fatty acids of nanocapsules composition

Oil samples were submitted to saponification in methanolic KOH solution and
esterification in methanolic H,SO, solution (Hartman and Lago, 1973). Methylated FA were
analyzed using an Agilent Technologies gas chromatograph (HP 6890) equipped with a
Supelco SP-2560 capillary column (100 m x 0.25 mm x 0.20 pum) and flame ionization
detector. The temperature of the injector port was set at 250°C and the carrier gas was
nitrogen (1.0 ml/min). After injection (1 uL, split ratio 50:1), the oven temperature was kept
at 70°C for 4 min, raised to 180°C at 9°C/min and held at this temperature for 2 min, raised to
200°C at 7°C/min and held at this temperature for 5 min, raised to 210°C at 1°C/min and held
at this temperature for 5 min, raised to 215°C at 1°C/min and held at this temperature for 2
min, and then raised to 240°C at 10°C/min and held at this temperature for 2.5 min. Standard
FA methyl esters (Sigma, Saint Louis, USA) were subjected to the same conditions and the
following retention times were used to identify the FA. Results were expressed as percentage
of total area of the identified FA.

2.7. In vivo experiments

2.7.1. Experiment 1

Fifty-six rats were randomly divided in 8 groups (n=7): C group: control - aqueous
solution containing 5% polysorbate 80 (v/v) — 1.0 mg/Kg, B-NcCCO group: standard blank
nanocapsules suspension — 1.0 mg/Kg, FH groups: free haloperidol suspension -0.5, 0.75 and 1.0

mg/Kg; H-NcCCO groups: haloperidol-loaded standard nanocapsules suspension - 0.5, 0.75 and
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1.0 mg/Kg. Animals received a daily injection ip of the treatments for 28 days. Development of
oral dyskinesia (OD) was evaluated acutely (one hour after the first administration) and
subchronically on days 7, 14, 21 and 28 (after the first day administration), according to the
methodology described below:

2.7.1.1. Oral dyskinesia

Animals were individually placed in cages (20x20x19 cm?®) containing one mirror
under the floor and one behind the back wall of the cage to allow behavioral quantification
when the animal was facing away from the observer. To quantify the occurrence of OD, the
incidence of vacuous chewing movement (VCM) was recorded for three sets of 5 minutes
with intervals of 5 minutes. Observers were blind to the treatment. In a preliminary study
(using five control and ten rats treated with haloperidol) of interrater reliability, we found that
the use of this method of observation and definition for the parameters evaluated usually
results in 96% agreement between three different observers.

2.7.2. Experiment 2

Fifty-six rats were randomly divided in 8 groups (n=7): C group: control-aqueous solution
containing 5% polysorbate 80 (v/v), FH group: free haloperidol suspension, B-NcCCO and H-
NcCCO group: blank and haloperidol-loaded nanocapsules suspension containing standard oil, B-
NcFO and H-NcFO group: blank and haloperidol-loaded nanocapsules suspension containing fish
oil, B-NcGSO and H-NcGSO group: blank and haloperidol-loaded nanocapsules suspension
containing grape seed oil.

All formulations were administered daily (0.5 mg/kg ip) for 28 days. Development of OD
was evaluated acutely and subchronically as described above.

At day 29, animals were euthanized by cervical decapitation after anesthesia with sodium
pentobarbital (50 mg/kg body weight-ip). Brains were removed and cut coronally at the caudal
border of the olfactory tubercle. The cortex and substantia nigra regions were dissected out
(Paxinos and Watson, 2007) and homogenized in 10 vol (w/v) of 0.1 M Tris-HCI, pH 7.4,
centrifuged at 1300 g (10 min) and the supernatants were used for biochemical analysis.

2.7.2.1. Slices Viability

MTT assay is a mean of measuring the activity of living cells by assessing the activity
of mitochondrial dehydrogenases. The viability was quantified by measuring the reduction of
[3-(4,5-dimethyllthiazol-2-yl)-2,5-diphenyltetrazolium bromide]-MTT to a dark violet

formazan product by mitochondrial dehydrogenases (Mosmann, 1983). Slices (0.4 mm) of the
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brain areas of rats were prepared with a Mcllwain chopper. MTT reduction assays were
performed in plates containing 500 pL of phosphate buffer saline, and the reaction was started
by adding MTT to a final concentration of 0.1 mg/mL. After 1 h of incubation at 37°C, the
medium was removed and the slices dissolved in dimethylsulfoxide (DMSO). The MTT
reduction was measured spectrophotometrically by the difference in absorbance between 570

and 630 nm. Data were calculated as a percentage of values from control.

2.7.2.2. Oxidation assay

Reactive oxygen/nitrogen species production was measured following Lebel et al.
(1992) (method based on 2'7'-dichlorofluorscein (H,DCF) oxidation. Samples (30 uL) were
incubated for 30 min at 37 °C in the dark with 30 puL of 20 mM sodium phosphate buffer pH
7.4 with 140 mM KCI and 240 pL of 100 uM 2'7’-dichlorofluorscein diacetate (H,DCF-DA)
solution in a 96 wells plate. H,DCF-DA is cleaved by cellular esterases and H2DCF formed is
eventually oxidized by reactive oxygen species (ROS) or reactive nitric species (RNS)
presenting in samples. The last reaction produces the fluorescent compound DCF which was
measured at 488 nm excitation and 525 nm emission and the results were represented by nmol

DCF/mg protein.

2.7. Statistical Analysis

Data were analyzed by one-way ANOVA followed by Duncan’s multiple range
analysis when required. Paired samples T-test was used to compare behavior at different time
points. Pearson’s correlation coefficient was calculated between VCM frequency and % cell
viability determined in substantia nigra. Data were analyzed using Statistica (11.0 version)

and expressed as mean+S.E.M. Significance was considered when P<0.05.

3. Results

Poly(e-caprolactone) swelling in the presence of FO is shown in Figure 1.
The results showed that polymeric weights practically did not change in mass (< 1%)

throughout the experimental period (day 0 to day 90).

Physico-chemical characteristics of polymeric nanocapsules are shown in Table 1 and 2.
All formulations appeared macroscopically homogeneous and their aspects were

similar to a milky bluish opalescent fluid (Tyndall effect). Both blank and haloperidol
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nanocapsules suspensions (NcCCO, NcFO and NcSO) presented particles within the
submicrometric range (between 200 and 300 nm), low polydispersity (< 0.25), negative zeta
potentials and neutral pH values (Table 1). The drug content was near to theorical value (0.25
mg/mL) for all suspensions. The encapsulation efficiency was excellent for H-NcCCO and H-
NCcFO, but low for H-NcGSO (86%) (Table 2).

The total oil content of the nanocapsules is shown in Table 3

Considerable variations of the FA composition were observed across the different oils
used to prepare haloperidol-loaded nanocapsules. While in CCO the prevalence was saturated
fatty acids (SFA), in FO and GSO a high proportion of monounsaturated fatty acids (MUFA)
and PUFA was detected. Also, FO presented higher n-3 FA and GSO higher n-6 and n-9 FA.

Oral dyskinesia induced by acute and subchronic haloperidol treatment (free haloperidol X
haloperidol-loaded nanocapsules containing caprylic/capric triglycerides) is shown in Figure
2 and Table 4, respectively.

Duncan post hoc test showed that rats acutely treated with FH (all doses) showed
higher VCM frequency than control and H-NcCCO groups. Animals treated with the two
highest doses of H-NcCCO (0.75 and 1.0 mg/kg) showed higher VCM frequency than control
and B-NcCCO groups. In fact, both B-NcCCO and the lowest dose of H-NcCCO (0.5 mg/Kg)
were associated with absence of oral movements, similarly to controls (Figure 2).

After subchronic treatment, the three doses of the FH group presented higher
frequency of VCM than control and B-NcCCO groups did at all observation times. At the
same doses of the free drug, H-NcCCO reduced OD, as observed by lower VCM frequency at
days 7 (0.75 mg/kg), 14 (all doses), 21 (0.5 mg/kg) and 28 (for all doses) (Table 4). The dose
of 0.5 mg/Kg of haloperidol-loaded nanocapsules suspension (H-NcCCOQO) was the most
effective in preventing the development of OD, and therefore was chosen to be used in the

following experiments.

Oral dyskinesia induced by acute and subchronic haloperidol treatment (free haloperidol and
haloperidol-loaded nanocapsules containing different oils) are shown in Figure 3 and Table
5.

Duncan post hoc test showed that rats acutely treated with FH showed higher VCM
frequency than controls and rats treated with blank nanocapsules (B-NcCCO, B-NcFO and B-

NcGSO) and haloperidol-loaded nanocapsule suspensions containing different oils (H-
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NcCCO, H-NcFO and H-NcGSO). Among these, no difference of VCM frequency was
observed, but rats treated with H-NcGSO showed significantly higher VCM than control and
blank nanocapsules (Figure 3) groups.

After subchronic treatment, FH administration increased VCM frequency in relation to
control and to groups treated with blank nanocapsules and haloperidol-loaded nanocapsules
prepared with different oils at all observation times. Among nanoencapsulated formulations,
H-NcFO showed lower VCM frequency than H-NcCCO at day14 and than both HNcFO and
HNCcGSO at day 28", respectively. In fact, the control, blank, H-NcFO and H-NcGSO groups
showed similar VCM frequency at all observation times (Table 5).

Survival of brain cells after subchronic administration of haloperidol (free and
nanoencapsulated in different oils) is shown in Figure 4 and 5.

Duncan post hoc test showed that subchronic administration of FH and H-NcCCO
reduced cortex cell survival as compared to the control group, while in H-NcFO and H-
NcGSO groups cell survival was similar to control and blank nanocapsules groups. Except for
the H-NcFO group, all haloperidol formulations (FH, H-NcCCO and H-NcGSO) reduced cell
survival in substantia nigra as compared to controls, but in the H-NcGSO group this effect
was smaller than in the FH group (Figure 4). Interestingly, linear regression analysis showed a
significant negative correlation between VCM frequency and cell viability determined in
substantia nigra (r= -0.39 and P=0.006), showing a causal relationship between damages to

extrapyramidal areas and development of haloperidol-induced motor disturbances (Figure 5).

Reactive species production after subchronic administration of haloperidol (free and
nanoencapsulated in different oils) is shown in Figure 6.

The production of reactive species in cortex was higher in rats treated with FH, H-NcCCO
and H-NcFO than in the control group. Between haloperidol-loaded nanocapsules groups,
reactive species production was lower in H-NcFO and H-NcGSO than in FH and H-NcCCO
groups, whose values were similar between each other, while H-NcGSO treatment was
associated with lower production of reactive species as compared to the H-NcFO group. In
substantia nigra only FH increased the generation of reactive species in relation to control. In
this brain area, all haloperidol-loaded nanocapsules formulations were associated with
decreased production of reactive species as compared to free drug, while reactive species
generation was lower in both H-NcFO and H-NcGSO groups than in the H-NcCCO group
(Figure 6).
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4. Discussion

In a recent study we reported that haloperidol-loaded lipid-core nanocapsules
presented a stronger and most prolonged antipsychotic effect as well a reduction of motor side
effects (Benvegnu et al., 2011) and OS biomarkers in relation to free drug (Benvegnu et al.,
2012). As a continuation of that study, here we prepared different formulations of haloperidol-
loaded nanocapsules containing caprylic/capric triglyceride, FO and GSO as core in order to
compare them concerning the development of OD -a side effect commonly related to
neuroleptic drug treatment — as well as their relation with free radical production and cell
viability in brain areas closely involved with movement function.

A selective delivery of bioactives to restricted areas of the body in order to maximize
their therapeutic potential and minimize their side-effects has been the purpose of renowned
laboratories. Polymeric nanoparticles have assisted in this regard, emerging as a promising
tool in drug delivery (Nahar et al., 2006). In addition, it was reported that nanoparticles
overcoated by polysorbates (especially polysorbate 80) were able to transport the loaded
drugs across the BBB (Schaffazick et al., 2008; Bernardi et al., 2009), suggesting their use as
an alternative system to drug delivery to the brain.

Considering that the type of oily phase used as the core in preparation of polymeric
nanocapsules can modify the system’s properties (Bouchemal et al., 2004), we prepared
nanocapsules formulations containing different oils in their core. With a similar intention,
Dhanikula et al. (2007) showed the effects of a preparation of haloperidol-loaded
nanocapsules containing soybean and sunflower oils. Although these oils showed some
advantages, they are not considered protective per se, and in a way this was the motivation
behind the present study. In this sense, FO was chosen because of its recognized beneficial
effects in the CNS (Wainwright, 2002, Barcellos et al. 2010; 2011), while GSO was selected
because of a previous study involving its incorporation in nanocapsules core (Almeida et al.,
2009), as well as its antioxidant activity (Baydar et al., 2007), also favorable to the CNS.

As so far only our previous study about FO as nanocapsules core has been reported in
the literature (Benvegnu et al., 2012), we performed an experiment of poly(e-caprolactone)
swelling in the presence of this oil ir order to determine a possible solubilization of the
polymer by FO. In this case, the polymeric wall of nanocapsules could be dissolved by the
oily core resulting in the formation of nanometric oily droplets (nanoemulsion) during the
storage time (Weiss-Angeli et al., 2008). We detected just an insignificant variation in the

polymeric mass, indicating that FO and poly(e-caprolactone) have low interactions at the
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macroscopic scale. Therefore, we found that the polymeric wall of nanocapsules will not be
dissolved by FO, thus maintaining the required characteristics.

Haloperidol was efficiently encapsulated in polymeric nanocapsules (Fessi et al.,
1989). The incorporation of FO and GSO did not interfere with the system, proving to be
favorable and compatible with haloperidol and the proposed methodology. All suspensions of
haloperidol-loaded nanocapsules presented mean size lower than 300 nm and drug content
near 100% of the theoretical value (0.25 mg/mL). These values are in agreement with the
diameters usually observed for nanocapsules prepared using the preformed polymers by the
interfacial deposition method (Couvreur et al.,, 2002; Santos-Magalhdes et al., 2000;
Schaffazick et al., 2003). Polydispersity indices below 0.25 indicate a homogeneous particle
distribution for all formulations (Mil&o et al., 2003; Alves et al., 2007). The magnitude of zeta
potential gives an indication of the potential stability of the colloidal system. If all the
particles in suspension have a large negative or positive zeta potential, then they will tend to
repel each other and there will be no tendency for the particles to come together (Hunter,
1981). As the formulations with GSO and FO presented higher magnitudes of zeta potential
than the CCO did (~ -16, -13 and -8mV, respectively), they are less likely to be unstable.
However, the physical colloidal stability of these nanocapsules also depends on the steric
effect of the surfactant (polysorbate 80) at the particle/water interface (Couvreur et al., 2002).
Suspensions containing GSO presented a decrease in the efficiency of haloperidol
encapsulation in relation to suspension containing CCO and FO, however the mechanism
involved in this effect was not established.

The composition of FA in the oils was also investigated. As expected, CCO presented
only SFA (+ 99%), while GSO and FO presented mostly PUFA. Our results are according to
the literature, which indicates a higher proportion of n-3 FA in FO (Stansby et al, 1969) and
elevated content of n-6 FA in GSO (Baydar et al., 2007). In addition, we found a high
percentage of n-9 FA in this last oil, which may contribute to its antioxidant property.

As previously demonstrated, free haloperidol at the dose of 2.0 mg/Kg-IP induced OD,
while haloperidol loaded-nanocapsules were able to prevent this effect at the same dose
(Benvegnu et al., 2011). In order to check if this effect is maintained with higher doses of this
last formulation, we performed an experiment to compare free haloperidol with haloperidol-
loaded nanocapsules at three different doses (0.5; 0.75 and 1.0 mg/Kg) which were acutely
and subchronically quantified by OD. Behavioral observations showed a beneficial effect of
0.5 mg/Kg of this nanoformulation, which was able to prevent the development of OD in both

acute and subchronical administration. So this dose was chosen to be used in the next
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experimental set, when haloperidol-loaded nanocapsules were prepared with different oils in
their core.

Acute administration of haloperidol-loaded nanocapsules containing GSO prevented
OD only partially as compared to the free drug. However, subchronical administration of all
nanocapsules formulations prevented this haloperidol-induced effect, showing that
haloperidol-loaded nanocapsules have advantages over the free drug in its continuous use. As
previously described, we hypothesized that haloperidol loaded-nanocapsules reached the
extrapyramidal area more slowly and/or in lower levels, thus minimizing development of OD
(Benvegnu et al., 2011). The partial prevention effect observed with acute administration of
the GSO formulation may be explained by its lower encapsulation efficiency, with more drug
remaining in free form. However, as this effect disappeared subchronically, the lower
encapsulation efficiency did not indicate a disadvantage for this formulation.

The relationship between motor disorders and haloperidol-induced OS generation and
neurotoxicity was previously described (Andreassen and Jorgensen, 2000; Tsai et al., 1998;
Burger et al., 2005a). A negative correlation between development of OD and cell survival in
substantia nigra confirmed the connection between haloperidol-induced neurotoxicity and
development of extrapyramidal motor disorders. Increased free radical generation has been
shown after prolonged haloperidol administration, which occurs by DA autooxidation and
deamination (Andreassen and Jorgensen, 2000). In fact, metabolites generated in these
reactions are highly reactive and can be proapoptotic, activating mitochondrial death
pathways (Ukay et al., 2004). So, our findings are in accordance with these reports, mainly
because, as expected, FH was able to increase ROS generation, as evidenced by DCF
oxidation and reduced cell survival. These data suggest the development of apoptotic
processes induced by free haloperidol, but further studies concerning apoptosis markers
involved in cell death are needed.

Haloperidol-loaded nanocapsules suspension containing capric/caprilic triglycerides
(H-NcCCO) was not able to prevent reduced cell survival, and did not reduce the generation
of free radicals in brain areas involved in motor disorders. However, formulations containing
FO and GSO (H-NcFO and H-NcGSO, respectively) had better results than H-NcCCO, which
were sufficient to afford higher protection against haloperidol-induced oxidative damages.
Although the H-NcGSO formulation did not show ideal physicochemical properties, it had
neuroprotective effects that were better than those observed with the H-NcCCO formulation.
Thus, we can suggest that nanoformulations containing PUFA and in minor proportion SFA

in their core are able to enhance the therapeutic activities of the drug they carry, especially



100

when the active compound exerts prooxidative effects, such as haloperidol. In fact, PUFA,
whose benefits to the CNS are well established, may contribute to antiapoptotic effects by
controlling free radical generation and thus preventing generation of OS in the brain (Barcelos
et al, 2010; 2011) and preserving neuronal survival (Murat et al., 2008; Ozlem et al., 2011).
Interestinlgly, the present study is showing for the first time the beneficial effects of GSO on
oxidative damages to the CNS, which may be related to its antioxidant properties (Baydar et
al., 2007). Thus, haloperidol-nanocapsules suspensions containing FO (rich in n-3 FA) and
GSO (rich in n-6 and n-9 FA) showed decreased generation of oxidative damages and reduced
cell death, and consequently fewer drug-related adverse side effects. In general, haloperidol-
loaded nanocapsules containing FO showed more adequate physicochemical parameters and
fewer haloperidol-induced motor side effects, thus maintaining the functional integrity of the

brain.

5. Conclusion

In summary, our study showed the beneficial effects of haloperidol-loaded
nanocapsules containing different oils in their core. To the best of our knowledge, this is the
first pharmacological study demonstrating the protective effects of these innovative
formulations. Haloperidol-loaded nanocapsules containing FO afforded greater protection
against acute and subchronic development of OD, also being able to preserve cell survival,

which may be related to lower free radical generation in extrapyramidal brain areas.
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Figure Captions

Figure 1. Poly(e-caprolactone) swelling experiments in presence of fish oil. Films were

weighed at different time intervals.

Figure 2. Acute effects of different doses of a single administration of free and
nanoencapsulated haloperidol on vacuous chewing movements (VCM) frequency in rats.
Abbreviations: C-control; B-NcCCO and H-NcCCO (blank- and haloperidol-loaded
nanocapsules containing caprylic/capric triglycerides; FH-free haloperidol. Data are expressed
as mean+S.E.M (n=7). *Indicates significant difference from C group; *Indicates significant

difference from FH group (P<0.05 for all comparisons).

Figure 3. Acute effects of a single administration (0.5 mg/kg/mL-ip) of free and
nanoencapsulated haloperidol containing different oils as core on vacuous chewing
movements (VCM) frequency in rats. Abbreviations: C (control); B-NcCCO and H-NcCCO
(blank and haloperidol-loaded nanocapsules containing caprylic/capric triglycerides), B-
NcFO and H-NcFO (blank and haloperidol-loaded nanocapsules containing fish oil); B-
NcGSO and H-NcGSO (blank and haloperidol-loaded nanocapsules containing grape seed
oil); FH-free haloperidol. Data are expressed as mean+S.E.M. (n=7). *Indicates significant
difference from C group; Indicates significant difference from FH group (P<0.05 for all

comparisons).

Figure 4. Subchronic effects of free or nanoencapsulated haloperidol containing different oils
(0.5 mg/Kg/mL- ip once a day, for 28 days) on % cell viability measured by MTT assay in
cortex (A) and substantia nigra (B) of rats. Abbreviations: C (control); B-NcCCO and H-
NcCCO (blank and haloperidol-loaded nanocapsules containing caprylic/capric triglycerides),
B-NcFO and H-NcFO (blank and haloperidol-loaded nanocapsules containing fish oil); B-
NcGSO and H-NcGSO (blank and haloperidol-loaded nanocapsules containing grape seed
oil); FH-free haloperidol. Data are expressed as mean+S.E.M. (n=7). *Indicates significant
difference from C group; ‘Indicates significant difference from FH group; *Indicates
significant difference from H-NcCCO group (P<0.05 for all comparisons).

Figure 5. Linear regression analysis between % substantia nigra cell viability and VCM

frequency in rats treated with free or nanoencapsulated haloperidol containing different oils
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(0.5 mg/Kg/mL- ip once a day, for 28 days, n=7). Linear regression was evidenced by

Pearson’s correlation coefficients (r = -0.39 and P<0.05).

Figure 6. Subchronic effects of free or nanoencapsulated haloperidol containing different oils
(0.5 mg/Kg/mL- ip once a day, for 28 days) on the production of reactive species measured by
DCF assay in cortex (A) and substantia nigra (B) of rats. Abbreviations: C (control); B-
NcCCO and H-NcCCO (blank and haloperidol-loaded nanocapsules containing
caprylic/capric triglycerides), B-NcFO and H-NcFO (blank and haloperidol-loaded
nanocapsules containing fish oil); B-NcGSO and H-NcGSO (blank and haloperidol-loaded
nanocapsules containing grape seed oil); FH-free haloperidol. Data are expressed as
mean+S.E.M. (n=7). *Indicates significant difference from C group; *Indicates significant
difference from FH group; “Indicates significant difference from H-NcCCO group (P<0.05
for all comparisons); °Indicates significant difference from H-NcFO group (P<0.05 for all

comparisons).
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Table 1: Physicochemical characteristics of blank and haloperidol loaded-nanocapsules.

Nanocapsules Particle size PDI? Zeta Potential pH
(nm) (mv)
B-NcCCO 280+15 0.25+0.1 -8+£0.5 7.1+0.2
B-NcFO 290+14 0.23+0.0 -124+1.6 7.0+0.2
B-NcGSO 272425 0.24+0.0 -16+2.1 7.240.2
H-NcCCO 230+25 0.16+0.5 -8+0.2 7.5+0.1
H-NcFO 261+03 0.21+0.0 -134+0.7 7.5+0.1
H-NcGSO 253+30 0.20+0.0 -16+1.0 7.440.2

Mean£S.D.: represents the variation among the different batches (n=3).
2 PDI: polydispersity index.
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Table 2: Drug content and encapsulation efficiency of blank and haloperidol loaded-
nanocapsules.

Nanocapsules Drug Content Encapsulation

(mg/mL) efficiency (%)
H-NcCCO 0.25+0.2 94+0.5
H-NcFO 0.25+0.0 95+0.4
H-NcGSO 0.25+0.1 86+0.3

MeanzS.D.: represents the variation among the different batches (n=3).
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Table 3: Fatty acid composition of nanocapsules oil content (% of total oil identified).

Fatty acids CCO FO GSO
8:0 54.05 0.16 0.01
10:0 45.44 0.16 0.04
14:0 0.01 7.54 0.07
16:0 0.06 19.23 6.42
18:0 0.11 4.21 3.95
22:0 nd 0.16 0.76
> SFA 99.67 31.45 11.25
16:1 n-7 nd 9.31 0.10
18:1 n-9 0.02 12.50 33.36
20:1 n-9 nd 1.25 0.24
2. MUFA 0.02 23.06 33.70
18:2 n-6 nd 1.87 53.76
18:3n-3 nd 1.03 0.29
20:2 n-6 nd 3.39 0.02
20:4 n-6 nd 1.04 nd
20:5n-3 nd 18.86 nd
22:5n-3 nd 2.63 0.02
22:6 n-3 nd 13.20 nd

2. PUFA nd 42.02 54.09
2. n-3 nd 35.72 0.31
2. n-6 nd 6.30 53.78
>.n-9 0.02 13.75 33.6

The following fatty acids were found at concentrations lower than 0.5% and for this reason
are not shown: C4:0, C6:0, C11:0, C12:0, C13:0, C15:0, C17:0, C20:0, C18:3n6, C20:3n6,
C20:3n3, C24:0 and C24:1n9. The following fatty acids were not detected in the analyzed
samples: C14:1n5, C15:1n5, C17:1n5, C18:1n9t, C18:2n6t, C21:0, C20:3n3, C22:1n9,
C23:0 and C22:2n6. SFA-saturated fatty acids; MUFA-monounsaturated fatty acids; PUFA-
polyunsaturated fatty acids; nd-not detected.
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Table 4: Table 4. Subchronic effects of daily administration of different doses of free or
nanoencapsulated haloperidol for 28 days on vacuous chewing movement (VCM) frequency in

rats.
Groups Days
7 14 21 28
C 4.25+1.44 3.42+1.70 4.43+1.53 2.37+0.96
B-NcCCO 5.83+2.30 5.25+2.75 5.33+2.27 5.5844.53
FH
0.5 23.14+11.4* 20.73+8.36* 18.90+4.99* 16.14+£3.51*
0.75 15.80+2.74* 22.00+5.86* 17.00+4.04* 26.90+2.62*
1.0 25.67+8.10* 32.25+6.85* 27.25+3.74* 32.20£10.11*
H-NcCCO
0.5 8.50+1.60 5.75+1.98" 6.80+1.93" 7.50+2.17"
0.75 4.83+1.56" 2.77+0.79" 9.58+2.95 6.67+3.62"
1.0 20.202+4.00* 17.83+4.26*" 26.58+5.61* 20.33+4.55*"

These observations were performed at 7, 14, 21 and 28 days after the first injection. Abbreviations:
C (control); B-NcCCO and H-NcCCO (blank and haloperidol-loaded nanocapsules containing
caprylic/capric triglycerides), B-NcFO and H-NcFO (blank and haloperidol-loaded nanocapsules
containing fish oil); B-NcGSO and H-NcGSO (blank and haloperidol-loaded nanocapsules
containing grape seed oil); FH-free haloperidol. Data are expressed as meantS.E.M (n=7).
*|ndicates significant difference from C group; *Indicates significant difference from FH group in
the same dose (P<0.05 for all comparisons).
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Table 5: Subchronic effects of daily administration of free or nanoencapsulated haloperidol
containing different oils (0.5 mg/Kg/mL-IP once a day, for 28 days) on vacuous chewing
movement (VCM) frequency in rats.

Groups Days

7 14 21 28
C 5.29+1.24 7.85+1.49 3.93+1.95 5.91+2.28
B-NcCCO 6.3+1.76 1.71+0.58 3.14+0.81 2.21+0.67
B-NcFO 5.64+1.48 2.85+1.55 3.21+1.21 1.92+0.70
B-NcGSO 6.8+3.09 2.1+0.94 11.5+3.43 1.50+0.41
FH 22.6+6.07* 21.87+2.90* 22.65+4.97* 21.00+£3.53*
H-NcCCO 13.78+4.34 10.57+3.47° 10.06+2.87" 11.14+62.63"
H-NcFO 6.94+0.67" 4.00+1.47 4.06+1.71" 3.08+0.81"*
H-NcGSO 10.42+1.69" 6.00+1.34" 6.78+3.11" 3.93+1.08"

These observations were performed at 7, 14, 21 and 28 days after the first injection.
Abbreviations: C (control); B-NcCCO and H-NcCCO (blank and haloperidol-loaded
nanocapsules containing caprylic/capric triglycerides), B-NcFO and H-NcFO (blank and
haloperidol-loaded nanocapsules containing fish oil); B-NcGSO and H-NcGSO (blank and
haloperidol-loaded nanocapsules containing grape seed oil); FH-free haloperidol. Data are
expressed as mean+S.E.M. (n=7). *Indicates significant difference from C group; *Indicates
significant difference from FH group; “Indicates significant difference from H-NcSO group
(P<0.05 for all comparisons).
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4 DISCUSSAO

O haloperidol continua sendo o farmaco antipsicotico mais prescrito mundialmente
(SILVA, 2002; PONTO et al., 2010), o qual é classificado como antagonista dopaminérgico
predominantemente D, (FANG et al., 1997), cuja acédo terapéutica relaciona-se ao bloqueio
das vias dopaminérgicas mesolimbica e mesocortical (CREESE et al., 1976). No entanto, o
antagonismo das demais vias dopaminérgicas acaba gerando graves efeitos adversos, 0s quais
podem ser progressivos e incapacitantes, comprometendo, assim, a qualidade de vida dos
pacientes que necessitam desta medicacdo (MORENO et al., 2004).

Nos ultimos anos, muitos esforcos do nosso grupo de pesquisa foram investidos em
busca da prevencdo ou reducdo dos efeitos colaterais motores induzidos por antipsicéticos
tipicos. Estes estudos tiveram por base a utilizacdo de substancias com propriedades
antioxidantes, a fim de reduzir os danos oxidativos associados ao uso de antipsicoticos, cuja
fisiopatologia tém sido relacionada ao EO e a neurotoxicidade. Como retrospectiva, entre 0s
antioxidantes estudados, encontram-se alguns compostos sintéticos (BURGER et al., 2003;
2005b; BURGER et al., 2006), compostos naturais como o 6leo de peixe (BARCELOS et al.,
2010) e o resveratrol (BUSANELLO et al., 2011) ou, ainda, plantas medicinais de
reconhecida atividade antioxidante, tais como Valeriana officinalis (FACHINETTO et al.,
2007), llex paraguariensis (COLPO et al., 2007) e Carya illinoensis (TREVIZOL et al.,
2011). Além disso, passou-se a investigar outras formas de prevencao, como a atividade fisica
regular, que foi capaz de prevenir os disturbios motores induzidos pelo haloperidol
(TEIXEIRA et al., 2011), bem como desordens do movimento associadas ao processo natural
de envelhecimento (TEIXEIRA et al., 2012).

Neste sentido, na busca pela minimizacgdo de efeitos adversos dos farmacos, destaca-se
a nanotecnologia. No ambito farmacéutico, os sistemas carreadores nanoestruturados
possibilitam uma diminuicdo da dose e, consequentemente, dos efeitos adversos, visto que
aumentam o controle da liberacdo, a especificidade e a seletividade ao local de acdo do
farmaco, proporcionando, assim, um aumento da eficacia terapéutica (COUVREUR &
VAUTHIER, 2006). Desta forma, farmacos que estavam obsoletos pelo fato de apresentarem
maiores maleficios que beneficios podem, com isto, serem novamente reavaliados.

Diante das inimeras vantagens que a nanotecnologia farmacéutica tende a oferecer, a
hipdtese do presente trabalho é de que as nanocapsulas poliméricas poderiam ser capazes de
modificar o direcionamento e/ou a liberacdo do haloperidol, favorecendo o aumento da
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eficacia farmacoldgica, bem como a diminui¢do dos efeitos colaterais em relagdo ao farmaco
livre.

Assim, com o objetivo de desvendar a hipoOtese proposta, verificou-se a possibilidade
de associar o haloperidol a um sistema nanoestruturado. Pelo fato deste farmaco ser muito
lipossollvel, optou-se pela formulacdo de nanocapsulas poliméricas, além de que o invélucro
polimérico seria capaz de auxiliar no controle da liberacdo (LANGER, 1993). O polimero
utilizado foi a PCL, devido as suas propriedades de biocompatibilidade e biodegradabilidade
(SINHA et al., 2004). O método de preparacdo escolhido foi o da deposicédo interfacial do
polimero pré-formado, proposto por Fessi et al. (1989), j& que é um método fécil, rapido,
eficaz e tradicionalmente utilizado na preparacdo de nanocapsulas. Com isto, demonstrou-se
que o haloperidol é um farmaco capaz de ser nanoencapsulado, visto que ndo foi observada
nenhuma incompatibilidade ou inadequacdo, tal como agregacdo de particulas ou
precipitados, durante ou ao término da preparacdo das suspensfes. Assim,
macroscopicamente, as formulagfes apresentaram aspecto homogéneo, semelhante a um
fluido opalescente branco leitoso, com um reflexo azulado frente a observacdo contra a luz.
Este reflexo é conhecido como efeito Tyndal e é devido ao tamanho nanométrico e ao
movimento Browniano das particulas (MAGENHEIM & BENITA, 1991).

A fim de observar se o haloperidol havia sido nanoencapsulado de forma satisfatdria,
realizou-se a caracterizacdo fisico-quimica das suspensdes desenvolvidas. Foi verificado um
tamanho nanomeétrico, dentro da faixa esperada para nanoparticulas poliméricas preparadas
pelo método de nanoprecipitacdo (COUVREUR et al., 2002. SCHAFFAZICK et al., 2003). O
indice de polidispersdo abaixo de 0,25 indica uma distribuicdo homogéna das particulas. O
potencial zeta negativo, com elevado valor em modulo reflete a estabilidade das suspensoes,
mostrando a repulsdo entre as particulas, evitando, assim, uma possivel agregacdo e tendéncia
a precipitacdo (COUVREUR et al., 2002). Além disso, o teor do farmaco foi proximo a 100%
e a eficiéncia de encapsulagdo foi de 95%, mostrando resultados satisfatérios. Tomados todos
estes resultados em conjunto, demonstrou-se a viabilidade das suspensdes contendo
nanocapsulas poliméricas de haloperidol.

Com a finalidade de estudar a eficacia terapéutica das suspensdes descritas acima,
procedeu-se com a escolha de um modelo animal adequado. Varios s&o os modelos de
inducdo de pseudo-psicose descritos na literatura, como o modelo da apomorfina (VOIKAR et
al., 1999; MOTAMAN et al., 2005), fenciclidina (SAMS-DODD, 1998a; 1998b; DUNN;
KILLCROSS, 2006), cetamina (SHIIGI; CASEY, 1999; BECKER; GRECKSCH, 2004),
cocaina (BUDYGIN, 2007; CORTEZ et al., 2010) e anfetamina (SAMS-DODD, 1998b;
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BATTISTI et al., 2000; WOLGIN; JAKUBOW, 2004). Optou-se por este ultimo modelo, por
ser bem representativo e difundido. De acordo com Robinson & Becker (1986) e Lyon
(1991), a anfetamina é capaz de promover um conjunto de movimentos estereotipados em
animais, semelhantes aos sintomas positivos da esquizofrenia observados em humanos. Desta
forma, a D-anfetamina é comumente utilizada como modelo animal de inducdo de psicose
(CAMP; ROBINSON, 1988; DICKINSON et al., 1988; ROFFMAN; RASKIN, 1997; SAMS-
DODD, 1998b). A partir do modelo eleito, escolheu-se dois métodos de analise que consistem
na observacao de movimentos estereotipados atraves de escala de escores: 0 método proposto
por Cresse e Yversen (1973), que tem por base 0 monitoramento dos movimentos corporais; e
0 método descrito por Ujike et al. (1990), que quantifica os movimentos de cabega.

Devido ao fato de se dispor apenas da D,L-anfetamina, forma racémica, foi necessaria
a padronizacdo e validacdo metodoldgica para essa substancia. De acordo com a literatura, a
dose de D-anfetamina capaz de induzir movimentos estereotipados por via intraperitoneal
varia normalmente na faixa de 2 a 6mg/Kg (FUENMAYOR; DIAZ, 1984; DICKINSON et
al., 1988; COLE; KOOB, 1989; MOORE; KENYON, 1994; ROFFMAN; RASKIN, 1997
KUCZENSKI; SEGAL, 1999). Assim, ao utilizar uma anfetamina racémica, foram escolhidas
doses acima desta faixa, em proporcionalidade, a fim de ser obtido um efeito semelhante.
Desta forma, foi realizada uma curva nas doses de 4, 6, 8, 12 e 16 mg/Kg-IP. As doses de 4 e
6 mg/Kg mostraram um aumento da atividade locomotora; entretanto, os movimentos
estereotipados ndo foram tdo caracteristicos ou iniciaram de forma tardia. Ja as doses de 12 e
16 mg/Kg induziram movimentos estereotipados muito drasticamente. Sendo assim, foi
escolhida a dose de 8 mg/Kg, por demonstrar com clareza 0s movimentos estereotipados,
tanto de corpo quanto de cabeca e por esses aumentarem de forma progressiva no decorrer no
tempo.

Apbs definida a dose, foi verificado o tempo de duracdo do efeito da anfetamina e a
necessidade de novas administracdes. Assim, verificou-se que uma hora apds a adminitracdo
ocorria um pico na escala de estereotipia, sendo que esse efeito poderia aumentar ou se
manter durante a segunda hora. No entanto, a partir da terceira hora, observou-se um declinio
na intensidade dos movimentos estereotipados. Desta forma, foi estabelecido que, a cada trés
horas, uma nova dose de anfetamina deveria ser administrada.

Em relacdo a dose do farmaco, foram estudadas diversas doses de haloperidol na sua
forma livre e nanoencapsulada, as quais deveriam ser capazes de demonstrar efeito
antipsicotico frente ao modelo da anfetamina, bem como diferir no tempo e na eficacia

terapéutica. Ou seja, 0 objetivo consistiu em determinar qual a dose do farmaco em que
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poderia ser vista uma diferenca de efeito entre o haloperidol livre e o nanoencapsulado.
Assim, partiu-se da dose de 1 mg/Kg, dose terapéutica, na qual ndo foi observada diferenca
entre as formulacdes. Posteriormente, de forma sucessiva, as doses foram sendo diminuidas,
até obtencdo da dose ideal, 0,2 mg/Kg, na qual o haloperidol nanoencapsulado demonstrou
melhor efeito na reducdo dos movimentos estereotipados em comparacdo ao farmaco livre.
Apos isto, objetivou-se responder a seguinte questdo: o haloperidol nanoencapsulado seria
capaz de manter uma eficécia antipsicotica por um periodo de tempo mais prolongado? Para
tal, foi realizado um experimento no decorrer do tempo. A partir da nona hora apds a
administracdo da anfetamina, ou seja, apds a quarta administracdo, foi verifcado que a
formulacéo de haloperidol livre ndo demonstrou mais efeito antipsicético e que a formulagao
de haloperidol nanoencapsulado foi capaz de manter esse efeito por pelo menos até a décima
segunda hora, tempo final de experimentacao.

Os resultados do presente trabalho estdo de acordo com os achados de Muthu et al.,
(2009), que mostrou uma melhor eficacia antipsicética da risperidona quando associada a um
sistema nanoparticulado polimérico, frente ao modelo de pseudo-psicose induzido por
apomorfina em camundongos. Além disso, outros estudos em nivel de SNC foram capazes de
demonstrar um aumento da eficacia terapéutica de farmacos, utilizando-se sistemas
compostos por nanocépsulas poliméricas (SCHAFFAZICK et al., 2008; WU et al., 2008;
BERNARDI et al., 2009, XU et al., 2009). Desta forma, pode-se sugerir que 0 aumento da
eficicia terapéutica pode ser devido a um maior aporte cerebral do farmaco ou devido a um
direcionamento para o sito de acdo, como demonstrado em outros trabalhos (BERNARDI et
al., 2008; KUO; LIANG, 2011). Com respeito ao prolongamento do tempo de acdo, ja esta
estabelecido na literatura que as nanocapsulas tendem a desempenhar um papel importante,
modificando a liberacdo do farmaco e possibilitando que essa liberacéo seja mais controlada e
mais sustentada (BECK et al., 2005; 2006; 2007; FONTANA et al., 2009; MARCHIORI et
al., 2010), diferentemente do que ocorre com o farmaco livre, cuja liberacdo se da de forma
imediata.

Uma vez verificada a eficacia da formulacdo proposta, prosseguiu-se com o estudo dos
efeitos colaterais motores, 0s mais preocupantes, visto que Sa0 incapacitantes e que
comprometem a qualidade de vida dos pacientes esquizofrénicos que fazem uso do
haloperidol, sendo dado um enfoque especial neste sentido.

A fim de representar o que ocorre com os pacientes que desenvolvem a sindrome da
DT, ap6s uso de antipsicoticos ou mesmo apenas alguns dos efeitos extrapiramidais

decorrentes do bloqueio D, no sistema nigro-estriatal (CREESE et al., 1976), avaliou-se o
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desenvolvimento da DO, através da contagem dos movimentos de mascar no vazio (MMV) e
0 comportamento cataléptico, por meio da verificacdo do tempo de imobilidade em modelos
animais. Como foi utilizada a dose de 0,2 mg/Kg-IP de haloperidol para o experimento da
eficacia terapéutica, essa mesma dose foi mantida, inclusive para o estudo dos efeitos
colaterais motores, os quais foram analisados agudamente (1 hora apds administragdo do
farmaco) e subcronicamente (28 dias ap6s a administracdo do farmaco).

Aplés a experimentacdo, observou-se que a formulacdo de haloperidol
nanoencapsulado foi capaz de prevenir ou minimizar os efeitos colaterais motores, tanto de
forma aguda quanto subcronica, demonstrando mais uma vantagem em relacdo ao farmaco
livre. Os achados novamente estdo de acordo com os resultados obtidos por Muthu et al.
(2009), os quais demonstraram uma diminuicdo do comportamento cataléptico de
camundongos apds tratamento com risperidona veiculada a um sistema nanoparticulado. Mais
estudos corroboram com os dados da pesquisa, mostrando que as nanoparticulas sdo capazes
de diminuir os efeitos adversos sistémicos de farmacos em geral (BECK et al., 2005; YEN et
al., 2008; GAO et al., 2010) e farmacos utilizados para tratamento de doencas referentes ao
SNC (BERNARDI et al., 2009; WONG et al., 2010; WOHLFART et al., 2011; IANISKI et
al., 2012). Assim, a prevengdo ou minimizacdo dos efeitos adversos observados pode ocorrer
devido a modificagcdes na liberacdo, visto que uma liberacdo mais controlada e ndo imediata
dificultaria picos de acumulo do farmaco em sitios de acdo ndo especificos. Além disso,
poderia ser cogitada a possibilidade de um direcionamento do farmaco para o seu local de
acao, ou seja, uma vetorizacdo para a via dopaminérgica mesolimbica, reduzindo a chegada
de farmaco na via dopaminérgica nigro-estriatal. No entanto, 0s mecanismos que poderiam
levar a este efeito seriam desconhecidos. Como, de forma concomitante, a diminuigcdo dos
efeitos adversos foi observado um aumento da eficécia antipsicotica, poderia ser levada em
conta a possibilidade de uma reducdo na dose de administracdo do haloperidol, quando na
forma nanoencapsulada, favorecendo ainda mais a diminuigéo dos efeitos colaterais motores.

Desta forma, tomados em conjunto os dados, demonstrou-se, de forma inédita, os
beneficios do haloperidol nanoencapsulado, formulacdo que foi capaz de apresentar uma
maior eficicia terapéutica assim como uma menor geracdo de efeitos colaterais motores em
relacdo ao farmaco livre.

Na sequéncia deste estudo, novas suspensdes de nanocapsulas de haloperidol foram
preparadas com 6leo de peixe, em substituicdo ao d6leo contendo TCM, mais comumente
empregado, com a finalidade de verificar se a modificacdo deste nlcleo oleoso seria capaz de

contribuir positivamente com a resposta bioldgica. A razdo para esta substituicdo teve por
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base resultados promissores observados com o dleo de peixe sobre distirbios do movimento,
recentemente obtidos pelo grupo de pesquisa (BARCELOS et al, 2010; 2011; TEIXEIRA et
al., 2011; 2012).

Desta forma, tomou-se por base o haloperidol nanoencapsulado, o qual demonstrou
aumento da eficécia terapéutica e diminuicdo dos efeitos colaterais motores. Substituiu-se o
nacleo oleoso composto por TCM pelo dleo de peixe, cuja preparacdo seguiu 0 mesmo
protocolo. Ao final, foi obtida uma formulacdo com aspecto branco leitoso, homogéneo e com
reflexo azulado, conforme esperado. A caracterizacdo fisico-quimica mostrou-se satisfatoria,
visto que o tamanho das particulas ficou dentro da faixa nanométrica; o indice de
polidispersdo abaixo de 0,25, mostrando homogeneidade entre as particulas e potencial zeta
negativo, com elevado valor em mddulo, indicando estabilidade. Além disso, o teor e a taxa
de encapsulacdo do farmaco foram de 99,6% e 95%, respectivamente, demonstrando
adequabilidade da formulacdo. Para esta formulacdo, foi realizado, ainda um estudo
morfologico das particulas, via microscopia eletrénica de transmissdo, cujo resultado
confirmou o tamanho nanométrico, bem como a forma esférica e uniforme das particulas.

Em relacdo ao estudo em animais, inicialmente realizou-se um experimento piloto para
verificar se a nova formulagdo seria capaz de apresentar uma eficacia superior a formulagéo
contendo TCM como ndcleo oleoso. Utilizou-se, assim, o0 mesmo modelo de pseudo-psicose
induzida por anfetamina, seguindo o método previamente padronizado. Os achados
demonstraram que a eficacia terapéutica da formulacdo de haloperidol nanoencapsulado
contendo 6leo de peixe foi semelhante a das nanocapsulas de haloperidol contendo TCM.
Desta forma, os dados obtidos ndo foram incluidos em nenhum manuscrito e passou-se a se
deter apenas ao estudo dos efeitos colaterais motores da formulacéo.

Assim, o proximo objetivo referente a formulacédo de 6éleo de peixe foi a determinacéo
da intensidade dos efeitos adversos motores induzidos pelo haloperidol e a relacdo com
marcadores de EO nas regides cerebrais envolvidas no movimento. Novamente teve-se por
base o estudo realizado por Barcelos et al. (2010) envolvendo o 6leo de peixe e parametros
motores e de EO verificados ap6s a administracdo de haloperidol.

Para tal, realizou-se um experimento em ratos com a formulacdo de haloperidol livre e
nanoencapsulado contendo 6leo de peixe, na mesma dose (0,2 mg/Kg-IP) dos experimentos
anteriores, nos quais novamente foram avaliados, de forma aguda e subcronica, 0s
movimentos orais, como medida da inducdo de DO e o tempo de imobilidade, como medida
do comportamento cataléptico. Além disso, verificou-se a atividade locomotora e exploratoria

dos animais em um campo aberto. Por fim, foram realizadas analises de marcadores de EO,
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como LPO, através do método de substancias reativas ao &cido tiobarbitdrico (TBARS), bem
como defesas antioxidantes, enzimatica, no caso da catalase (CAT) e ndo enzimaética, como a
glutationa reduzida (GSH) no cortex, estriado e substancia negra. A fim de determinar o
envolvimento do EO com os distdrbios do movimento, foi feita uma correlacdo entre os
varios parametros analisados.

Os resultados demonstraram que a suspensdo de nanocapsulas de haloperidol,
contendo Gleo de peixe, foi capaz de prevenir ou minimizar os efeitos colaterais motores,
agudos e subcrénicos, demonstrando, mais uma vez, que o sistema nanoencapsulado pode ser
mais vantajoso que o farmaco livre.

Em relagdo aos parametros de EO, foi observado que o farmaco livre induziu um
aumento dos niveis de TBARS, bem como uma reducdo nos niveis de GSH e atividade da
CAT nas diferentes regiBes cerebrais estudadas. Ja o haloperidol nanoencapsulado, contendo
6leo de peixe, foi capaz de prevenir todas as alteracbes acima citadas. Assim, esta Gltima
formulacéo apresentou efeitos adversos menores, bem como foi capaz de prevenir a geragéo
do quadro de EO.

Os achados corroboraram, novamente, com dados anteriores do grupo de pesquisa,
mostrando o envolvimento do EO na geragdo de efeitos colaterais motores induzidos pelo
haloperidol (BURGER et al., 2005a; 2005b; COLPO et al., 2007; FACHINETTO et al., 2005;
BARCELOS et al., 2010, TEIXEIRA et al., 2011), visto que foi verificada uma correlacéo
positiva entre a geracdo de LPO e a inducdo de DO e catalepsia, assim como uma correlacdo
negativa entre a LPO e a atividade locomotora horizontal e vertical.

A relacdo entre EO e a fisiopatologia dos distarbios do movimento induzidos pelo
haloperidol ja esta bem estabelecida (TSAI et al., 1998). O efeito do metabdlito toxico HPP™,
assim como o bloqueio dos receptores D, pelo haloperidol, sdo dois fatores que podem
contribuir, de forma sinérgica, para 0 aumento da liberacdo de DA (BLOOMQUIST et al.,
1993; ANDREASSEN; JORGENSEN, 2000). E, como ja mencionado anteriormente, 0
metabolismo da DA gera RL via atividade das oxidases em geral e demais reacgoes
posteriores, além do subproduto, denominado dopamina-quinona, que é reconhecido por ser
citotoxico e por sua capacidade de depletar os estoques de GSH (LOHR et al.,, 1991;
ANDREASSEN; JORGENSEN, 2000). Além disso, o bloqueio dopaminérgico estriatal pode
gerar um aumento na liberagdo de glutamato extracelular, gerando mais RL via mecanismos
de excitotoxicidade (COYLE; PUTTFARCKEN, 1993; TSAI et al., 1998, BURGER et al.,
2005a).
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Assim, levando-se em conta todos os achados, demonstrou-se, pela primeira vez, a
viabilidade de uma formulacdo de haloperidol nanoencapsulado contendo éleo de peixe, a
qual foi capaz de minimizar os efeitos colaterais motores desencadeados pelo processo de EO.

Tendo em vista que as suspensdes de nanocapsulas de haloperidol, contendo o 6leo
padrdo, TCM, bem como a sua substituicdo pelo Oleo de peixe, mostraram resultados
satisfatorios em nivel de formulacdo e efeito bioldgico, objetivou-se assim, desenvolver uma
nova formulacdo do farmaco, utilizando o 6leo de semente de uva. No que diz respeito a
escolha do 6leo, primeiramente, ja havia sido demonstrada a adequabilidade desse 6leo no
desenvolvimento de nanocapsulas (ALMEIDA et al., 2009; 2010). Além disso, foram
consideradas as propriedades terapéuticas do Oleo, destacando-se suas propriedades
antioxidantes (BAYDAR et al., 2007) e o fato de que dados da literatura carecem de estudos
acerca de possiveis beneficios deste 6leo sobre o SNC.

Desta forma, foram preparadas as suspens@es contendo nanocépsulas de haloperidol
com Oleo de semente de uva, pelo mesmo método descrito, cujas aparéncias macroscopicas
mostraram auséncia de incompatibilidades fisico-quimicas, bem como uniformidade,
indicando viabilidade da formulacdo. Juntamente as nanocapsulas, contendo o Oleo de
semente de uva, foram preparadas nanocdpsulas com TCM e com o bleo de peixe, a fim de
realizar-se um estudo comparativo entre as trés formulagdes.

Primeiramente, foram realizados estudos acerca da composi¢do dos acidos graxos
presentes nos diferentes 6leos. Conforme esperado, o 6leo composto por TCM apresentou
apenas acidos graxos saturados, enquanto que o Oleo de peixe e 6leo de semente de uva
apresentaram um teor mais elevado de &cidos graxos poliinsaturados. Além disso, 0s
resultados estdo de acordo com dados da literatura, que demonstram um predominio de acidos
graxos da série 6mega-3 no Oleo de peixe (STANSBY et al, 1969; WAINWRIGHT et al.,
2002), assim como um predominio de &cidos graxos da série dmega-6, seguido pela série do
o6mega-9, no 6leo de semente de uva (BOCKISCH, 1993; FIRESTONE, 1999; BAYDAR et
al., 2007).

Apbs a caracterizacdo fisico-quimica das diferentes suspensdes, verificou-se que as
formulacBes apresentaram particulas homogéneas, visto que o indice de polidispersdo ficou
abaixo de 0.25 e tamanho nanométrico. Em relacdo ao potencial zeta, as formulacdes
apresentaram valores negativos, mostrando-se estaveis. No entanto, as formulagfes contendo
0s Oleos de peixe e de uva demonstraram menor tendéncia a instabilidadade frente a
formulacdo contendo TCM, visto que apresentaram valores superiores em modulo. O teor do

farmaco também foi satisfatorio (~ 100%) para todas as suspensoes. Entretanto, no que diz
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respeito & taxa de encapsulacdo do farmaco, as formulacGes preparadas com o Oleo de
semente de uva apresentaram uma reducdo desse pardmetro (85%), permanecendo maior
concentracdo de farmaco na forma livre, diferindo das demais formulacdes (95%).

Os experimentos realizados até entdo foram todos na dose de 0,2 mg/Kg-IP de
farmaco, que havia sido a melhor dose para o estudo da eficécia terapéutica. Diferentemente,
pensou-se em realizar um estudo com o objetivo de determinar se mesmo em doses mais
elevadas o haloperidol nanoencapsulado continua sendo mais vantajoso que o farmaco livre.
Para tal, foram escolhidas as doses de 0,5; 0,75 e 1 mg/Kg-IP de farmaco livre e
nanoencapsulado e administradas de forma aguda e subcrdnica, a fim de avaliar a inducdo de
DO. Os dados do estudo mostraram que, de forma aguda, o haloperidol nanoencapsulado na
dose de 0,5 mg/Kg ndo induziu DO, sendo esta parcialmente observada nas demais doses. A
administracdo subcrénica da suspenséo de nanocapsulas de haloperidol induziu DO apenas na
dose de 1 mg/Kg. Desta forma, foi escolhida a dose de 0,5 mg/Kg para a continuidade dos
experimentos, principalmente por néo ter induzido DO aguda ou subcronicamente.

Apbs determinacdo da dose, foi realizado um estudo comparativo entre as trés
formulacGes de haloperidol nanoencapsulado, bem como o farmaco livre, com o objetivo de
verificar a inducdo de DO aguda e subcronica, assim como a geracdo de RL e a viabilidade
celular nas regiGes envolvidas no controle do movimento.

Os resultados obtidos demonstraram que as formulacdes de haloperidol
nanoencapsulado, contendo TCM e 6leo de peixe na dose de 0.5 mg/Kg-IP, preveniram
totalmente a inducdo de DO agudamente; ja, subcronicamente, todas as formulacdes foram
capazes de prevenir este efeito. Em relagdo as nanocépsulas contendo éleo de semente de uva,
o menor efeito protetor observado agudamente pode ser explicado devido a menor eficiéncia
de encapsulacdo, permanecendo maior quantidade de farmaco livre.

A neurotoxicidade induzida pelo haloperidol ja esta bem documentada (GALILI et al.,
2000; ZHURAVLIOVA et al.,, 2007; OZBEK et al.,, 2010). Conforme anteriormente
mencionado, este farmaco é capaz de induzir a formagdo de RL, devido a um acimulo de DA
e sua consequente metabolizacdo (ANDREASSEN; JORGENSEN, 2000). Além disso, ele
pode induzir a liberacdo de proteinas apoptoticas pelas células, as quais podem levar a
ativacdo de caspases, contribuindo, desta forma, para a inducdo de morte neuronal (UKAI et
al., 2004). Os resultados do presente estudo estdo de acordo com estas observacdes, visto que
verificou-se um aumento na formagdo de RL, observado através da maior oxidacdo da
dicloro-fluoresceina, assim como uma redugdo na viabilidade celular, evidenciada por uma

inibicdo na redugdo do MTT. Este tltimo dado poderia sugerir, indiretamente, um aumento do
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processo apoptotico. No entanto, maiores estudos envolvendo marcadores apoptoticos seriam
necessarios para confirmar esta hipotese, visto que a determinacdo da viabilidade celular
indica apenas a funcionalidade celular, e ndo exatamente, a morte celular.

Ja havia sido demonstrada, no experimento anterior, uma relacdo entre EO e os efeitos
colaterais motores induzidos pelo haloperidol. Aqui, mostrou-se uma correlacdo negativa
entre a viabilidade celular na regido da substancia negra e o desenvolvimento de DO,
confirmando as hipoteses ja descritas, de que a neurotoxicidade oxidativa do haloperidol esta
intimamente relacionada ao desenvolvimento das desordens motoras (BLOOMQUIST, 1993).

A formulagdo de nanocépsulas de haloperidol contendo TCM ndo mostrou eficiéncia
em relacdo a manutencdo da viabilidade celular e no controle da geracdo de RL. J& as
formulag6es contendo 6leo de peixe e 6leo de semente de uva mostraram efeitos satisfatorios,
contribuindo para a manutencdo da integridade e funcionalidade celular; ou seja, as
formulacBes contendo 6leos antioxidantes apresentaram uma maior protecdo. Assim, pode-se
sugerir que o potencial neuroprotetor destes 6leos possa estar contribuindo para os efeitos
benéficos observados aqui. Desta forma, demonstrou-se que o 6leo de semente de uva poderia
estar desempenhando um papel protetor em nivel de SNC, sendo este efeito decorrente do
préprio bleo, devido a presenca de acidos graxos poliinsaturados da série n-6 e n-9 e ndo da
formulacdo de nanocépsulas, visto que a formulagdo contendo TCM, composta apenas por
acidos graxos saturados, ndo mostrou tal efeito. J& o dleo de peixe apresenta muitos dados na
literatura acerca do papel neuroprotetor de seus acidos graxos poliinsaturados da série n-3
(WAINWRIGHT, 2002), conferindo beneficios contra diversas desordens neuroldgicas e
psiquiatricas, como depressdo (SILVERS, et al., 2005, SINCLAIR, 2011), hiperatividade
(YEHUDA et al., 2005), doenga de Huntington (CLIFFORD et al., 2002), Alzheimer (COLE
et al., 2005; CHIU et al., 2008; JONHAGEN, 2008) e Parkinson (DELATTRE et al., 2010;
BOUSQUET et al, 2011), além da propria esquizofrenia (JOY et al. 2000;
ARVINDAKSHAN et al., 2003; DAS, 2004; SIVRIOGLU et al., 2007).

Ainda, a suspensdo de nanocapsulas de haloperidol contendo 6leo de peixe mostrou
uma maior adequabilidade em relacdo aos parametros fisico-quimicos de formulacéo, além de
uma maior eficiéncia no controle dos efeitos colaterais motores induzidos pelo farmaco,
mantendo a integridade funcional do cérebro. Estes achados podem ser decorrentes da
excelente caracteristica do 6leo em relacdo a formulagdo, bem como a sua potencial
propriedade neuroprotetora ou, ainda, a unido dos dois fatores. No entanto, maiores estudos
referentes a farmacocinética das nanocapsulas de haloperidol, preparadas com os diferentes

6leos, seriam necessarios, a fim de elucidar os achados aqui mostrados.
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Assim, demonstrou-se, pela primeira vez, as vantagens da formulacdo de haloperidol
nanoencapsulado, aumentando a eficacia terapéutica e prevenindo ou minimizando a geracéo
de efeitos colaterais motores, relacionados ao processo de EO. Foi demonstrado, também, o
desenvolvimento de suspensdes de nanocapsulas de haloperidol contendo 6leos alternativos,
constituidos por &cidos graxos poliinsaturados, como 06leo de peixe e 6leo de semente de uva,
sendo que a formulacdo contendo 6leo de peixe mostrou maior eficiéncia no controle dos
efeitos adversos, como a DO, visto que foi capaz de preservar a viabilidade celular e prevenir

a geracdo de RL em regides cerebrais relacionadas ao controle do movimento.






5 CONCLUSOES

Através dos resultados obtidos podemos chegar as seguintes conclusdes:

1. O haloperidol foi devidamente nanoencapsulado pelo método proposto, mostrando
adequabilidade em relacdo aos parametros fisico-quimicos avaliados. Além disso, as
suspensdes de nanocapsulas de haloperidol contendo 6leo de peixe e 6leo de semente de uva
mostraram-se viaveis quanto a aspectos de formulacdo nanométrica.

2. A formulagcdo contendo haloperidol nanoencapsulado mostrou uma atividade
terapéutica mais eficaz e mais duradoura em relagdo ao farmaco livre.

3. A formulagéo contendo haloperidol nanoencapsulado preveniu o desenvolvimento
de DO e reduziu a intensidade da catalepsia, tanto de forma aguda quanto subcrénica. Em
relacdo a atividade locomotora, a formulacdo contendo haloperidol nanoencapsulado néo
demonstrou vantagens em relacdo ao farmaco livre.

4. A formulacao de haloperidol livre foi capaz de alterar parametros de EO, os quais
foram correlacionados aos disturbios do movimento. Este efeito ndo foi observado com a
formulacéo de haloperidol nanoencapsulado.

5. As formulagdes de haloperidol nanoencapsulado contendo TCM e 6leo de peixe
preveniram totalmente a geracdo de DO aguda, ao passo que a formulagdo contendo 6leo de
semente de uva preveniu parcialmente. Ja, de forma subcronica, todas as formulacdes
mostraram-se eficazes no sentido de prevencao.

6. As formulacgdes de haloperidol nanoencapsulado contendo TCM ndo demonstraram
protecdo frente a manutencdo da viabilidade celular e controle da geracdo de radicais livres.
Contrariamente, as formulacGes de 6leo de peixe e Gleo de semente de uva apresentaram um

efeito neuroprotetor, confirmando seus beneficios.






PERSPECTIVAS

Com base nos resultados obtidos no presente trabalho, faz-se necessario os seguintes

estudos:
v

v
v

Avaliacdo da liberacao in vitro do haloperidol nanoencapsulado.

Quantificacdo das formulagdes de haloperidol em nivel plasmatico e cerebral.
Avaliacdo do efeito terapéutico e efeitos colaterais motores ap6s a administracdo
oral e intramuscular das formulac6es de haloperidol.

Efeito do tratamento com as formulagdes de haloperidol sobre parametros
cognitivos em ratos.

Efeito do tratamento com as formulagfes de haloperidol sobre parametros de
hepatotoxicidade em ratos.

Efeito do tratamento com as formulacbes de haloperidol sobre parametros sexuais
e endocrinos em ratos.

Efeito do tratamento com as formulagdes de haloperidol sobre marcadores

apoptéticos in vitro e in vivo.
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