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RESUMO

EFEITO DO A~CIDO ROSMARINICO SOBRE AS CRISES EPILEPTICAS E
ALTERACOES COMPORTAMENTAIS EM DIFERENTES MODELOS
EXPERIMENTAIS DE EPILEPSIA

AUTORA: Jéssica Grigoletto
ORIENTADOR: Mauro Schneider Oliveira

A epilepsia é uma doenca neuroldgica cronica caracterizada por crises epilépticas recorrentes. No
entanto, as atuais drogas anticonvulsivantes sio ineficazes em quase um ter¢o dos pacientes e podem
causar efeitos adversos significativos. O 4cido rosmarinico € uma substancia natural, que exibe
diversos efeitos bioldgicos, incluindo atividade antioxidante, anti-inflamatéria e neuroprotetora.
Frente ao fato que o estresse oxidativo, a inflamacdo e excitotoxicidade desempenham um papel
importante na fisiopatologia das crises, nés buscamos neste presente estudo testar a hipdtese que o
4cido rosmarinico exibe efeitos anticonvulsivantes em diferentes modelos experimentais. Nossos
resultados demostraram que o dcido rosmarinico quando administrado na dose de 30 mg/kg aumenta a
laténcia para as crises miocldnicas e para as crises generalizadas tonico-clonicas induzidas por PTZ,
assim como aumentou a laténcia para as crises mioclonicas induzidas pelo agente convulsivo
Pilocarpina. Estes dados foram confirmados através do registro eletroencefalografico. Além disso, a
dose anticonvulsivante de dcido rosmarinico (30 mg/kg) aumentou o niimero de crossing e o tempo
exploragdo centro da arena no teste campo aberto, sugerindo efeito tipo ansiolitico. No teste do nado
forcado ocorreu um aumento no tempo de imobilidade dos animais. Posteriormente foi avaliado o
efeito do tratamento sub-crdnico do acido rosmarinico (3 ou 30 mg/Kg) sobre as crises epilépticas e
alteracdes comportamentais no modelo de status epilepticus induzido por Pilocarpina. No entanto o
4cido rosmarinico ndo causou nenhuma diferenca significativa na frequéncia das crises € nem nos
pardmetros comportamentais avaliados. Esses resultados decorrem possivelmente da acdo
GABAergica do 4cido rosmarinico, através da inibi¢cdo da enzima GABA-transaminase, que culmina
em uma atividade anticonvulsivante e ansiolitica no modelo agudo de epilepsia. No entanto, ndo foi
possivel visualizar o efeito anticonvulsivante e/ou alteracdes comportamentais no modelo crénico de
epilepsia. Todavia, estudos adicionais sdo necessarios para investigar as implicacdes clinicas destes
achados, bem como os seus mecanismos subjacentes.

Palavras-chave: Epilepsia, comportamento, atividade anticonvulsivante, 4cido rosmarinico, atividade
ansiolitica.



ABSTRACT

EFFECT OF ROSMARINIC ACID ON SEIZURES EPILEPTIC AND BEHAVIORAL
CHANGE IN DIFFERENT MODELS EXPERIMENTAL OF EPILEPSY

AUTHOR: Jéssica Grigoletto
ADVISOR: Mauro Schneider Oliveira

Epilepsy is a chronic neurological disease characterized by recurrent seizures. Current anticonvulsant
drugs are ineffective in nearly one third of patients and may cause significant adverse effects.
Rosmarinic acid is a naturally-occurring substance which displays several biological effects including
antioxidant, anti inflammatory and neuroprotective activity. Since oxidative stress, inflammation and
excitotoxicity play a role in the pathophysiology of seizures, we aimed the present study to test the
hypothesis that rosmarinic acid displays anticonvulsant effects in different experimental models. Our
results demonstrate that rosmarinic acid at the dose of 30 mg/kg increased the latencies to myoclonic
and generalized seizures induced by PTZ and myoclonic seizures induced by pilocarpine. These data
were confirmed by encephalographic recordings. Furthermore, the anticonvulsant dose of rosmarinic
acid was anxiolytic, since it increased the number of crossings and the time of exploration in the center
of open field. In the forced swimming test rosmarinic acid increased the immobility time. In another
set of experiments, we evaluated the effects of sub-chronic treatment of rosmarinic acid (30 mg/kg) on
epileptic seizures and behavioral changes in epilepsy model induced by pilocarpine. However, the
treatment with rosmarinic acid caused no significant changes in the frequency of seizures nor in the
behavioral comorbities evaluated. These results probably reflect the GABAergic action of rosmarinic
acid, by inhibiting the enzyme GABA- transaminase, since it was anticonvulsant and anxiolytic
activity in the acute protocols. However, anticonvulsant effect and/or disease-modifying effects were
seen in the chronic model of epilepsy. Further studies are needed to investigate the clinical
implications of these findings and their underlying mechanisms.

Keywords: Epilepsy, behavior, anticonvulsant activity, rosmarinic acid, anxiolytic activity.
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1 INTRODUCAO

Epilepsia € uma doenga neuroldgica cronica caracterizada por uma predisposicao
persistente de gerar crises epilépticas, que apresenta como consequéncias alteracoes
neurobioldgicas, cognitivas, psicolégicas e sociais dessa condicdo (FISHER, 2015). Além
disso, estd associada com co-morbidade, incluindo depressdo e ansiedade, e acarreta aumento
da mortalidade (TELLEZ-ZENTENO et al., 2007).

Pessoas de todas as racas, sexos, condi¢des socioecondmicas e regides podem ser
acometidas por esta doenga (SCOTT et al., 2001). Dados da Organizacdo Mundial da Saide
(OMS) apontam que a epilepsia atinge aproximadamente 1% da populagdo, tornando-se uma
das doengas neurolégicas mais comuns no mundo todo. Sendo que, 80% das pessoas com
epilepsia vivem em paises de baixa e média renda (WHO: World Health Organization 2015).

A terapia com anticonvulsivantes promove o controle das crises epilépticas em
aproximadamente 60-70 % dos pacientes, mas um ndmero significativo de individuos, mesmo
com o uso de vérias drogas e diferentes tratamentos, permanecem com crises nao controldveis
(BEN-MENACHEM E, 2007). Portanto é importante o desenvolvimento de novas estratégias
terapéuticas para o controle das crises, e o entendimento das bases moleculares envolvidas no
inicio na manuten¢do das crises, bem como a investigacdo de novos alvos moleculares para
drogas anticonvulsivantes ¢é parte fundamental neste processo. Neste contexto,
fitomedicamentos podem potencialmente desempenhar um papel importante no
desenvolvimento de novas drogas antiepilépticas, j& que tem sido mostrado que varios
extratos de plantas e produtos podem ser tteis para o tratamento de crises epilépticas.

O acido rosmarinico um éster do acido cafeico e acido 3,4-dihidroxifenil latico,
encontrado com frequéncia em uma ampla gama de espécies vegetais (PETERSEN e
SIMMONDS, 2003). Atualmente vem sendo descrito diversas atividades para este composto
natural, incluindo atividade anti-inflamatéria, antioxidante e neuroprotetora (KIM et al.,
2015). Frente ao fato que o estresse oxidativo (MARTINC et al., 2014), processo inflamatério
no cérebro (VEZZANI et al., 2011) e a excitotoxicidade (BAZAN et al., 2005), podem estar
associados a mecanismos fundamentais na fisiopatologia das crises € de particular interesse
determinar se compostos com atividade antioxidante, anti-inflamatéria e neuroprotetora
também possuem efeito anticonvulsivante. Neste contexto, o principal objetivo desta presente
dissertacdo de mestrado € investigar a hipdtese que o 4cido rosmarinico exibe efeito

anticonvulsivante em diferentes modelos experimentais.
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2 REVISAO BIBLIOGRAFICA
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2 REVISAO BIVLIOGRAFICA

2.1 EPILEPSIA

A palavra epilepsia é de origem grega, ETAUEV epi = em cima e lepsem = abater,
significa fulminar, abater com surpresa, ser atacado, algo que vem de cima e abate o individuo
(WALZ, 2004). O mais velho relato da epilepsia, um manuscrito babildnico, escrito por volta
de 2000 a.C, enfatiza que a epilepsia possui natureza sobrenatural, e cada tipo de ataque esta
associado com o nome de um espirito ou deus, normalmente do mal. Consequentemente o
tratamento era um assunto espiritual (WHO, 1997). Mais tarde, 400 anos a.C, Hipdcrates
afirmou que a epilepsia ndo era nem sagrada nem divina, mas um disturbio do cérebro, com
suspeita de que sua origem fosse hereditaria.

De acordo com a mais recente proposta da Liga Internacional Contra a Epilepsia
(ILAE), a epilepsia € uma doenga cerebral causada por predisposicdo persistente do cérebro a
gerar crises epilépticas e conseqiiéncias neurobioldgicas, cognitivas, psicossociais e sociais da
condi¢do. Define-se como crise epiléptica a ocorréncia transitoria de sinais e/ou sintomas
gerados por uma atividade neuronal sincronica e excessiva no encéfalo. Assim, a crise € um
evento e epilepsia € a doenca, que envolve crises recorrentes ndao provocadas (FISHER,
2015). Por sua vez, crise convulsiva € a manifestacdo comportamental e/ou motora da crise
epiléptica (FISHER et al., 2005).

De acordo com a ILAE a epilepsia € caracterizada por qualquer uma das seguintes
condicdes: (1) Pelo menos duas crises epilépticas espontaneas (ou reflexas) ocorrendo em um
intervalo maior de 24 horas; (2) uma crise espontanea (ou reflexa) e uma probabilidade de
novas crises semelhante ao risco geral de recorréncia (pelo menos 60 %) apds duas crises
espontaneas, ocorrendo ao longo dos proximos 10 anos; (3) diagnostico de uma sindrome da
epilepsia. A epilepsia pode ser considerada resolvida em individuos que permaneceram livre
de crises nos ultimos 10 anos, e sem uso de anticonvulsivantes, pelo menos nos ultimos 5
anos (FISHER et al., 2014).

Atualmente estima-se que a epilepsia afete cerca de 70 milhdes de pessoas em todo o
mundo (PREUX et al., 2015), sendo que 80% desta populacdo reside em paises em
desenvolvimento (DIOP et al., 2003). Dentre os multiplos fatores que desencadeiam a
epilepsia, destacam-se as infec¢Oes parasitdrias (neurocisticercose), infec¢des intracraniana
ocasionada por virus ou bactérias, tocotraumatismo, traumatismo cranio encefdlico, agentes

toxicos e fatores hereditarios (SENANAYAKE e ROMAN, 1993; CREMER et al., 2009).
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Assim, a epilepsia tem sido considerada um problema de saide publica a nivel mundial,
ocupando o segundo lugar entre as doencas neuroldgica mais frequentes, sendo superada
apenas pelo acidente vascular cerebral (AVC) (SCHMIDT, 2012).

Embora existam poucos estudos sobre a epidemiologia da epilepsia no Brasil, estima-
se que haja entre 1,8 e 3,6 milhdes de pessoas com epilepsia em nosso pais. Segundo um
estudo publicado na Revista Ciéncia Sdude Coletiva no ano de 2009 (FERREIRA IDE e
TABOSA E SILVA, 2009), foram registradas 32.655 mortes por epilepsia no Brasil durante o
periodo de 1980 a 2003. Esse nimero pode ser maior, uma vez que muitos casos podem nao
terem sido notificados aos Sistemas de Informacdes sobre Mortalidade (SIM). O mesmo
artigo evidenciou que ao longo dos anos estd ocorrendo um decréscimo no nimero de 6bitos
por epilepsia na maioria das regides brasileiras. No entanto foi relatado um aumento de 80%
na regido nordeste. Um dos principais fatores determinantes para este aumento é que tal
regido possuia uma baixa cobertura do SIM, além disso, esta regido possivelmente ndo estéd
acompanhando as demais regides na evolu¢do do tratamento da epilepsia, sobretudo no que se
refere 4 disponibilidade de medicamentos (FERREIRA IDE e TABOSA E SILVA, 2009).

Nesse contexto, € importante salientar que o Ministério da Satide do Brasil, na Portaria
1.161, de sete de Julho de 2005 (BRASIL, 2005), reconhece a importancia epidemioldgica e a
magnitude social das doengas neuroldgicas no Brasil, incluindo a epilepsia, bem como o custo
elevado e crescente para o pais, ressaltando e enfatizando o quadro de morbidade com alto
grau de sequelas de doengas neuroldgicas e a elevada taxa de mortalidade.

Do ponto de vista etioldgico, a epilepsia pode ser dividida em trés grandes categorias:
a epilepsia genética, em que um defeito genético contribui diretamente para a epilepsia e
crises como sintoma principal do disturbio (por exemplo, canalopatias); a epilepsia
estrutural/metabdlica, causada por distirbio estrutural e/ou metabdlico cerebral (por exemplo,
malformacao cerebral, infec¢do, tumor, acidente vascular cerebral ou estado de mal epiléptico
- status epilepticus) e a epilepsia com etiologia desconhecida, em que ndo hd evidéncia clara
de um fator etiol6gico (BERG e SCHEFFER, 2011).

As crises epilépticas podem ser classificadas em: (1) generalizadas, conceituadas
como origindrias em algum ponto dentro de redes neuronais distribuidas bilateralmente,
envolvendo os dois hemisférios cerebrais. Essas redes neuronais bilaterais podem incluir
estruturas corticais e subcorticais, mas nio necessariamente o coOrtex inteiro; (2) focais,
conceituadas como origindrias dentro das redes neuronais limitadas a um hemisfério e
discretamente localizadas ou mais amplamente distribuidas; (3) desconhecidas (BERG et al.,

2010).
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Dentre os varios tipos de epilepsia, a Epilepsia do Lobo Temporal (ELT) € a sindrome
epiléptica mais freqiiente na idade adulta, pois cerca de 60% dos individuos epilépticos
apresentam crises convulsivas com foco de origem no lobo temporal e regides limbicas
associadas (TELLEZ-ZENTENO e HERNANDEZ-RONQUILLO, 2012).

A epilepsia do lobo temporal apresenta grande relevancia clinica, em razdo de ser a
forma mais comum de epilepsia focal resistente ao tratamento farmacoldgico em adultos
(TELLEZ-ZENTENO e HERNANDEZ-RONQUILLO, 2012). Estudos neuropsicolégicos
afirmam que a ELT, é uma condicdo progressiva, onde crises recorrentes estdo associadas a
perda neuronal e declinio do desempenho cognitivo progressivo (FUERST er al., 2001), os
principais déficits observados dizem respeito, a alteragdes nos processos mnemonicos e de
aprendizagem, e comprometimentos de fun¢des neuropsicolégicas como atengao, linguagem,
praxia construtiva e fungdes executivas (LORING et al., 1993; GUIMARAES et al., 2003).

Frente ao fato que o tratamento clinico da epilepsia € feito basicamente com drogas
anticonvulsivantes, estas promovem o controle das crises epilépticas em aproximadamente
60-70 % dos pacientes, mas um nuimero significante de individuos permanece refratirios ao
tratamento, principalmente pacientes com ELT. Além disso, é extremamente importante a
concepcdo de terapéuticas eficazes para prevencdo da epilepsia ou modificacdo da doenga. A
caracterizacdo das vdrias nuances e perguntas cientificas em epilepsia t€ém sido realizada
através de modelos experimentais, dentre eles: o modelo de epilepsia induzido por Pilocarpina

e por Pentilenotetrazol (PTZ) (LUCINDO JOSE QUINTANS-JUNIOR, 2007).

2.2 PILOCARPINA

O modelo experimental da pilocarpina tem sido usado para a caracterizacdo dos
mecanismos de acdes de drogas anticonvulsivantes no tratamento da epilepsia (PEREIRA et
al., 2007). Este modelo foi desenvolvido em 1983 por Turski e colaboradores (TURSKI et al.,
1983), e é hoje um dos mais utilizados modelos de epilepsia, especialmente nos estudos de
ELT, pois induz mudangas histolégicas, bioquimicas, farmacoldgicas, eletrofisioldgicas e
comportamentais em ratos muito semelhantes as observadas em humanos, como perda celular
hipocampal principalmente nas regidoes do hilo, CA1 e CA3, brotamento de fibras musgosas,
crises espontaneas e recorrentes e dispersdo celular na camada granular (TURSKI er al.,
1983); (MELLO et al., 1993).

A pilocarpina, um agonista colinérgico muscarinico, quando administrada por via

sisttmica em altas doses em roedores (~320 mg/kg), induz um quadro de alteracdes
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comportamentais que € dividido em trés fases: a) periodo agudo, no qual os animais
apresentam crises motoras limbicas que surgem aos 15-30 minutos apds injecdo, € podem
perdurar por horas, evoluindo para status epilepticus. Posteriormente inicia-se b) periodo
silencioso, caracterizado pela auséncia de sinais comportamentais e eletrograficos de
atividade epiléptica. A ultima fase € denominada, periodo crdnico, que se inicia com a
primeira crise espontanea que recorre durante toda a vida do animal (TURSKI e? al., 1983)
(CAVALHEIRO, 1995).

As crises epilépticas induzidas por pilocarpina tem inicio com ativagao de receptores
colinérgicos muscarinicos do subtipo M1 (HAMILTON et al., 1997; BYMASTER et al.,
2003). A ativacdo desse subtipo de receptor muscarinico causa influxo de cdlcio, resultando
em despolarizacdo e repetidos disparos dos neurdnios, acompanhado de atividade pos-
sindptica (KLINK e ALONSO, 1997). A transmissdo colinérgica muscarinica estd envolvida
no inicio das crises, mas ndo na sua manutencdo, indicando a participacdo de outros
neurotransmissores (CLIFFORD et al., 1987). De fato estudos tém revelado que a pilocarpina
durante a fase aguda aumenta os niveis de glutamato no hipocampo, levando ao aparecimento
de crises epilépticas (COSTA et al., 2004).

A fase silenciosa do modelo pilocarpina de epilepsia, periodo de intensa
epileptogénese, € marcada por um importante desequilibrio entre inibicdo e excitagdo. Este
desequilibrio € decorrente de mudangas nos circuitos hipocampais, causando alteragdes na
liberacdo, remocao e expressdao dos receptores de neurotransmissores (CAVALHEIRO et al.,
1994). Além disso, os transportadores de glutamato, aminodcido que ativa a neurotransmissao
excitatdria via receptores NMDA (N-metil D-Aspartato), AMPA (a-amino-3-hidroxi-5-metil-
4-isoxazolepropionico) e de kainato, desempenham importante papel na manutencdo dos
niveis apropriados de glutamato e eventos sindpticos, prevenindo, assim, a injdria
excitotoxica. Sob condig¢des eletricamente desfavordveis, esses transportadores podem agir no
sentido inverso e tornarem-se fonte de glutamato extracelular, fato este que pode resultar em
efeitos deletérios para o sistema nervoso central, assim como resultar no aparecimento de
crises epilépticas (KUNZ et al., 2000).

A epilepsia do lobo temporal tem sido relacionada a excitabilidade excessiva nas
estruturas limbicas ou a baixa atuacdo do sistema inibitérios (neurébnios GABAérgicos) ou,
ainda, a associacd@o entre ambos os eventos (BOUGH e RHO, 2007). Nao se compreende com
total certeza a origem desse desequilibrio, mas o que tem chamado a atencdo dos
pesquisadores do assunto sdo os neurotransmissores GABA (BRIGGS e GALANOPOULOU,
2011). O GABA ¢ produzido a partir da descarboxilagdo do glutamato pela enzima glutamato
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descarboxilase, que estd presente nas terminacdes nervosas em vdrias partes do encéfalo. O
GABA e metabolizado primeiramente por transaminagdo 4 semialdeido succinico e, entdo, a
succinato no ciclo do &cido citrico. A GABA-Transaminase é a enzima que catalisa essa
trasaminagdo. Além disso, ocorre uma recaptagdo ativa de GABA via transportadores de
GABA. Um transportador vesicular de GABA (VGAT) transporta 0 GABA e a glicina para
dentro das vesiculas secretoras. (KIM E. BARRETT, 2014).

Os receptores GABAérgicos apresentam um papel importante nas crises induzidas por
pilocarpina, uma vez que a densidade maxima dos receptores GABAérgicos encontra-se
diminuida (FREITAS et al., 2004), em decorréncia do aumento da concentragdo do célcio
intracelular induzida pelos receptores glutamatérgicos do tipo NMDA, que pode ser essencial

para a instalacdo e propagac¢ado da atividade epiléptica (ISOKAWA, 1998).

2.3 PENTILENOTETRAZOL (PTZ)

O Pentilenotetrazol é um derivado tetrazol com atividade convulsivante, sendo
utilizado tanto em modelos experimentais de epilepsia agudos quanto cronicos (LOSCHER,
2009). As doses de PTZ administradas nos modelos animais de crises epilépticas variam entre
os autores. Quando o objetivo € induzir uma unica crise epiléptica, doses baixas
(subconvulsivas), de 20 a 40 mg/kg, de PTZ administradas intraperitonealmente resultam em
crises do tipo auséncia, enquanto doses maiores podem resultar em crises clonicas, tonicas e
tonico-clonicas (O. C SNEAD, 1998). No entanto, quando o objetivo é induzir crises
epilépticas repetidas como no modelo do abrasamento quimico (do inglés, chemical
kindling), sdao administradas doses repetidas, em concentracdes subconvulsivantes, em
diferentes intervalos de tempo como de 24 em 24 ou de 48 em 48 horas. O tratamento varia de
2 a 8 semanas (PEDLEY, 2008).

O PTZ ¢ um antagonista ndo-competitivo do receptor GABAa (4cido gama-
aminobutirico), um receptor inotropico permedvel a cloreto, cuja ativacdo provoca
hiperpolarizacao localizada na membrana neuronal que torna o neurdnio refratario a estimulos
despolarizantes (LOSCHER, 1998). Algumas das principais vantagens do modelo do PTZ sdo
o curto periodo de laténcia para crise generalizada tonico-clonica (LOSCHER, 1998), e o alto
valor preditivo de eficdcia clinica. De fato, farmacos como etossuximida, trimetadiona e
valproato, assim como os benzodiazepinicos e barbituricos, foram identificados com atividade
anticonvulsivante a partir de estudos com o PTZ (LOSCHER e SCHMIDT, 1988; LOSCHER,
2002).
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2.4 CRISES EPILEPTICAS E A INFLAMACAO

Na ultima década, evidéncias experimentais e clinicas tém sustentado a hipétese de
que a presenca de processos inflamatérios no cérebro pode constituir um mecanismo comum
na fisiopatologia das convulsdes e da epilepsia (VEZZANI A. , 2011; DEDEURWAERDERE
et al., 2012). De fato, estudos epidemiolégicos mostram que ndo ha risco de epilepsia apds
meningite asséptica, porém as meningites bacterianas aumentam o risco em cinco vezes. As
encefalites virais aumentam o risco em dez vezes (OLIVEIRA, 2006). Além do mais,
pacientes com encefalite causadas por diversos agentes apresentam crises, que podem persistir
mesmo apods eliminagdo do agente infeccioso. Curiosamente, tais crises sdo atenuadas por
antiinflamatérios (SINGH e PRABHAKAR, 2008). Ademais, pacientes com epilepsia do lobo
temporal e camundongos geneticamente suscetiveis 4 convulsdes mostram aumento da COX-
2, enzima induzida particularmente em resposta a estimulos inflamatérios, no cérebro
(OKADA et al., 2001; DESJARDINS et al., 2003).

Estes dados indicam uma associac@o estreita entre inflamacdo no sistema nervoso
central e ocorréncia de crises, e que mediadores da inflamagao sdo agentes provaveis desta
excitabilidade aumentada. Considerando esses achados clinicos farmacolégicos é de especial
interesse determinar se agentes anti-inflamatérios, como o &4cido rosmarinico, também

possuem acdo anticonvulsivante (BEN-MENACHEM E, 2007).

2.5 CRISES EPILETICAS E ESTRESSE OXIDATIVO

Os radicais livres nos quais os elétrons desemparelhados encontram-se centrados no
atomo de oxigénio sdo identificados como espécies reativas de oxigénio (ERO), e as
principais s@o o radical superéxido (O,), o peréxido de hidrogénio (H,0O,) e o radical hidroxila
(*OH) (HALLIWELL, 1999).

O estresse oxidativo € o resultado do desequilibrio entre o sistema de defesa
antioxidante endégeno e/ou exdgeno e a producdo de espécies reativas de oxigénio (ERO).
Embora os organismos vivos possuam um ambiente intracelular equilibrado entre as formas
oxidadas e reduzidas das moléculas. No entanto, o aumento da excitabilidade neuronal e a
diminui¢do da inibicdo de tal excitabilidade, caracteristico das crises epiléticas, induzem a
producdo excessiva das EROs, tornando o cérebro vulnerdvel ao dano oxidativo e ao
desenvolvimento de crises epilépticas, podendo também levar a injiria e morte celular

(MELDRUM, 1984; HALLIWELL, 2006).
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Todos os tecidos estdo suscetiveis aos danos causados pelas EROs, porém o SNC,
(FREITAS et al., 2005) devido seu grande consumo de oxigénio e sua baixa propriedade
antioxidante, apresenta maior vulnerabilidade em desenvolver estresse oxidativo
(KHAIROVA et al., 2012; OLMEZ e OZYURT, 2012).

A nivel celular, as membranas sdo importante alvo do estresse oxidativo em
decorréncia da lipoperoxidacao (LPO), que se trata de um processo no qual ocorre a oxidagdo
das cadeias de 4cidos graxos polinssaturadas, incluindo aqueles que compdem a
membrana das células ou organelas, devido a acdo dos radicais livres. Como consequéncia,
ocorrem transtornos nas funcdes exercidas pela membrana plasmadtica tais como seletividade e
transporte ou até mesmo liberagdo do conteido de organelas, como por exemplo, as enzimas
hidroliticas dos lisossomas e a formacdo de produtos téxicos (como o malondialdeido)
gerando uma cascata de eventos deletérios a célula. Frente a esses dados, a lipoperoxidagao
vem sendo associada com os processos de neurodegeneracdo, e apontada como responsavel
pelo desenvolvimento da injuria neuronal, que acontece nos quadros de epilepsia (BEAL,
1996; FREITAS et al., 2005). Nesse contexto, terapias que visam minimizar o estresse
oxidativo e, consequentemente, o dano neuronal, tém sido muito utilizadas para diminuir os

prejuizos causados pela epilepsia (SANTOS et al., 2008).

2.6 ACIDO ROSMARINICO

Considerando a perspectiva histérica € possivel observar que os produtos naturais
assumem papel relevante para a descoberta de novas drogas, o que tem mobilizado o interesse
de pesquisadores de diversas dreas no sentido de identificar moléculas bioativas a partir de
produtos naturais NEWMAN et al., 2003). O Brasil € possuidor de uma flora rica, composta
de uma infinidade de espécies com aplicacdes terapéuticas e constitui-se o mais rico do
mundo em espécies vegetais, € que muito pode contribuir para o avan¢o da medicina mundial
(ALBAGLI, 2001).

O 4cido rosmarinico foi isolado pela primeira vez a partir do Rosmarinus officinalis
(alecrim), de onde recebeu seu nome, pelos quimicos italianos Scarpati e Oriente (SCARPATI
M.L., 1958). E um constituinte de diversas espécies vegetais, incluindo Lavandula
angustifélia (alfazema), Melissa officinalis (erva cidreira), Mentha pulegium (poejo), Mentha
spicata (hortela-peluda), Origanum vulgare (orégano), Salvia officinalis (salvia), Satureja
hortensis (segurelha), Satureja macrantha, dentre outras (SHEKARCHI et al., 2012). Sua

estrutura molecular foi elucidada como um éster do acido cafeico e acido 3,4-dihidroxifenil
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l4tico, como mostra a figura abaixo (Figura 1), sua formula estrutural é C;3H;60s, com PM =

360, 315.

Figura 1- Estrutura quimica do acido rosmarinico

OH

OH

Fonte: Adaptacdo da Wikipédia
Disponivel em:
<https://es.wikipedia.org/wiki/%C3%81cido_rosmar%C3% ADnico#/media/File:Rosmarinic_

acid.png>.

O 4cido rosmarinico quando aplicado topicamente na pele € absorvido e distribuido
pelo sangue, ossos e musculos. J4 quando administrado por via intravenosa, distribui-se por
vérios tecidos, como rins, coracdo, figado e baco (RITSCHEL, 1989) (BABA et al., 2004). E
absorvido e metabolizado nas formas conjugadas ou metiladas dos acidos caféico, fertlico e
coumadrico, antes de ser excretado na urina (BABA et al., 2004; JIROVSKY et al., 2007).
Esta metabolizacdo provavelmente ocorra antes do acido rosmarinico chegar ao figado,
devido ao fato que este ndo € capaz de alterar as enzimas de metabolizacdo de xenobidticos
em figado de camundongos (DEBERSAC et al., 2001).

Diversas atividades bioldgicas vém sendo descritas para o dcido rosmarinico, como
por exemplo, atividade neuroprotetora, ansiolitica, antioxidante, anti-inflamatdria,
antimutagénica, antibacteriana, antiviral, anti-HIV, dentre outras (SIMMONDS, 2003;
VALENTOVA, 2007; DUBOIS, 2008).

A atividade antimutagénica do dcido rosmarinico foi relatada por sua capacidade
estender o tempo de vida do nemdtodo Caenorhabditis elegans, através do bloqueio da
quinase oncogenica denominada PAK-1 (PIETSCH et al, 2011), uma enzima que €
responsavel ndo somente na transformag¢do maligna, mas também por vdarias outras doengas,
incluindo doencas inflamatdrias (asma e artrite), doengas infecciosas (maléria, AIDS, gripe) e
doencas neuroldgicas (neurofibromatose, esclerose tuberosa, doenca de Alzheimer, doenca de

Huntington, epilepsia e depressdo) (YANASE et al., 2013).
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A nivel de sistema nervoso central o &cido rosmarinico excerce atividade
neuroprotetora. Estudos de Iuvone e colaboradores (IUVONE et al., 2006) demonstram que o
acido rosmarinico € capaz de proteger células PC12 da neurotoxidade promovida pelo
peptideo B- amildide, assim como inibir a oligomerizacado e a formagao da proteina B amiléide
(YAMADA et al., 2015). Além disso, o dcido rosmarinico € capaz de exercer importante
efeito protetor em neur6nios dopaminérgicos contra a neurotoxicidade induzida por 6-OHDA
(6-hidroxidopamina) através da sua propriedade antioxidante e antiapoptética indicando seu
potencial no tratamento da Doenca de Parkinson (REN et al., 2009; WANG et al., 2012).

Uma importante caracteristica do 4cido rosmarinico € sua considerdvel atividade
antioxidante, a qual é em grande parte responsdvel pela acdo neuroprotetora, por meio da
atividade neutralizadora de espécies reativas de oxigé€nio como o peroxinitrito e peréxido de
hidrogénio (CHOI er al., 2002; QIAQO et al., 2005; LIHUA GUA, 2008). Estudos de Yinrong
Lu (YINRONG LU 1999) mostram que os derivados do dcido rosmarinico, provenientes do
extrato de sdlvia, apresentam elevado potencial antioxidante, de 15 a 20 vezes maior que o
trolox, um antioxidante cldssico utilizado com padrao (YINRONG LU 1999). Além disso,
Gao e colaboradores mostraram que o dcido rosmarinico também € capaz de atenuar a injuiria
celular induzida pelo peréxido de hidrogénio (H202) e possui atividades antiapoptoticas,
especialmente por aumentar o potencial de membrana mitocondrial e inibir a atividade da
caspase-3 (GAO et al., 2005).

O d4cido rosmarinico além de possuir atividade antioxidante, possui uma elevada
atividade anti-inflamatéria. As primeiras propriedades anti-inflamatoérias do dcido rosmarinico
foram demonstradas por meio da sua capacidade de bloquear a fixacdo do complemento e
inibir as lipooxigenases e ciclooxigenases (OKUDA, 1987). Estudos mais recentes mostram
que o AR ¢é capaz de inibir a atividade de enzimas chave da resposta inflamatéria, como a
ciclooxigenase-1 (COX-1) e ciclooxigenase-2 (COX-2) (KELM et al., 2000). E importante
mencionar que a eficicia e poténcia de inibi¢do sdo semelhantes a inibidores classicos destas
enzimas, como a aspirina € o naproxeno. Ademais, o 4cido rosmarinico é capaz de reduzir o
contedido de neutréfilos e eosindfilos no lavado nasal de pacientes com rinoconjuntivite
alérgica sazonal e ocasiona o aumento na expressdo de mediadores inflamatérios em um
modelo animal desta condicao (OSAKABE et al., 2004).

De modo importante, € relatado que o 4cido rosmarinico € responsdavel por uma
inibicdo significativa e dose dependente na resposta nociceptiva causada pela injecdo
intraplantar de glutamato, um dos mais importantes neurotransmissores excitatorios em

mamiferos (GUGINSKI ef al., 2009). Na luz dos efeitos anti-inflamatdrios e antioxidantes
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descritos para o dcido rosmarinico, e considerando que a) inibidores da ciclooxigenase-2
possuem atividade anticonvulsivante, (M. S. OLIVEIRA; A. F.FURIAN, 2008) b) que o
estresse oxidativo desempenha um papel importante no desenvolvimento das crises
epilepticas (SHIN et al., 2011) e c) que substancias que antagonizam os efeitos do glutamato
em geral possuem atividade anticonvulsivante (OLIVEIRA M. S.; FURIAN, 2008), ¢ de
extrema importancia avaliar a possivel atividade anticonvulsivante do 4cido rosmarinico.

Em um recente estudo, Khamse e colaboradores (KHAMSE et al., 2015) relataram
que o AR possui efeito neuroprotetor no modelo de epilepsia do lobo temporal induzido por
kainato. O 4cido rosmarinco foi administrado oralmente na dose 10 mg/kg durante uma
semana € uma hora apds a ultima inje¢cdo, uma dose unica de Kainato foi injetado
unilateralmente no hipocampo dirteto de ratos Wistar. Os resultados deste estudo mostram
que os animais pré-tratados com &acido rosmarinico exibem apenas leve a moderados sinais
comportamentais (baixo escore comportamental das crises) quando comparado com o grupo
tratado com veiculo e kainato. Além disso, o0 AR diminuiu a producdo de malondialdeido
(MDA) e nitrito, e aumentou a atividade da enzima catalase (KHAMSE et al., 2015). Em
outro estudo recente, Coelho et al. (COELHO et al., 2015) investigou o efeito do 4cido
rosmarinico no modelo de abrasamento quimico induzido por PTZ. Os animais receberam
injecdes intraperitoneal de dcido rosmarinico (1, 2 ou 4 mg/kg), 30 minutos antes da dose sub-
efetiva de PTZ (50 mg/kg, s.c.). O comportamento foi observado e gravado por 30 min. Os
dados encontrados mostram que o dcido rosmarinico ndo previne o desenvolvimento do
abrasamento e ndo possui efeito sobre a laténcia das crises.

Dentre os diversos mecanismos de acdo das drogas anticonvulsivantes, destaca-se o
aumento da neurotransmissdo inibitéria mediada pelo GABA (TREIMAN, 2001). Nesse
contexto, estudos em fracdes do extrato metanolico de Melissa officinalis L. demonstraram
que o acido rosmarinico ¢ um potente inibidor in vitro enzima GABA transaminase (GABA-
T) (AWAD et al., 2009), responsével pela degradacdo de GABA, e enzima alvo na terapia de
ansiedade, epilepsia e disturbios neuroldgicos relacionados.

Diante desses dados, e frente ao fato que a oxidagdo e a inflamagao estio associadas a
fisiopatologia das crises epilépticas, a presente dissertacdo foi realizada com o intuito de
verificar se o 4dcido rosmarinico, um composto anti-inflamatério e antioxidante, possui

atividade anticonvulsivante.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

O objetivo geral desta dissertagdo € avaliar o potencial anticonvulsivante do acido
rosmarinico no modelos experimental de crises epilépticas induzidas por pentilenotetrazol e
pilocarpina, assim como o efeito do seu tratamento subcronico sobre varios parametros

comportamentais apds o status epilepticus.

3.2 OBJETIVO ESPECIFICO

a) Determinar se a administracao de diferentes doses de dcido rosmarinico € capaz de atenuar
as crises epilépticas no modelo agudo de crises epilépticas induzido por pentilenotetrazol
e pilocarpina.

b) Avaliar o efeito da administracio aguda do dcido rosmarinico sobre parametros
comportamentais diversos.

c¢) Determinar se a administracdo subcronica do 4cido rosmarinico € capaz de alterar a
laténcia ou reduzir a freqiiéncia das crises epilépticas apds o status epilepticus induzido
por pilocarpina.

d) Avaliar o efeito do tratamento subcronico do 4acido rosmarinico sobre os parametros

comportamentais apds o status epilepticus induzido por pilocarpina
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4 ARTIGO CIENTIFICO
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4 ARTIGO CIENTIFICO

Os materiais e métodos, assim como resultados e a discuss@o que fazem parte desta
dissertacdo estdo apresentados na forma de artigo cientifico, este estd intitulado como
“Rosmarinic acid is anticonvulsant against seizures induced by pentylenetetrazol and
pilocarpine in mice”, foi submetido para revista Epilepsy & Behavior.

Os procedimentos experimentais do presente artigo cientifico iniciaram-se apds a
obtencdo da carta de aprovacdo do CEUA (comité de ética na utilizacdo de animais) da

Universidade Federal de Santa Maria (ANEXO A).
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Abstract

Aims: Epilepsyis a chronic neurological disease characterized by spontaneous recurrent
seizures (SRS). However, current anticonvulsant drugs are ineffective in nearly one third of
patients and may cause significant adverse effects. Rosmarinic acid is a naturally-occurring
substance which displays several biological effects including antioxidant and neuroprotective
activity. Since oxidative stress and excitotoxicity play a role in the pathophysiology of
seizures, we aimed the present study to test the hypothesis that rosmarinic acid displays
anticonvulsant and antiepileptogenic effects.

Main methods: Female C57BL/6 mice were administered with rosmarinic acid (0, 3, 10 or 30
mg/kg; p.o.) 60 min before the injection of pentylenetetrazol (PTZ, 60 mg/kg; i.p.) or
pilocarpine (300 mg/kg; i.p.). Myoclonic and generalized seizure latencies and generalized
seizure duration were analyzed by behavioral and electroencephalographic (EEG) methods.
The effect of acute administration of rosmarinic acid on mice behavior in the open-field,
object recognition, rotarod, and forced swim tests were also evaluated. In an independent set
of experiments, we evaluated the effect of rosmarinic acid (3 or 30 mg/kg; p.o. for 14 days)
on development of SRS and behavioral comorbities in the pilocarpine post status epilepticus
(SE) model of epilepsy.

Key findings: Rosmarinic acid dose-dependently (peak effect at 30 mg/kg) increased the
latency to myoclonic jerks (by 281 %) and generalized seizures (by 449 %) in PTZ model,
and increased the latency to myoclonic jerks (by 345 %) induced by pilocarpine. Rosmarinic
acid (30 mg/kg) increased in the number of crossings the time in the center of open-field and
the immobility time in the forced swim test. In the chronic epilepsy model treatment with
rosmarinic acid did not prevent the appearing of SRS or behavioral comorbities in post SE
mice.

Significance: Rosmarinic acid displays anticonvulsant activity against acute seizures induced
by PTZ or pilocarpine in mice. No antiepileptogenic effects were found in the pilocarpine post
SE model of epilepsy. These results may contribute to future development of new

anticonvulsant drugs.
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1. Introduction

Epilepsy is a chronic neurological disease defined by the presence of a pathologic and
enduring tendency to have recurrent seizures [1]. Importantly, epilepsy is linked to numerous
physical, neurological, mental health and cognitive comorbidities, including heart disease,
autism spectrum disorders, Alzheimer's disease, depression, anxiety, and learning and
memory deficits [2]. In this context, epilepsy has been considered a major worldwide public
health problem [3]. Accordingly, the World Health Organization estimates that epilepsy
affects around 70 million people worldwide; 80 per cent of them are in developing countries.
In these countries, although most cases can be treated, around 75% of people with epilepsy
are not receiving appropriate treatment [4].

Despite the availability of a wide range of antiepileptic drugs (AEDs), about one-third
of individuals with epilepsy still experience seizures that do not respond to medication [5].
Development of new therapeutic strategies for seizure activity is therefore important, and
understanding the molecular basis of seizure onset and maintenance, as well as probing for
new targets for antiepileptic drugs is a fundamental part of this process. In this context,
phytomedicines can potentially play an important role in the development of new antiepileptic
drugs, since it has been shown that several plant extracts and products may be useful for the
treatment of convulsions or seizures [6].

Rosmarinic acid is an ester of caffeic acids and 3,4-dihydroxyphenyl lactic acid
commonly found in a broad range of plant species [7]. A number of interesting biological
activities have been described for rosmarinic acid, including antioxidant, anti-inflammatory
and neuroprotective activity [8]. Since oxidative stress [9], inflammatory processes in the
brain [10] and excitotoxicity [11] can be shared and fundamental mechanisms in the in the
pathophysiology of seizures, is of particular interest to determine if antioxidant, anti-
inflammatory and neuroprotective agents are also anticonvulsant. In this context, a few
studies have investigated the effect of rosmarinic acid on seizure activity. For instance, a
seven-day pretreatment with rosmarinic acid reduced the severity kainate-induced seizures in
rats [12]. Conversely, in another study administration of rosmarinic acid did not prevent
kindling development induced by pentylenetetrazol (PTZ) in mice [13]. In light of these
apparently conflicting results, and in order to further evaluate the anticonvulsant potential of
rosmarinic acid, we aimed the present study to investigate the effect of this natural product on
seizure activity in experimental models of epilepsy in which it has not been evaluated. In this
context, we tested the effect of rosmarinic acid against the seizures induced by acute injection

of PTZ or pilocarpine, two convulsants that have been widely used in the preclinical screening
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of new AEDs [14].Furthermore, we evaluated the effect of rosmarinic acid on spontaneous
recurrent seizures (SRS) and behavioral comorbities in the pilocarpine-induced status

epilepticus (SE) model of epilepsy.

2. Materials and methods
2.1. Animals and reagents

Female C57BL/6 mice (20-30g; 30-60 day-old) were used. Animals were maintained
under controlled light and environment (12:12 h light-dark cycle, 24 + 1 °C, 55% relative
humidity) with free access to water and food (SupraTM, Santa Maria, RS, Brazil). All
experimental protocols aimed to keep the number of animals used to a minimum, as well as
their suffering. These were conducted in accordance with national and international
legislation (guidelines of Brazilian Council of Animal Experimentation — CONCEA - and of
U.S. Public Health Service’s Policy on Humane Care and Use of Laboratory Animals — PHS
Policy), and with the approval of the Ethics Committee for Animal Research of the Federal
University of Santa Maria.

Pentylenetetrazol (PTZ) and Pilocarpine were purchased from Sigma (Sigma-Aldrich,
St. Louis, Missouri) and was dissolved in 0.9 % NaCl to 6mg/mL e 30mg/mL, respectively.
Rosmarinic acid was purchased from Sigma, and dissolved in 0.9 % NaCl containing 5% of

Tween 80.

2.2. Acute seizure models

Animals were individually placed in glass boxes and administered by gavage with
increasing doses of rosmarinic acid (0, 3, 10 or 30 mg/kg) or vehicle (0.9% NaCl containing
0.05 % Tween 80). Sixty minutes thereafter, PTZ (60 mg/kg) or pilocarpine (300 mg/kg) were
injected intraperitoneally. All solutions were administered at 10 ml solution per kg of body
weight. After the injection of convulsant the animals were observed for 15 min (PTZ) or 60
min (pilocarpine), and during this time the latency to myoclonic jerks, latency generalized
seizure and the duration of the first generalized seizure were recorded. Doses and schedules

for drug injections were selected based on pilot experiments.

2.3. Electroencephalography (EEG)
Seizure activity and the effect of rosmarinic acid in acute seizure models induced by
PTZ or pilocarpine were evaluated in a subset of animals (n= 3-4) by electroencephalographic

(EEG) recordings. The procedures for recording electrode implantation and EEG recordings
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are described in detail elsewhere [15]. Briefly, a 30 min baseline recording was obtained to
establish an adequate control period. After the baseline recording mice were injected with
rosmarinic acid (30 mg/kg, p.o.) or vehicle (10 ml/kg, p.o.), 60 min before the injection of
PTZ (60 mg/kg, i.p.) or pilocarpine (300 mg/kg, i.p). Following convulsant injection the
behavior was followed up and EEG was recorded for 15 min (PTZ) or 60 min (pilocarpine).

EEG signals were stored in a PC for off-line analysis.

2.4. Pilocarpine-induced SE and chronic model of epilepsy

SE was induced in C57BL/6 mice following standard procedures [16]. Briefly, thirty
minutes before the injections of pilocarpine, methylscopolamine (a muscarinic antagonist)
was administered intraperitoneally (1 mg/kg) to reduce adverse, peripheral effects. Next, mice
were intraperitoneally injected with repeated low-dose pilocarpine hydrochloride (100 mg/kg)
every 20 min until onset of status epilepticus (SE) characterized by continuous limbic seizure
activity. SE was terminated after 60 min with diazepam (10 mg/kg, i.p.). Controls animals
received methylscopolamine and diazepam, but received NaCl 0.9 % instead of pilocarpine.
All mice were hand-fed with moistened chow and fresh fruits (apples and bananas) and
injected with 5% dextrose in lactated Ringer's solution for three days following the SE or
control procedure for welfare purposes.

In order to evaluate the effect of rosmarinic acid on SRS and behavioral comorbities
control and post SE mice received daily doses of vehicle or rosmarinic acid (3 or 30 mg/kg,
p.o.) during 14 consecutive days. Treatment with rosmarinic acid started 3 h after diazepam,
and all solutions were prepared fresh daily. Starting 24 hours after the SE, all animals were
daily monitored for the appearing of SRS. Monitoring was performed during the light phase
of circadian cycle (8-10 hours per day) and was carried out until the end of the experimental
period (14 days after SE), totalizing approximately 100-120 hours per animal. In addition, all
SRS that occurred during handling (weighing, gavage, tagging, etc) were noted.

2.5 Behavioral tests

The effect of rosmarinic acid on mice behavior or behavioral comorbities of epilepsy
was evaluated using two different protocols:
Protocol #1: in this set of experiments an anticonvulsant dose of rosmarinic acid (30 mg/kg)
was administrated 60 min before of the beginning each test (open-field, object recognition,
rotarod, and forced swim). Independent group of naive mice were used in each test, and each

animal was used only once.
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Protocol #2: starting one week after the induction of SE, control and SE mice were subjected
to a behavioral test battery. All mice underwent all behavioral tests in the following
sequence: open-field, object recognition, rotarod, sucrose preference and forced swim. The
sequence of behavioral tests was organized from the least to the most aversive [16].

The procedures for open field, object recognition and forced swim tests are described
in detail elsewhere [15]. The rotarod rod test for naive animals was carried out as reported in
[15], but the paradigm was different for post SE animals (cut-off latency was 300 s and the
procedure included an additional training session). For the sucrose preference test mice were
placed in individual cages which gave access to two bottles, one with water (100 mL) and
other with a 4 % aqueous sucrose solution (100 mL). Water and sucrose consumption over 48
hours were measured and sucrose preference was calculated as percentage of total fluid

consumed.

2.7 Statistical analyses

Kolmogorov-Smirnov test was used to verify data normality and Bartlett's test was
used to verify homogeneity of variances. Nonparametric data (seizure latencies) were
analyzed by the Kruskal-Wallis test followed by post hoc analyses with the Dunn's multiple
comparisons test. Dose-response relationships were tested with the Spearman's rank
correlation test. Acute seizure duration, latency to the first SRS and number of SRS were
analyzed by one-way ANOVA. Data from behavioral testing were analyzed by two-tailed
unpaired Student’s t test (protocol #1) or two-way ANOVA (protocol #2). Parametric post
hoc analyses were carried out by the Student-Newman-Keuls multiple comparison test. A

probability of P< 0.05 was considered significant.

3. Results

Figure 1 shows the effect of increasing doses of rosmarinic acid on the seizures
induced by PTZ. Statistical analysis revealed that the dose of 30 mg/kg increased the latency
for the first myoclonic jerk (281 % average increase versus vehicle-treated mice) [H(3) =
9.102; P< 0.05 - Fig. 1A] and the first generalized tonic-clonic seizure (449 % average
increase versus vehicle-treated mice) [H(3) = 10.55; P< 0.05 - Fig. 1B]. Spearman analysis
revealed a significant positive correlation between the doses of rosmarinic acid and the
latency to PTZ-induced myoclonic (rs = 0.5285; P< 0.05) and generalized (rs = 0.5548; P<
0.05) seizures. The duration of generalized convulsions induced by PTZ was not altered by

any of the doses of rosmarinic acid [F(3,30) = 0.451; P> 0.05 - Fig. 1C]. In order to confirm



35

and extend the data related to the effect of the rosmarinic acid on the seizures induced by
PTZ, we also evaluated in a subset of animals by electroencephalographic (EEG) recordings.
Electroencephalographic experiments depicted in Figure 1D-E confirmed that rosmarinic acid
(30mg/kg) delayed the appearance on the EEG of PTZ-induced myoclonic jerks and
generalized seizures.

We also evaluated the effect of rosmarinic acid on the seizures induced by pilocarpine.
Statistical analysis revealed that the dose of 30 mg/kg increased the latency for the first
myoclonic jerk (345 % average increase versus vehicle-treated mice) [H(3) = 12.72; P< 0.05 -
Fig. 2A]. On the other hand, onset latency [H(3) = 1.123; P> 0.05 - Fig. 2B] and duration
[F(3,35) = 0.2024; P> 0.05 - Fig. 2C] of the first pilocarpine-induced generalized tonic-clonic
seizure did not change. Spearman analysis revealed a significant positive correlation between
the doses of rosmarinic acid and the latency to myoclonic seizures induced by pilocarpine (rs
= 0.5753; P< 0.05). Electroencephalographic experiments depicted in Figure 2D-E confirmed
that rosmarinic acid (30mg/kg) treatment delayed the appearance of pilocarpine-induced
myoclonic jerks.

In order to investigate whether effects on behavior and motor skills accompanied the
anticonvulsant effect of rosmarinic acid, we tested independent group of mice in the open-
field, object recognition, rotarod and forced swim and tests (Figure 3). Statistical analysis
revealed that rosmarinic acid increased the number of crossings [t(10)= 3.790; P< 0.05 - Fig.
3A] and spent more time exploring the center [t(10) = 2.327; P< 0.05 - Fig. 3B] in the open-
field test. The number of rearing responses [t(10) = 1.503; P> 0.05 - Fig. 3C] or the latency to
start the exploration [t(10) = 0.088; P> 0.05 - Fig. 3D] were not altered. In addition, no
significant differences were found in the object recognition test regarding the time spent in
object exploration during the habituation trial [t(8) = 0.6226; P> 0.05 - Fig. 3E] or in the
recognition index 24 h after habituation [t(8) = 0.0815; P> 0.05 — Fig. 3F]. The latency to fall
in the rotarod test was not altered by rosmarinic acid [t(22) = 0.0623; P> 0.05 — Fig. 3G]. On
the other hand, rosmarinic acid increased the immobility time in the forced swim test [t(8) =
2.639;P< 0.05 — Fig. 3H].

Regarding the post SE model of epilepsy, we found no effect of rosmarinic acid on the
latency to the first SRS [F(2,22) = 0.6065; P> 0.05 - Fig. 4A)] or on the total number of SRS
during the 2-week monitoring period [F (2, 22) = 0.5628; P> 0.05 - Fig. 4B)]. In addition, no
effect of rosmarinic acid was detected on the behavioral comorbities of epilepsy. In the open
field test, the number of crossings was not altered by SE or rosmarinic acid [F(2,38) = 0.1561;

P> 0.05 - Fig. 5A)], but post SE mice spent less time exploring the center [F(1,38) = 20.14;
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P< 0.05 - Fig. 5B)], exhibited fewer rearing responses [F(1,38) = 23.99; P< 0.05 - Fig. 5C)]
and increased latency to start exploration [F(1,38) = 5.499; P< 0.05 - Fig. 5D)] than their
control counterparts. In the object recognition test post SE mice spent less time exploring the
objects in the habituation session [F(1,38) = 57.35; P< 0.05 - Fig. 5E)]. The total exploration
time was reduced to an extent that made the analysis of recognition index at 4 or 24 h
unfeasible (data not shown). Considering the sucrose preference test, post SE mice displayed
reduced consumption of sucrose in comparison with their control counterparts [F(1,38) =
15.64; P< 0.05 - Fig. 5F)]. In the rotarod test, the latency to fall was not altered by SE or
rosmarinic acid [F(2,38) = 0.3215; P> 0.05 - Fig. 5G)]. In the forced swim test post SE mice
showed reduced immobility time when compared to controls [F(1,38) = 11.99; P< 0.05 - Fig.
5SH)]. None of the behavioral changes displayed by post SE mice was modified by rosmarinic

acid.

4. Discussion

Several biological actions have been described for rosmarinic acid [8], but only a few
studies have investigated the effect of this natural product on seizure activity. For instance, in
the study by Khamse et al.[12]rosmarinic acid was orally administered at the dose of 10
mg/kg/day for seven days and one hour after the last injection a single dose of kainate was
injected unilaterally into the right hippocampus of Wistar rats. Animals pretreated with
rosmarinic acid exhibited only mild to moderate behavioral signs (lower seizure scores) when
compared with the vehicle-kainate group[12]. In the study by Coelho et al. [17], authors
investigated the effect of rosmarinic acid on PTZ-elicited kindling development, an
experimental model of epileptogenesis in which repeated administrations of low doses of a
convulsant drug led to a progressive decrease in the seizure threshold. Animals received
intraperitoneal injections of rosmarinic acid (1, 2 or 4 mg/kg) 30 min before the subeffective
dose of PTZ (50 mg/kg, s.c.) and seizure behavior was recorded for 30 min. Rosmarinic acid
did not prevent the kindling development and had no effect on seizure latency, suggesting no
antiepileptogenic effects [17]. Considering our present results, acute oral administration of
rosmarinic acid (30 mg/kg) produced a significant increase in the latency to myoclonic jerks
induced by PTZ or pilocarpine and increased the latency to PTZ-induced generalized
seizures.EEG experiments confirmed the results from behavioral seizure analysis,
demonstrating that the rosmarinic acid-induced delay of seizure onset also occurs at the
electrophysiological level. Conversely, we found no effect of rosmarinic acid on the

development of SRS or behavioral comorbities in the chronic epilepsy model elicited by
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pilocarpine-induced SE. Altogether, data gathered in the present study confirm and extend
literature data suggesting that rosmarinic acid displays anticonvulsant, but not
antiepileptogenic, properties.

PTZ and pilocarpine have been widely used in the screening of new compounds with
anticonvulsant activity [14], but to the best of our knowledge have not been previously
employed to assess potential acute effects of rosmarinic acid. These convulsants cause an
imbalance between central excitatory and inhibitory transmission ultimately leading to
generation of ictal activity. The convulsant ability of PTZ depends most part on antagonism
of the GABA, receptor complex, likely through an allosteric interaction with the C1™ channel
which decreases the GABA-mediated inhibitory currents [18]. On the other hand, pilocarpine
induces seizures by activation of the M; muscarinic receptor subtype, since M; receptor
knockout mice do not develop seizures in response to pilocarpine [19]. Nevertheless, it has
been suggested that following initiation by M, receptors, pilocarpine seizures are maintained
by NMDA receptor activation [20]. Although the mechanisms underlying the initiation
seizures induced by PTZ and pilocarpine are somewhat different, but is interesting to observe
that seizures induced by PTZ and pilocarpine are sensitive to classical anticonvulsants, and
the suitability of these animal models for screening of new anticonvulsants [14].

The mechanisms underlying the anticonvulsant effect of rosmarinic acid may include
activation of the GABAergic system. For instance, rosmarinic acid is an in vitro inhibitor of
the GABA-degrading enzyme GABA transaminase (Emax = 40% inhibition at 100 pg/mL),
as identified in a bioassay-guided fractionation of Melissa officinalis L. methanolic
extract[21]. Regarding this point, it is important to note that the clinically available
anticonvulsant vigabatrin was rationally designed to inhibit GABA transaminase, which
results in a widespread increase of GABA concentrations in the brain [22].

The anticonvulsant effect of rosmarinic acid may also involve modulation of
glutamatergic excitatory neurotransmission. For instance, rosmarinic acid produces a
significant and dose-dependent (0.3-3mg/Kg) inhibition of the nociceptive response caused by
intraplantar injection of glutamate [23]. This nociceptive response caused by glutamate seems
to involve peripheral, spinal and supra-spinal sites and it is mediated by NMDA and non
NMDA receptors [24]. Therefore, suppression of glutamate-induced nociception can be
associated with its interaction with the glutamatergic system [25].

In addition to modulation of GABA and glutamate-mediated transmission, antioxidant
and anti-inflammatory actions may play a role in the anticonvulsant effect of rosmarinic acid.

Accordingly, treatment with rosmarinic acid significantly restored altered locomotor activity
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and cognitive performance and blunted oxidative stress and inflammatory response in a rat
model of Alzheimer’s disease [26]. Moreover, anti-inflammatories like celecoxib, aspirin,
naproxen, nimesulide and rofecoxib or antioxidant substances including ascorbic acid, a-
tocopherol, N-acetylcisteine, resveratrol and curcumin display anticonvulsant activity [9, 27,
28].

In the present study we also found that the anticonvulsant dose of rosmarinic acid
increased the immobility time in the forced swim test. Initially, this data appears conflicting
with previous studies showing antidepressant-like effects of rosmarinic acid. For instance,
acute treatment with a low dose of rosmarinic acid (2 mg/kg), 30 min prior to the start of the
test session of forced swimming test, reduced the duration of immobility, suggesting an
antidepressant-like effect [29]. Of course, one important difference between the present study
and that by Takeda et al. [29] is the rosmarinic acid dosing, since the dose used here was 15
times larger (30 versus 2 mg/kg). Notwithstanding, the above discussed potential
improvement of GABAergic transmission may also explain the increase in the immobility
time after administration of rosmarinic acid. In fact, it has been showed that small doses of
GABA or muscimol (a GABA, receptor agonist) decrease forced swimming-induced
immobility period, while higher doses enhance the immobility period [30]. In addition, it is
worth mentioning that prolonged forced swim test immobility was also observed with
aminooxyacetic acid, a GABA-transaminase inhibitor [31].

Despite the increased immobility time in the forced swim test, it is important to note
that the presently reported anticonvulsant effect of rosmarinic acid accompanied the well-
known anxiolytic-like activity of this compound (as suggested by increased number of
crossings and time in the center of open-field arena) and did not bring together adverse effects
on motor coordination performance (rotarod). These results are in agreement with the
recognized low toxicity of rosmarinic acid in mice, as shown by an LDs, of 561 mg/kg after
intravenous administration [7].

Considering the lack of effect of rosmarinic acid on SRS and behavioral comorbities
of epilepsy, one possible explanation might be the well-known impairment of the GABAergic
system that occurs during SE and in the course of epileptogenesis. For instance, studies shown
that during SE there is a reduced response in the GABA-mediated inhibition of hippocampal
principal neurons and a reduced response of these neurons to benzodiazepines [32]. This
reduced response in the GABA-mediated inhibitions is caused by decreased surface
expression of GABA receptor subunits, triggered by an increased in the rate of internalization

during SE [33]. In addition, GABA, receptor subunit composition is altered in epilepsy
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models, and these changes are associated with pharmacoresistance to GABA, receptor
agonists [34]. Of course, further in-depth studies are needed to determine whether changes in
the efficiency of GABAergic system occurring during SE and epileptogenesis underlie the
lack of effect of rosmarinic acid on SRS and behavioral comorbidities development.
Regarding this point, it is also important to consider that most previous preclinical attempts to
develop antiepileptogenic strategies based on monotherapies were unsuccessful [35].
Furthermore, combinatorial approaches (i.e. polytherapy) targeting multiple mechanisms
relevant for antiepileptogenesis have been considered more promising options for future
development of epilepsy-modifying drugs [36]. In this context, given its acute anticonvulsant
effects, rosmarinic acid associated with other drugs may be an interesting alternative to be

tested in future studies.

5. Conclusion

Rosmarinic acid displays anticonvulsant activity against acute seizures induced by
PTZ and pilocarpine in mice. No effects of rosmarinic acid on development of SRS and
behavioral comorbities in the chronic pilocarpine model of epilepsy were found. Additional
studies are needed to investigate the clinical implications of these findings as well as its

underlying mechanisms.
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Figure 1: Effect of oral administration of increasing doses of rosmarinic acid (0, 3, 10, or 30
mg/kg; p.o.) on seizures induced by pentylenetetrazol (PTZ, 60 mg/kg; i.p.). Latencies to (A)
myoclonic jerks or (B) generalized seizure and the (C) duration of the first generalized seizure
were measured. Rosmarinic acid or vehicle was administered 60 min before the injection of
PTZ. Data are presented as median and interquartile range for n = 7-10 per group. The
asterisk indicates a statistically significant difference from the vehicle-treated group (P<
0.05). Statistical analyses were performed with the nonparametric Kruskal-Wallis test
followed by post hoc analyses with the Dunn's multiple comparisons test. Also shown are
representative electroencephalograms observed in cerebral cortex after administration of PTZ
in animals treated with (D) vehicle (10 ml/kg, p.o.) or (E) rosmarinic acid (30 mg/kg, p.o.).

The arrow indicates the administration of PTZ.
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Figure 2: Effect of oral administration of increasing doses of rosmarinic acid (0, 3, 10, or 30
mg/kg; p.o.) on seizures induced by pilocarpine (300 mg/kg, i.p.). Latencies to (A) myoclonic
jerks or (B) generalized seizure and the (C) duration of the first generalized seizure were
measured. All solutions were administered 60 min before the injection of pilocarpine. Data
are presented as median and interquartile range for n = 8-11 per group. The asterisk indicates
a statistically significant difference from the vehicle-treated group (P< 0.05). Statistical
analyses were performed with the nonparametric Kruskal-Wallis test followed by post hoc
analyses with the Dunn's multiple comparisons test. Also shown are representative
electroencephalograms observed in cerebral cortex after administration of pilocarpine in
animals treated with (D) vehicle (10 ml/kg, p.o.) or (E) rosmarinic acid (30 mg/kg, p.o.). The

arrow indicates the administration of pilocarpine.
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Figure 3: Effect of oral administration of rosmarinic acid (30 mg/kg; p.o.) on selected

behavioral parameters. (A) Number of crossings, (B) time spent exploring the center, (C)

number of rearing responses and (D) latency to start exploration in the open field test; (E)
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Time spent in object exploration in the habituation session and (F) recognition index in the
object recognition test; (G) latency to fall of the rod in the rotarod test and (H) immobility
time in the forced swim test. Independent group of mice were used in each test. Data are
presented as mean +standard error of the mean. The number of animals was 6 per group in the
open-field test, 5 per group in the object recognition test, 12 per group in the rotarod test and
5 per group in the forced swim test. The asterisk indicates a statistically significant difference
from the vehicle-treated group (P< 0.05). Statistical analyses were performed with the two-

tailed unpaired Student’s t test.
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Figure 4: Effect of oral administration of increasing doses of rosmarinic acid (3 or 30 mg/kg;
p.o.) on development of SRS after pilocarpine-induced SE. (A) Latency to the first SRS and
(B) number of SRS). Data are presented as mean + standard error of the mean n = 8-9 per

group. Statistical analyses were carried out by one-way ANOVA.



>

Crossings

@

Rearing responses

m

Object exploration (s)

@

Latency to first fall (s)

Open field

B

47

200 © 15-
3 Control . E 3 Control
=
@8 SE &< @8 SE
150 59
3] 'é' 10
.E 2
100 4 o
23
1] = 54 *
o3 . ﬁ ,
g i -
0 . T . X o .iﬁl T T
Vehicle 3 30 Vehicle 3 30
Rosmarinic acid Rosmarinic acid
(mg/kg) (mg/kg)
40+ ~— 300 1 *
3 Control L 3 Control
= SE 5 = SE
301 5 * *
E 200 1
o
20 1 é
£ 100+
10 * 2
3
* * 2
o S8 olem 1 lll
Vehicle 3 30 Vehicle 3 30
Rosmarinic acid Rosmarinic acid
(mg/kg) (mg/kg)
Object recognition F Sucrose preference
801 100
3 Control s 3 Control
BB SE © 80 BB SE
601 Q * * *
@
.§ 60
40 e
. S 401
1%
204 o
- 5 201
* @
0- ]
Vehicle 3 30 Vehicle 3 30
Rosmarinic acid Rosmarinic acid
(mg/kg) (mg/kg)
Rotarod H Forced swim
400 200 -
3 Control l 3 Control
Bl SE w El SE
300 4 o 150
£
=] * *
200 - 2 100 *
a
o
100 g 50
0 T T 0 T T
Vehicle 3 30 Vehicle 3 30

Rosmarinic acid
(mg/kg)

Rosmarinic acid
(mg/kg)



48

Figure 5: Effect of oral administration of increasing doses of rosmarinic acid (3 or 30 mg/kg;
p.0.) on behavioral comorbities of epilepsy. (A) Number of crossings, (B) time spent
exploring the center, (C) number of rearing responses and (D) latency to start exploration in
the open field test; (E) Time spent in object exploration in the habituation session of the
object recognition test; (F) sucrose preference; (G) latency to fall of the rod in the rotarod test
and (H) immobility time in the forced swim test. Independent group of mice were used in
each test. Data are presented as mean + standard error of the mean for n = 6-9 per group. The
asterisk indicates a statistically significant difference from each respective control group (P<
0.05). Statistical analyses were carried out by two-way ANOVA followed by post hoc

analyses with the Student-Newman-Keuls multiple comparisons test.
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5 CONCLUSAO

O 4cido rosmarinico mostrou atividade anticonvulsivante em modelos de crises
epilépticas agudas induzidas por PTZ e Pilocarpina. No entanto no modelo cronico de status
epilepticus o acido rosmarinico ndo foi capaz de alterar as crises epilépticas nem causar
alteracOes comportamentais.

Frente ao fato que o dcido rosmarinico possui efeito anticonvulsivante em modelos de
crises agudas, em estudos futuros pretendemos testar o efeito deste comporto natural
associado com outras drogas anticonvulsivantes. Além disso, estudos adicionais sdao
necessarios para investigar as implicagdes clinicas destes achados assim como 0s mecanismos

subjacentes.
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