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APRESENTACAO

A presente tese de doutorado estd organizada em trés partes. A Parte I ¢
composta por uma introducao e objetivos, retratando os principais assuntos abordados
ao longo da elaboracdo do trabalho, dando énfase na caracterizacdo de produtos
naturais e seus compostos isolados, no ambiente redox das células neuronais e nas
condi¢des dolorosas relacionadas a processos pro-inflamatorios. A Parte II apresenta
dois capitulos na forma de artigos cientificos. O primeiro capitulo traz a
caracterizagdo fisico-quimica, as propriedades redox do &cido chiquimico, assim
como o seu efeito antioxidante diante de um indutor de estresse oxidativo. O segundo
capitulo demonstra a atividade anti-inflamatoria do acido chiquimico e o seu feito
antinociceptivo frente a nocicep¢do mediada por substincias proinflamatorias. Por
fim, a Parte III apresenta a discussdo geral, de acordo com os resultados de cada

artigo cientifico, conclusdes e perspectivas.



RESUMO

A investiga¢do do potencial terapéutico de compostos naturais ndo toxicos capazes de
prevenir ou reduzir o impacto do estresse oxidativo em doencas inflamatérias
diretamente relacionadas a dor tem exercido um papel fundamental no
desenvolvimento de novas medicamentos. O 4cido chiquimico (ACH) ¢ um composto
natural originalmente extraido da I/licium verum Hook. f., uma planta medicinal usada
no tratamento de doengas inflamatorias. Apesar do ACH ter sido usado como um
precursor quimico na sintese do antiviral Tamiflu®, o seu potencial como um
composto anti-inflamatorio e antioxidante, ja enraizado pelo uso popular, ainda
permanece desconhecido. Baseado nisso, o objetivo do presente estudo foi avaliar a
atividade antioxidante, anti-inflamatdria e antinociceptiva do ACH em modelos in
vitro e in vivo. Inicialmente as propriedades fisico-quimicas do ACH foram avaliadas
e a atividade antioxidante comprovada, bem como seu potencial de proteger a morte
celular induzida por peroxido de hidrogénio em células de neuroblastoma SH-SYSY.
O ACH atenuou a inflamag¢do induzida pelo LPS em macrofagos RAW 264.7, foi
capaz de inibir a producdo de citocinas (TNF-a e IL-B) e de NO, assim como a
ativacao das MAPKs (ERK1/2 e P38) induzida pelo LPS, sugerindo que o ACH pode
exercer uma atividade anti-inflamatéria. In vivo, o ACH bloqueou a hiperalgesia
mediada pela carragenina (CG), TNF-a, prostaglandinas (PEG2) e dopamina (DA) em
camundongos. Esses resultados sugerem que o efeito antinociceptivo do ACH pode
ser atribuido, em parte, a sua a¢do antioxidante e anti-inflamatoria, dois mecanismos

que sustentam a transdu¢ao do sinal doloroso.

Palavras chaves: Acido chiquimico; antioxidantes; inflamag¢do; nocicep¢ao, SH-

SY5Y; RAW 264.7.



ABSTRACT

The investigation of the therapeutic potential of natural non-toxic compounds capable
of counteracting oxidative stress associated with inflammatory disease and painful
conditions, has been of key interest in drug development. Shiquimic acid (SA) is a
nature-derived compound originally extracted from /llicium verum Hook. f., a chinese
medicinal herb used to treat inflammatory diseases. Even though SA has currently
been used as a chemical precursor for synthesis of the antiviral Tamiflu, its potential
as an anti-inflammatory and antioxidant compound — already rooted by its popular use
- remains unknown until now. Based on that, the aim of this study was to evaluate the
antioxidant, anti-inflammatory and anti-nociceptive activity of SA in vitro and in vivo
models. Initially the physic-chemical properties of SA were evaluated and proven
antioxidant activity, as well as its potential to protect hydrogen peroxide-induced cell
death in neuroblastoma SH-SYS5Y cells. SA attenuates LPS-induced inflammation in
RAW 264.7 macrophages, SA was capable of inhibiting TNF-a and IL-1f cytokines
production, NO production as well as LPS-induced activation of MAPKs (p38 and
ERK1/2), thus suggesting that SA may exert anti-inflammatory activity. /n vivo, SA
blocked carrageenan, TNF-alpha-, prostaglandin (PE2)-, and dopamine-induced
hyperalgesia in mice. These results suggest that anti-nociceptive effect of SA could be
attributed, at least in part, to their antioxidant and anti-inflammatory actions, two

mechanisms underpinning painful signal transduction.

Keywords: Shikimic acid; antioxidants; inflammation; nociception; SH-SY5Y; RAW
264.7.
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INTRODUCAO E OBJETIVOS



1. INTRODUCAO

1.1. Produtos naturais

As plantas medicinais sdo extensivamente estudadas por apresentarem um
elevado valor terapéutico e por serem fontes de uma grande variedade de compostos
bioativos, com ampla atividade bioldgica. Igualmente, representam uma importante
fonte de reserva para a sintese de novos metabolitos (Kinghorn et al., 2011). Durante
um longo tempo, as plantas medicinais foram aplicadas apenas como uma base
empirica, sem o conhecimento mecanicista de suas atividades farmacoldgicas ou
constituintes ativos. Somente no século XVIII Anton von Storck, investigou a
atividade farmacoldgica de ervas venenosas, tais como aconito e colchicum e William
Withering mostrou que a Digitalis purpurea (dedaleira) ¢ bastante eficaz no
tratamento do edema. De acordo com esses achados foram langadas as bases para a
investigagdo clinica das plantas medicinais (Atanasov et al., 2015).

No século XIX, o assistente do farmacéutico alemao Friedrich Sertiirner isolou
uma substancia do Opio, a morphium (morfina), extraida da papoula (Papaver
somniferun), que além de apresentar atividade analgésica também atua como indutor
do sono (Friedrich and Seidlein, 1984; Trang et al., 2015). Nesse periodo, foram
comercializados os primeiros medicamentos analgésicos obtidos a partir de ervas
medicinais, a base do acido acetilsalicilico (Aspirina®), sintetizado a partir do acido
salicilico extraido da casca de salgueiro (Salix alba) (Schmidt et al., 2008).

No Brasil, o primeiro fitomedicamento genuinamente nacional lancado foi o
Acheflan®” (grupo Aché Laboratoérios Farmacéuticos). Esse medicamento foi langado
em 2005 e ¢ constituido por trans-cariofileno, a-humuleno e allo-aromadendreno,
compostos isolados a partir do 6leo essencial da Cordia verbendcea, apresentando

propriedades anti-reumatica, anti-inflamatoria e analgésica (Fernandes et al., 2007).



Segundo dados analisados por Mishra e Tiwari, 2011 entre os anos de 2005 a
2010, a Food and Drug Administration (FDA) e a European Medicines Agency
(EMA) aprovaram cerca de 20 medicamentos a base de produtos naturais, entre estes,
o Dronabinol (Sativex™), Exenatide (Byetta®) e Romidepsin (Istodax”), prescritos,
respectivamente, para o tratamento algico, diabético e oncoldgico. Dentre estes
medicamentos, 7 foram produzidos a partir de produtos naturais, 10 sdo produtos
naturais semissintéticos e 2 utilizam os produtos naturais como base para sintese de
novos medicamentos (Mishra and Tiwari, 2011). Esses dados comprovam o aumento
da popularidade e utilidade dos produtos naturais, ja& que eles sdo uma fonte de
compostos bioativos usados no desenvolvimento de novos farmacos (Cragg and
Newman, 2013; Newman and Cragg, 2016).

Nesse contexto se encontra a espécie Illicium verum Hook. f. (I. verum Hook),
uma planta aromatica perene, conhecida popularmente como anis estrelado - (Figura
1) (Wang et al., 2011). Esta espécie ¢ nativa do sudoeste da China e do Vietna e
distribuida principalmente nas areas tropicais e subtropicais da Asia (Chempakam e
Balaji, 2008). Os frutos dessa espécie sdo utilizados na industria de alimentos como
especiarias e na preparacao de bebidas (Wang ef al., 2011). Na tradicional medicina
chinesa sdo utilizados principalmente no tratamento de processos inflamatorios e
dores reumaticas (Editorial Committee of Chinese Pharmacopoeia, 2010; Chouksey et
al., 2010).

Os extratos e o 6leo essencial da I. verum Hook sdo conhecidos por apresentar
uma ampla gama de atividades farmacoldgicas, como antifingica (Huang et al.,
2010); antibacteriana (Yang et al., 2010); antioxidante (Guo et al., 2008; Bi et al.,
2015); anti-inflamatoria (Huang et al., 2010; Sung, Kim, ef al., 2012; Sung, Yang, et

al.,2012; Wei et al., 2014) e analgésica (Nakamura et al., 1996).



Guo e colaboradores (2008), avaliaram a atividade antioxidante, a partir de
extratos liofilizado do fruto da I. verum Hook utilizando os métodos de reducdo do
radical 2,2-difenil-1-picrilhidrazil (DPPH) e método de reducdo de ferro (FRAP). Os
resultados obtidos foram de DPPH (44.97 pg/mL) e FRAP (520.39 pumol/g). Esses
resultados demonstram a capacidade desse extrato em sequestrar radicais livres e
reduzir oxidantes, atuando assim como um antioxidante (Guo et al., 2008). Resultados
semelhantes foram observados por Bi e colaboradores (2015).

Sung, Yang e colaboradores (2012) avaliaram o efeito anti-inflamatério e
antialégico de extratos etanolico da I. verum Hook (IVE), em modelo in vitro e in
vivo. O IVE (50, 100 e 200 pg/mL) inibiu a secrecdo da histamina e de mediadores
inflamatorios, tais como interleucina 1 (IL-4), interleucina 6 (IL-6) e fator de necrose
tumoral alpha (TNF-0) em mastocitos MC/9 ativados pelo composto quimico 48/80
(p-metoxy-N-metilfenetilamina), por forbol 12-miristato 13-acetato e iondforo de
calcio A23187. Além disso, em modelo animal de dermatite atopica o IVE (1 mg/kg)
reduziu significativamente a dermatite, a espessura da orelha, e os niveis séricos de
imunoglobulina E (IgE), histamina, IL-6, e molécula de adesdo intercelular (ICAM-1)
(Sung, Yang, et al., 2012).

Posteriormente, outro estudo do mesmo grupo avaliou a capacidade do IVE
em atenuar a secre¢do do TNF-a e expressdo de quimioquinas e citoquinas em
queratindcitos humanos desafiados com interferon gama (IFN-g). O efeito anti-
inflamatorio do IVE (25, 50 e 100 pg/mL) foi associado a capacidade do IVE em
inibir o fator de transcri¢ao nuclear kappa B (NF-kB), transdutor de sinal e ativador de
transcri¢do 1 (STATI) e das proteinas cinases ativadas por mitogénos (MAPK). Estes
resultados demonstram os potenciais efeitos terapéuticos do IVE em processos

inflamatorios (Sung, Kim, et al., 2012; Sung, Yang, et al., 2012).



Adicionalmente, o potencial terapéutico da I. verum Hook foi associado aos
seus  constituintes quimicos, tais como monoterpenos, sesquiterpenos,
fenilpropanoides, lignanas, flavonoides e acido chiquimico (ACH) (Liu et al., 2009;
Wang et al., 2011).

As atividades farmacologicas apresentadas por esses compostos,
principalmente o ACH, vem despertando o interesse de diferentes areas do
conhecimento cientifico (Liu et al., 2016). Este composto ¢ utilizado na sintese do
medicamento antiviral fosfato de oseltamivir (Tamiflu®™), langado em 1999 pela

empresa Hoffmann - La Roche (Roche).

Figura 1. Anis Estrelado /llicium verum Hook. F. (Wang et al., 2011)
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1.2. Fosfato de oseltamivir (Tamiflu®)

O Tamiflu® - (Figura 2), foi um dos primeiros antivirais desenvolvido por um
processo de desenho racional de drogas. Além disso, é considerada uma pré-droga
que serd biotransformada dentro do organismo em carboxilato de oseltamivir (Kim et
al., 1997). Entre 1997 e 2002 a empresa Roche realizou um extenso estudo em relacao
a utilizagdo do Tamiflu®, na profilaxia e tratamento da gripe (HIN1) dos tipos A e B
(Moscona, 2005; Ghosh et al., 2012; Clinch and Smith, 2015). Uma das estratégias
usadas em pacientes acometidos com o virus foi a utilizacdo de duas classes de drogas
antivirais: os bloqueadores de canais de ion M2 (amantadina e rimantadina) e
inibidores de neuraminidase, como o fosfato de oseltamivir, sintetizado a partir do
ACH (Bright et al., 2006). Apesar da existéncia desses dois tratamentos, somente os
inibidores de neuraminidase foram recomendados pelas autoridades de satde, visto
que pacientes portadores do virus HIN1 apresentaram resisténcia frente a amantadina

(Bright et al., 2006; Schiinemann et al., 2007).

H3C/Y\CH3

O,, COOEt
O .

PR

H,C” N7 N
H
NH,.H;PO,

Figura 2. Estrutura quimica do Fosfato de Oseltamivir (Tamiflu®) (Ghosh et al.,

2012).

A neuraminidase, molécula alvo do Tamiﬂu®, auxilia no movimento das

particulas virais através do trato respiratdrio superior (Kim et al., 1997). Essa
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glicoproteina de membrana cliva os residuos dos receptores de acido sialico e facilita
respectivamente a liberacdo e invasdo do virus nas vias respiratdrias superiores € em
novas células (Von Itzstein, 2007). A inibi¢do da neuraminidase limita o ciclo de
replicacdo viral, impedindo assim a propagacio da doenca. E importante ressaltar que
esse farmaco ndo impede a contaminagdo com o virus e o tratamento deve ser iniciado
logo apds a infecgdo, ja que a replicagdo viral atinge seu pico entre 24 e 72 horas apds
o inicio da doenca (Moscona, 2005; Widmer et al., 2010).

Em outubro de 1999, a FDA aprovou o uso desse medicamento antiviral por
via oral na dosagem de 75 mg duas vezes ao dia por um periodo de 5 dias (Treanor et
al., 2000). O mesmo regime de tratamento foi aplicado durante a pandemia de 2009 a
2010 do virus HIN1 (Kamal et al., 2015). Entretanto, durante esse periodo a FDA
emitiu a Emergency Use Authorization (EUASs), que autorizou o uso do Tamiflu® no
tratamento e profilaxia desse virus sem a otimizag¢do da dose, devido ao surgimento
extremamente agressivo desse tipo de cepa viral durante essa pandemia (FDA, 2009).
Segundo a Organizagdo Mundial da Saade (WHO, 2008) o Tamiflu® na dosagem de
150 mg foi eficiente no tratamento da gripe humana, em particular das estirpes
altamente agressivas, tais como a H5N1 (Update: WHO-confirmed human cases of
avian influenza A (H5N1) infection, November 2003-May 2008, 2008).

Devido a grande importancia do Tamiflu® na saide humana e no controle de
uma possivel pandemia causada pelo virus da gripe avidria, muitos paises adotaram
planos para estocar uma quantidade significativa deste composto em caso de um
eventual surto de gripe (Farina and Brown, 2006). Como resultado, as preocupacoes
tém sido levantadas sobre a capacidade do processo de produgdo existente para
atender a demanda mundial (Laver and Garman, 2001).

Apesar da aprovacao inicial, a Roche continuou a realizar todos os estudos
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complementares, visando expandir o corpo de evidéncias que comprovam a seguranga
e a eficécia clinica desse medicamento (Clinch and Smith, 2015). Entretanto, estudos
adicionais acerca dos efeitos do Tamiflu® (incluindo efeitos toxicos) ainda precisam

ser realizados.

1.3. Acido Chiquimico

Isolado em 1885, o 4cido chiquimico a-isdmero (3R,4S,5R - 4cido 3,4,5
trihydroxy-1-ciclohexeno-1-carboxilico - (-), ACH) ¢é composto por um anel
aromatico com seis atomos de carbono, trés carbonos quirais ¢ um grupo funcional
acido carboxilico (Figura 3).

Originalmente extraido da /. verum Hook. F., o ACH caracteriza-se por ser
uma substancia cristalina branca com ponto de fusdo de 187° C e altamente solivel
em agua (180 g/L a 20 °C) (Bochkov et al, 2012). O ACH ¢ um composto
levorrotatdrio com uma rotagdo especifica [a] = - 157 ° x cm’/g x dm ', apresenta um
grande numero de isomeros descritos, porém apenas o a-isdmero € a estrutura que
apresenta as atividades farmacologicas (Mirza and Harvey, 1991; Reyes-Chilpa et al.,
2004; Brazdova et al., 2009).

O ACH ¢ um hidrocarboneto aromatico, intermediario chave na biossintese da
via do chiquimato de aminoécidos aromaticos essenciais (L-fenilalanina, L-tirosina, e
L-triptofano), lignina e a maioria dos alcaldides de plantas e microorganismos
(Bochkov et al., 2012). Além de ser encontrado nas folhas e frutos de grande
variedade de plantas e em quantidade limitada em fungos e bactérias, o ACH atua
como precursor do dcido cinamico e de flavonoides, tais como: antocianinas,

flavonas, flavonois e taninos. E vélido salientar que a presenca do ACH em plantas e
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microorganismos ¢ necessaria para assimilacdo de acidos folico, vitaminas e

alcaloides (Wang et al., 2011).
COOH

HOY " YoH
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I

Figura 3. Estrutura quimica do ACH (Bochkov ef al., 2012).

A atividade antiviral do ACH ¢ de grande importancia socioeconomica, uma
vez que esse € o principal composto utilizado na sintese do Tamiflu®. Em 2005, a
ameaca de uma grande pandemia de gripe humana, extremamente agressiva causada
pelo virus da gripe H5N1, ocasionou uma consideravel crise mundial (Moscona,
2005). Em virtude da elevada taxa de mortalidade, em torno de 60%, causada pelo
virus H5N1, as autoridades de saide aumentaram a busca por novas estratégias
utilizadas no tratamento e controle do virus, em caso de uma nova pandemia
(Gambotto et al., 2008).

Atualmente, cerca de dois tercos do ACH wusados pelas industrias
farmacéuticas na producio do Tamiflu® ainda sdo provenientes de alguma espécie de
planta, principalmente do género Illicium (Ghosh et al., 2012). Entretanto, o
isolamento desse composto a partir de plantas apresenta um baixo rendimento e, por
se tratar de um produto natural, o mesmo sofre influéncia das condi¢des climaticas
(Bradley, 2005; Atanasov et al., 2015).

Outro ponto que deve ser considerado diz respeito aos processos de extragao e
purificagdo a partir das sementes da /. verum Hook, os quais resultam em elevados

custos de produgdo para as industrias farmacéuticas (Bradley, 2005; Ghosh et al.,
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2012). Dos trés métodos de obtencdo mais estudados na literatura (extracao vegetal,
sintese quimica e fermentagdo microbiana), o processo de fermentagdo utilizando
microrganismos foi considerado o mais simples, eficiente e vidvel para aumentar a
produgdo do ACH (Bochkov et al., 2012; Estévez and Estévez, 2012; Martinez et al.,
2015). Sendo assim, diversas manipulagdes metabolicas e genéticas foram conduzidas
principalmente em Bacillus subtilis, Citrobacter freundii e Esherichia coli a fim de

aumentar a producdo de ACH nessas cepas (Liu et al., 2014; Tripathi et al., 2015).
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1.4. Propriedades biologicas do acido chiquimico

Por se tratar de um composto bioativo que apresenta diversas atividades
farmacoldgicas, o ACH tem se tornado o foco de aten¢do de muitos pesquisadores.
Estudos demonstraram que o efeito anti-inflamatério do ACH estd associado a
capacidade dessa substincia em inibir a atividade das enzimas ciclooxigenase-1 e 2
(COX-1 e COX-2) em modelo in vitro (El-Seedi et al., 2003). Da mesma forma,
Huang e colaboradores (2002) demonstraram que a administracdo oral de outro
derivado do ACH, o (3R, 4S, 5R) -3,4,5-trimetoxi-1- ciclo-hexanocarboxilico (ATC)
na concentracdo de 12.5 e 50 mg/Kg, diminui a agregagdo plaquetdria e reduz a
formagdo de coagulos sem alterar o equilibrio homeostatico sistémico em modelo
animal (Huang et al., 2002).

Segundo Bertelli e colaboradores (2008), a combinagdo de ACH e quercetina
regula a secrecdo de interleucinas IL-6 e IL-8, controlando assim, o recrutamento e
ativacao dos linfocitos e comprovando o efeito imunomodulatério desse composto
(Bertelli et al., 2008).

Adicionalmente, estudos in vivo, usando um modelo animal de colite, induzido
por acido 2.,4,6-trinitrobenzenossulfonico (TNBS), a administracdo do acido 3,4-di-o-
isopropilideno-chiquimico (AIC) um derivado do ACH apresentou um efeito clinico
significativo sobre a colite experimental em ratos, provavelmente devido ao efeito
antioxidante e anti-inflamatorio apresentado por essa substancia, j& que a mesma
inibiu 0o metabolismo do acido araquidonico e modulou a expressdo do NF-kB (Xing
etal.,2013).

Diversos estudos tém demonstrado que o AIC diminui os niveis de
peroxidagdo lipidica e de espécies reativas de oxigénio (EROs) em cérebro de ratos

com lesdo isquémica, comprovando assim, o efeito antioxidante apresentado por esse

16



derivado do ACH (Ma et al., 2003).

De acordo com Manna et al., (2014), o concentrado de dgua de coco (200 a
400 pg/mL) bem como seu fitoconstituinte ACH (40 uM) foram capazes de reverter
danos oxidativos induzidos por peréxido de hidrogénio (H,O,) em hepatocitos
isolados de camundongo, possivelmente através da inibi¢ao do fator nuclear kappa B
(NF-xB) (Ma et al., 2003). Essa atividade redox protetora provavelmente envolve a
supressao de fatores de transcricdo sensiveis ao balanco redox que estdo diretamente
relacionados a fosforilacdo de proteinas de sinalizacdo, bem como as MAPKs (Manna

etal.,2014).

1.5 Estado redox

Os sentidos das reacdes redox que ocorrem no ambiente intracelular sdo
determinados pelo estado de equilibrio entre os oxidantes (espécies reativas- (ERs)- e
radicais livres) e os antioxidantes (enzimaticos e ndo-enzimaticos). As células sdo
continuamente ameacadas por danos causados por espécies reativas de oxigénio
(EROs) e nitrogénio (ERNs) que sdo produzidas durante o metabolismo oxidativo
fisiologico (Espinosa-Diez et al., 2015). Todavia, a produgdo excessiva das EROs e
ERNs ou a sua eliminagdo ineficiente leva respectivamente ao estresse oxidativo e
nitrosativo. Esta condicdo ¢ potencialmente perigosa, pois pode alterar a resposta
inflamatoria e induzir modifica¢des de lipideos e proteinas, danos ao DNA, apoptose
ou transformagdo de células cancerigenas (Valko et al., 2001; Ridnour et al., 2004).
Entretanto, baixas concentra¢des dessas ERs atuam como moléculas sinalizadoras que
estdo envolvidas na resposta mitogénica ou na defesa contra agentes infecciosos

(Valko et al., 2007).
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As fungdes apresentadas pelas ERs podem ser associadas a presenca do
oxigénio (O,), essencial para diversos processos fisioldgicos. O seu principal papel na
sobrevivéncia celular esta associado ao seu alto potencial redox, o que o torna um
excelente agente oxidante capaz de receber facilmente elétrons a partir de substratos
reduzidos (Halliwell, 2006b). Sendo assim, cada tecido apresenta uma diferente
demanda de O, em fungdo das necessidades metabolicas. Desta maneira, o sistema
nervoso central (SNC) ¢ responsavel por mais de 20% do consumo total de O, o que
o torna mais suscetivel a danos oxidativos (Halliwell, 2006a; Sultana et al., 2013).
Entretanto, apesar do elevado consumo de O, estar associado a possiveis danos
teciduais, o estado de hipdxia também pode induzir efeitos deletérios, incluindo a
neurotoxicidade (Koch et al., 2013).

Atualmente o estresse oxidativo estd envolvido na patogénese de diversas
doengas, incluindo:  cancer, processos  autoimunes, inflamatérios e
neurodegenerativos, como a doenga de Parkinson (DP), a doenga de Alzheimer, entre
outras (Valko et al., 2007; Piechota-Polanczyk and Fichna, 2014; Kamat et al., 2016).
A relacdo do estresse oxidativo com as doengas neurodegenerativas ¢ um dos assuntos
mais abordados pela comunidade cientifica.

O fato do cérebro ser um dos maiores alvos do estresse oxidativo,
possivelmente esta relacionado & caracteristicas Unicas apresentadas por este o6rgao,
tais como consumo de O, cerca de 10 vezes maior que os outros tecidos e
insuficiéncia das defesas antioxidantes (Halliwell, 2006a; Sultana et al., 2013). Desta
maneira, o sistema nervoso central (SNC) necessita de alternativas de defesa
antioxidante principalmente de origem exogena. Outra razdo que comprova a
necessidade de uma maior prote¢do antioxidante para o cérebro ¢ a elevada

quantidade de mitocondrias, que abrigam a maior parte das vias oxidativas e sdo
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responsaveis pelo aumento da producdo de radicais livres e EROs (Adam-Vizi, 2005;
Kudin et al., 2005). Durante a ativacao da fosforilacdo oxidativa mitocondrial ocorre
uma liberagdo aumentada do radical anion superdxido (O>™) que por sua vez sofre a
acdo da enzima superéxido dismutase (SOD) produzindo H,O; e alterando o balago
redox das células neuronais (Malinska et al., 2010).

Esse aumento das EROs na mitocondria também pode ser gerado por diversas
enzimas incluindo a aconitase e o complexo a-cetoglutarato desidrogenase. A
presenga das monoamina oxidases (MAQ), como a flavoenzima monoamina oxidase
A e a monoamina oxidase B desempenham um papel muito importante no
catabolismo oxidativo dos neurotransmissores incluindo a serotonina, dopamina e
epinefrina, resultando na producdo aumentada de H,O, (Hrometz ef al., 2004; Gal et
al., 2005; Edmondson et al., 2009). A dopamina e seus precursor (.-DOPA), bem
como a serotonina e norepenifrina, sofrem auto-oxidagao, contribuindo assim com o
aumento do O,", H,0O,, quinonas e semiquinonas que induzem a diminui¢do dos
niveis de glutationa reduzida (GSH) (Shih et al., 1999; Wang and Michaelis, 2010).
Além do aumento do H,O, decorrente da disfun¢ao mitocondrial e do metabolismo de
neurotransmissores, a presenca de elevadas quantidades de ferro no tecido neuronal
torna favoravel a Reagdo de Fenton, onde o H,O, ¢ convertido em radical hidroxil
(HO®), uma das ERs mais deletérios aos sistemas bioldgicos (Zecca et al., 2004;
Halliwell, 2006a; Gutteridge and Halliwell, 2010).

E vilido salientar que ferro e o cobre sio cofatores essenciais para muitas
proteinas que estdo envolvidas na fun¢do normal do tecido neuronal. Entretanto,
alteracdes no metabolismo desses metais de transi¢do, contribuem para o aumento do
dano oxidativo, agregacdo de proteinas, principalmente o-sinucleina, assim como a

formag¢do de produtos finais de glicagdo avangada (AGEs) nas células neuronais
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(Zecca et al., 2004; Zhang et al., 2016). Esses metais de transicdo também aceleram a
lipoperoxidagdo (LPO), através da reagdo de Fenton (Halliwell, 2006a). Sendo assim,
o aumento da formagdo de radicais livres e ERs associado a excitotoxidade e
inflamagdo contribuem para a progressdo das doengas neurodegenerativas
(Valdiglesias et al., 2015; Zhang et al., 2016).

Todas as reacdes citadas anteriormente somadas aos altos niveis de acido
graxos poli-insaturados nas membranas neuronais contribuem para iniciagdo e
propagacao do processo de LPO. Esse processo facilita a formagdo de radicais livres
que atacam diretamente as membranas neuronais e induzem a oxidagdo de produtos
dos 4cidos graxos poli-insaturados, especialmente o acido araquidonico e o acido
docosaexaendico (Halliwell, 2006a; Sultana et al, 2013). A peroxidacdao desses
compostos produz uma série de produtos secundarios, como o malondialdeido, 4-
hidroxinonenal e acroleina que afetam diretamente a homeostase neuronal
contribuindo assim para a disfungdo cerebral (Perluigi et al., 2012; Spickett, 2013).

O 6xido nitrico (NO") desempenha um papel crucial nos processos fisiologicos
e patologicos do SNC (Bredt, 1999). Entretanto, a produgdo excessiva de NO" esta
envolvida em processos de neuroinflamacgdo e neurodegeneragdo (Agostinho et al.,
2010; Hsieh and Yang, 2013). Durante esses processos, a presenca de células do
sistema imune inato e de citocinas pro-inflamatdrias, induz a ativagdo da microglia e
astroglia (Nimmerjahn et al., 2005; Benner et al., 2008). Consequentemente, ocorre 0
aumento dos niveis de O,”, H,O; e citocinas, tais como interleucina 1 (IL-1p), IL-6 e
TNF-a (Halliwell, 2006a; Frank-Cannon et al., 2009). Por um processo de
retroalimentagdo, estas citocinas atuam na microglia induzindo a producdo da
isoenzima 6xido nitrico sintase (iNOS), que por sua vez aumenta a producao de NO*

(Agostinho et al., 2010). Ademais, esses efeitos associados a alteracdes na atividade
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das mitocondria neuronais induz uma producao excessiva de O, que reage com NO’
presente no SNC levando a formagdo de peroxinitrito (ONOQO’), uma molécula
oxidante que pode agir sobre residuos de tirosina, induzir a LPO e causar danos no
DNA (Bolanos et al., 2009; Yuste et al., 2015).

A longa duracdo de vida e o fato dos neurdnios ndo se dividirem, podem
contribuir para a vulnerabilidade seletiva das diferentes populacdes neuronais (Gandhi
and Abramov, 2012). Além disso, durante o envelhecimento ocorre um desequilibrio
das defesas antioxidantes enzimaticas € ndo enzimaticas, com decorrente aumento do
dano oxidativo e nitrosativo neuronal (Camougrand and Rigoulet, 2001; Romano et
al., 2010). Outra hipodtese interessante para a vulnerabilidade do cérebro, e que
durante o processo de envelhecimento os neuronios dopaminérgicos da substancia
negra “pars compacta’, apresentam um mecanismo autonomo que utilizam canais de
calcio, resultando em oscilagdes intracelulares do célcio (Wang and Michaelis, 2010).
Essas alteragdes contribuem para o aumento da disfun¢do mitocondrial, acompanhada
pela diminuicdo da taxa de transferéncia de elétrons e do potencial de membrana,
resultando em um aumento de radicais livres ¢ ERs (Navarro and Boveris, 2010;
Hroudova et al., 2014).

De acordo com os dados citados acima, as EROs e ERNs podem contribuir no
processo de toxicidade neuronal e estdo associadas as condigdes neuropatologicas
agudas e cronicas. Além disso, o H,O, produzido durante o processo redox, além de
ser altamente soluvel, difusivel e capaz de atravessar a membrana celular ¢ utilizado
como fonte exdgena de EROs (Zhu et al., 2005). Além desses efeitos, estudos indicam
que o HyO; induz alteragcdes morfologicas com subsequente morte celular neuronal
por apoptose no sistema nervoso central (SNC) (Whittemore et al., 1995). Sendo

assim, o modelo in vitro de lesdo neuronal provocada pelo H,O, ¢ considerado
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adequado para o estudo do processo de neurodegeneracdo associada ao estresse
oxidativo, assim como, avaliar o potencial neuroprotetor de novas terapias
farmacoldgicas.

Devido a grande dificuldade de encontrar um modelo adequado e acessivel
para analise das doencas neurodegenerativas associadas as alteracdes redox do SNC,
diversos estudos vém utilizando amplamente a linhagem celular de neuroblastoma
humano (SH-SY5Y) como modelo in vitro para as andlises experimentais
relacionadas a processos, como o de neurodegeneracdo, neuroadaptativo,
neurotoxicidade e principalmente neuroprotecao (Uberti et al., 2002; Xie et al., 2010;
Schneider et al., 2011; Yu et al., 2011; Koppula et al., 2012; Lopes et al., 2012;

Bavari et al., 2016).

1.6 Inflamacéo

A inflamagdo ¢ uma resposta adaptativa que pode ser desencadeada por
estimulos nocivos e pela presenca de condigdes, tais como infecgdo e lesdo tecidual. O
processo de inflamacdo ¢ um complexo mecanismo de defesa, onde os leucdcitos
presentes nos vasos migram para os tecidos danificados, visando eliminar ou controlar
os agentes causadores da infec¢do ou lesdo (Medzhitov, 2008).

A resposta inflamatoria ¢ geralmente iniciada através de receptores de
reconhecimento de padrdes (PRRs), onde se ligam os chamados padrdoes moleculares
associados a patogenos (PAMPs). Uma das familias de PRRs, expressa pelas células
do sistema imune inato, como mondcitos, macroéfago residentes e células dendriticas,
sdo os receptores Toll-like (TLR) (Thompson et al., 2011). Esses receptores sdo
estimulados principalmente por moléculas estruturais expressas por bactérias, virus e

fungos (Lu et al., 2008).
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Um dos TLRs, o receptor TLR4 representa um importante papel no processo
inflamatorio (Newton and Dixit, 2012). Evidéncias sugerem que este receptor pode
ser estimulado diretamente ou indiretamente por uma ampla variedade de PAMPs e
por moléculas endogenas, como a proteina HSP70, o &cido hialurénico e a B-
defensina (Asea et al., 2002; Biragyn et al., 2008; Lu et al., 2008). Entre essas
moléculas, o lipopolissacarideo (LPS), um dos componentes imunomodulatorios
provenientes da membrana de bactérias Gram-negativas, tem sua acdo mediada
através da interacdo com o receptor TLR4 (Lu et al., 2008).

A interacdo indireta do LPS com o TLR4 ocorre através de proteinas, como a
proteina ligante (LBP), CD14, proteina de diferenciagdo mieloide 2, entre outros
(Lakhani and Bogue, 2003; Aziz et al., 2013). Apds esta interacdo, o LPS induz o
aumento da expressdo de genes envolvidos na produg¢do de mediadores pro-
inflamatorios primadrios, tais como as citocinas (TNF-a, IL-1p, IL-6), EROs, ERNs e a
enzima COX-2 (Mogensen, 2009; Joo ef al., 2014). Esta acdo ocorre principalmente
nos macrofagos, células que atuam na resposta imune inata e adaptativa. Sabe-se que
essas células exibem diferentes respostas imunes frente ao patdogeno, como fagocitose,
secre¢do de citocinas e apresentagdo de antigenos (Murray and Wynn, 2011).

As linhagens de macrofagos imortalizadas, por apresentarem um
comportamento semelhante aos macréfagos primarios, sdo amplamente empregadas
na avaliacdo da resposta biologica e patoldgica do processo inflamatério (Blasi et al.,
1987). As células da linhagem RAW 264.7 sdo macrofagos murinos transformados
pela injecdo intraperitoneal do virus de Leucemia Abelson, obtidos a partir da ascite
de ratos BALB/c (Abelson and Rabstein, 1970; Raschke et al., 1978). Esta linhagem
representa um dos modelos in vitro mais utilizados na anélise da a¢do e do mecanismo

molecular responséavel pela atividade anti-inflamatoria de diversos composto isolados
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de plantas (Seo et al., 2014; Chun et al., 2016; Lampiasi and Montana, 2016). As
RAW 264.7 apresentam uma atividade responsiva ao LPS e, por apresentar uma alta
imunoatividade, o LPS tem sido utilizado em diversos modelos de inflamagao in vivo
e in vitro com o objetivo de compreender o seu papel na patofisiologia da inflamagao
(Beutler and Rietschel, 2003; Waseem et al., 2008; Aziz et al., 2013).

Por causa dessa ligacdo entre macrofagos, EROs, ERNs e inflamag¢do, a
ativagdo dos nociceptores responsaveis pela manutencao da dor, tem se tornado uma

importante area de interesse.
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1.7 Dor

De acordo com a Associagdo Internacional para o Estudo da Dor (IASP), a dor
foi definida como uma experiéncia sensorial e emocional desagradavel associada a
dano tecidual real ou potencial, ou descrita em termos de tais danos, a qual pode ser
classificada em aguda e cronica (Mossey, 2011). Esta defini¢do relaciona-se ao carater
multifatorial da dor, que envolve componentes sensoriais, cognitivos € emocionais
(Julius and Basbaum, 2001). Baseado nestes aspectos o componente sensorial da dor é
definido como nocicepgdo, isto é, a sensagdo determinada pela estimulagdo de
receptores presentes nas fibras aferentes primdrias (Millan, 1999). A dor envolve a
percep¢dao e a interpretacdo de estimulos nocivos, a nocicepg¢do corresponde as
manifestagdes neurofisioldgicas e neuroquimicas geradas pelo estimulo nocivo. Os
modelos de nocicepgdo sdo utilizados de forma inderita para avaliar a dor através da
analise das respostas comportamentais (Millan, 1999).

O procedimento experimental pelo qual a dor ¢ induzida ocorre em diversas
fases distintas. Estudos iniciais da dor usam ensaios agudo, envolvendo a aplicagdo de
dois grupos de estimulos: um noxious (que pode ser térmico, elétrico, mecanico ou
quimico) em uma parte acessivel do corpo (patas, calda ou abdomen) e estimulos
inflamatorios, que ativam diretamente os nociceptores como, por exemplo, os
tratamentos com formalina ou capsaicina e os que ativam o sistema imune (adjuvante
completo de Freund, ou carragenina) (Seltzer et al., 1990; Grace et al., 2014).

Estudos modernos de dor aguda e cronica utilizam ensaios especificos para
quantificar a hipersensibilidade, que ¢ o desfecho pré-clinico mais comum. Os ensaios
de quantificacdo de dor mais utilizado sdo: os reflexos espinhais emitidos, como por
exemplo, o teste de “von Frey ” para alodinia mecanica e o “Hargreaves” para

hiperalgesia térmica; reflexo espino-bulbospinal (saltar ou estiramento abdominal) e
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simples comportamento inato (lamber, vocalizar e guardar e/ou ficar atento). Estes
ensaios foram submetidos a desenvolvimento continuo, e foram adaptados para o
estudo da dor orofacial e limiares de dor heterogéneos (“pain thresholds) (Bennett
and Xie, 1988; Grace et al., 2014).

O reconhecimento de que os testes existentes podem mimetizar sindromes de
dor extremamente raras, necessitam ser validados para sindromes de dor mais
comuns. Esse fato conduziu a tentativas mais diretas para mimetizar a dor associada a
estados de doengas mais especificas (Polomano et al., 2001; Sloane et al., 2009).

Os estimulos dolorosos mecanicos, térmicos e quimicos sdo inicialmente
traduzidos em atividade elétrica neuronal e conduzidos a partir do local de estimulos
periféricos para o SNC, ao longo de uma série de neurdnios sensoriais nociceptivos
periféricos ou de primeira ordem (neurdnios primarios aferentes) (Zhang and Bao,
2006). O sinal nociceptivo ¢ entdo transmitido para sinapses centrais através da
liberagdo de uma variedade de neurotransmissores que tem o potencial de excitar os
neurdnios de projegdes nociceptivos (fibras nociceptivas Ad e C (nociceptores)) ou de
segunda ordem no corno dorsal da medula ou rombencéfalo (Ossipov et al., 2010).

Os receptores especificos para a dor estdo localizados nas terminagdes de
fibras nervosas Ad (mielinizadas) e C (ndo mielinizadas), possuem a capacidade de
transmitir estimulos dolorosos em diferentes velocidades e, quando ativados, sofrem
alteracdes na sua membrana, permitindo a deflagracdo de potenciais de a¢do (Zhang
and Bao, 2006)

O processo de nocicepcdo pode ocorrer através de varios mecanismos
envolvendo glutamato e neuropeptidios (por exemplo, substancia P ou peptideo
relacionado ao gene da calcitonina, CGRP). O glutamato ativa os receptores pos-

sinapticos de glutamato AMPA (4cido a-amino-3-hidroxi-5-metil-4-isoxazol
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propionico) e cainato nos neurdnios de proje¢des nociceptivas. Entretanto, estes
receptores diferem de forma responsiva a diferentes tipos de dor (Basbaum et al.,
2009). A modificagdo do sinal nociceptivo pode ocorrer ao nivel da medula espinhal
por meio da ativagdo GABA¢érgica local, (que produz o 4cido y-aminobutirico) e
interneuronios inibitorio glicinérgico. Os neurdnios de segunda ordem - neurdnios de
projecdes nociceptivas, envia para a supra-espinhal, que projeta para a cortical e
subcortical através dos neurdnios de terceira ordem, permitindo a codificacdo e a
percepcdo multidimensional da experiéncia da dor. A ativagdo de projecdes
descendentes serotoninérgicas e noradrenérgicas para a medula espinal modulam
ainda mais os neurdnios de proje¢des nociceptivas, e influenciam a resposta e a

percepcao da dor (Basbaum et al., 2009; Ossipov et al., 2010; Grace et al., 2014).
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1.8 Processamento Patoldgico da Dor

A dor pode se estender além de sua utilidade de protecdo, com duragdo de um
periodo de semanas a anos, bem além do estado da lesdo inicial. Neste caso, a dor ¢
mal adaptada e acredita-se resultar do funcionamento anormal do sistema nervoso
(Millan, 1999). Essa atividade intensa, repetitiva e sustentada dos neurdnios de
primeira ordem induzem alteragdes bem caracterizadas no processamento neuronal e
bioquimico nas sinapses centrais e projecdes descendentes (Basbaum et al., 2009;
Ossipov et al., 2010).

Os estimulos nocivos induzem alteragdes no sistema nervoso central,
modificando os mecanismos desencadeados pelos estimulos aferentes. A estimulacao
persistente de nociceptores provoca dor espontidnea, redu¢do do limiar de
sensibilidade, hiperalgesia e alodinia. A hiperalgesia pode ser classificada como
primaria e secundaria. A hiperalgesia primaria ¢ conceituada como sendo o aumento
da resposta ao estimulo doloroso no local da lesdo, enquanto a hiperalgesia secundéria
¢ aquela que se estende para areas adjacentes. A presenca de todos esses elementos
sugere que a sensibilizacdo periférica ndo ¢ o unico fendmeno responsavel por todas
essas mudancas e que deve existir envolvimento do SNC neste processo (Zhuo, 2007).
No corno dorsal da medula espinhal essas mudancas sdo coletivamente conhecidas
como sensibilizagdo central e windup, caracterizado como aumento cumulativo da
despolarizacdo da membrana induzida por estimulacdo repetida das fibras-C
(Latremoliere and Woolf, 2009).

Esse processo envolve a fosforilagdo de uma gama de receptores, incluindo
NMDA (N-metil-D-aspartato), AMPA e cainato, o qual aumenta a eficicia sinaptica
por meio da alteracdo do tempo de abertura dos canais, removendo o bloqueio do

receptor do NMDA mediado por Mg”" promovendo assim o trafico de receptores para
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a membrana sindptica (Latremoliere and Woolf, 2009). Diversos estimulos indcuos
ativam as fibras de baixo limiar (A), que sdo responsaveis por estimular os neuroénios
nociceptivos de limiar elevado. Esse processo ocorre devido a uma entrada excitatéria
reforcada ou a uma reducdo do limiar de excitacio dos neurdnios de projecao
nociceptivos (Latremoliere and Woolf, 2009). A sensibilizagdo central ¢ mantida via
atividade espontanea resultante das fibras sensoriais ou através dos mediadores
imunes liberados localmente, tais mediadores sdo responsaveis pela persisténcia e
dissemina¢do da dor neuropatica para além do local da lesdo inicial (Grace et al.,
2014).

Considerando a complexidade das vias nervosas envolvidas na transmissao da
dor, ¢ importante ressaltar o papel fundamental de mecanismos inibitorios enddgenos
presentes em nosso organismo. Além da existéncia de mediadores quimicos
endogenos de carater antinociceptivo amplamente distribuidos em nosso organismo,
diversas estruturas espinhais e supra espinhais descendentes modulam fortemente a
resposta dolorosa (Zhang and Bao, 2006). Esta modulagdo ocorre através de vias
descendentes provenientes de diversas estruturas do SNC (tdlamo, tronco cerebral,
hipotadlamo, cértex, nicleo magno da rafe, substidncia cinzenta periaquedutal, entre
outras estruturas superiores) (Yoshimura and Furue, 2006).

E valido salientar que nem todos os sintomas e mecanismos de dor estio
associados unicamente a distarbios neuronais. As alteragdes patofisioldgicas
neuronais estdo também relacionadas a sinalizagdo imune central, onde a dor pode
decorrer a partir de distirbios neuroimune (Scholz and Woolf, 2007). Além disso, a
dor esta relativamente relacionada a diversas sindromes mais amplas sendo
identificada como uma variacdo de comportamentos adaptativos em resposta a varias

doengas (Grace et al., 2014).
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Sendo assim, a identificacdo de novas moléculas bioativas com atividade
antioxidante, anti-inflamatéria e analgésica ¢ uma importante ferramenta usada na
selecdo de novas formulagdes para o tratamento de doengas associadas a processos
oxidativos e inflamatdrios (Ren and Dubner, 2010; Niranjan, 2014; Lampiasi and
Montana, 2016).

Tendo em vista o potencial terapéutico apresentado pelo ACH e o seu
derivado AIC, o presente estudo buscou avaliar a potencialidade do ACH como nova
proposta terapéutica usada para o tratamento da dor induzida por substancias pro-

inflamatorias em modelos in vivo € in vitro.
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2. OBJETIVOS
2.1. Objetivo geral

O objetivo do presente estudo foi analisar as propriedades antioxidantes, anti-
inflamatorias e antinociceptivas do acido chiquimico (ACH) utilizando técnicas

farmacoldgicas e bioquimicas, em protocolos in vivo e in vitro.

2.2. Objetivos especificos

* Realizar a caracterizagao termoanalitica do ACH por
termogravimetria/termogravimetria derivada (TG/DTG) e calorimetria exploratéria
diferencial (DSC);

* Determinar o perfil redox-ativo do ACH frente a diferentes espécies reativas
geradas in vitro;

* Verificar a capacidade do ACH em modular a producao de espécies reativas, assim
como os parametros de estresse oxidativo mediado por H,O; na linhagem celular
derivada de neuroblastomas humanos (SH-SY5Y);

* Avaliar a capacidade do ACH em regular a liberacdo do NO estimuladas pelo LPS
em RAW 264.7;

* Investigar o efeito do ACH na liberagdo de citocinas pro-inflamatorias (TNF-a e
IL-1pB) estimuladas pelo LPS em RAW 264.7;

* Analisar o efeito inibitério do ACH na fosforilagdo das MAPKs (ERK1/2 e p38)
induzidos pelo LPS em RAW 264.7;

* Verificar o efeito do ACH sobre a hiperalgesia e nocicep¢do induzida pela
formalina, carragenina (CG) e mediadores da cascata inflamatotia ( TNF-a,
Dopamina (DA) e prostaglandina - PEG;) em camundongos machos Swiss;

* Avaliar o efeito agudo do ACH na atividade locomotora em camundongos

machos Swiss.
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Abstract Shikimic acid (SA), originally extracted from
Illicium verum Hook. fil., is an indispensable starting material
for the synthesis of the antiviral drug Oseltamivir (Tamiﬂu'&)
with very limited number of studies regarding its biological
effects in vitro. Therefore, we here evaluated the
thermoanalytical profile, redox properties, and in vitro effects
of SA on human neuronal-like cells (SH-SY5Y). The
thermoanalytical profile of SA was studied by using differen-
tial scanning calorimetry (DSC) and thermogravimetry/
derivative thermogravimetry (TG/DTG) characterization.
Both antioxidant potential and in vitro lipoperoxidation levels
were analyzed. Cell viability and intracellular reactive species
(RS) production was determined by DCF and SRB assays,
respectively. Our results show in vitro antioxidant activity of
SA without exerting cytotoxic effects on SH-SYSY cells at
tested concentrations of 10 nM, 10 uM, and 10 mM. In addi-
tion, SA protected the cells against H,O,-induced toxicity;
effect that could be related, at least in part, with decreased
intracellular RS production and its antioxidant potential. The
present study shows evidence for neuroprotective actions of
SA against oxidative stress-induced toxicity on SH-SY5Y
cells, inviting for further investigation about its potential use
in the context of oxidative stress-associated neurodegenera-
tive diseases.
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Introduction

Shikimic acid (3R,4S,5R-(—)-3.4,5trihydroxy-1-cyclohexene-
1-carboxylic acid (Fig. 1) is a metabolic precursor for many
aromatic compounds such as the amino acids phenylalanine
and tyrosine, indole derivatives, many alkaloids, tannins, fla-
vonoids, and lignin (Coleman 2005). As an important bio-
chemical intermediate for a wide variety of secondary metab-
olites in plants and microorganisms, shikimic acid (SA) is
present in most autotrophic organisms and may be found in
fruits and other natural products derived from plants (Oliveira
et al. 2009). Infusions of Hypericum perforatum and fruits of
[llicium verum (known as Chinese star anise) are rich in SA
and are traditionally used in folk medicine to treat depression,
anxiety, neuralgic pains, and insomnia (Benmalek et al. 2013).
The extracts were reported to promote wound healing of skin
ulcers and burns and to exert antibacterial and antiviral activ-
ities (Pasqua et al. 2003; Itoigawa et al. 2004; Wojcik and
Podstolski 2007).

Previous studies have found that SA and its derivative,
triacetylshikimic acid, present anti-inflamatory activities as
they inhibit COX-1 and COX-2 activities, and also decrease
platelet aggregation and blood clot formation (Huang et al.
2002; El-Seedi et al. 2003). In an animal model of middle
cerebral artery thrombosis, SA prevented focal cerebral ische-
mic injury (Ma etal. 1999). Altogether, these data suggest that
SA is a potential therapeutic agent for cardiovascular, periph-
eral, and cerebral vascular diseases and for the treatment of
acute coronary syndrome. Combination of SA and quercetin
was observed to regulate the secretion of interleukin-6 and
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Fig. 1 Chemical structure of shikimic acid (SA)

interleukin-8, which mediate lymphocyte recruitment and ac-
tivation (Bertelli et al. 2008). Besides, leukocyte activity was
reported to be modulated by SA even at low doses, and to-
gether with other phenolic compounds present in some natural
products, SA has been shown to be responsible for diverse
antibacterial and antiviral activities (Barak et al. 2001;
Kamara et al. 2004).

In recent years, the interest in natural sources able to po-
tentially provide active components for preventing or reduc-
ing the impact of oxidative stress on cells has increased. Free
radicals and related species are involved in the cause and/or
progression of a variety of diseases, such as cancer, athero-
sclerosis, neurodegenerative disorders, and inflammation-
related pathologies (Halliwell and Gutteridge 2007). Dietary
antioxidants, which can inhibit or delay the oxidation of cel-
lular essential components, seem to be very important in the
prevention of several diseases. The number of antioxidant
compounds synthesized by plants as secondary products,
mainly phenolics, acting in plants as defense mechanisms to
counteract reactive species (RS) for survival, is currently esti-
mated in 4000 to 6000 (Tepe and Sokmen 2007; Halliwell
2008a, b).

More recently, attention from the pharmaceutical industry
and biomedical research on unknown properties of SA has
emerged since this compound is an indispensable starting ma-
terial for the synthesis of the antiviral drug Oseltamivir
(Tamiflu") (Kramer et al. 2003; Bertelli et al. 2008). As a
matter of fact, this interest on the mechanisms exerted by
compounds related to this antiviral agent has increased due
to the recent outbreaks of “avian flu” (influenza H5N1) and
“swine flu” (influenza A HIN1). With all, very little is known
about the effect and mechanisms of isolated SA as a therapeu-
tic agent or food supplement. A better comprehension about
the chemical, physical, and biological properties of SA, in
addition to the potential cellular mechanisms affected by phar-
macological concentrations of SA in mammalian cells, would
significantly contribute towards the development of a safer
therapeutic product.

Thus, the present study performed a thermoanalytical char-
acterization of SA and investigated the effects of SA against
free radical production and cellular oxidative stress in human
SH-SYS5Y cells, which is a cell line that is well-characterized

and accepted as a neuronal-like in vitro model because of their
neuron-like properties, capability to undergo neurite out-
growth, as well as morphological changes when induced by
oxidative stress (Rabelo et al. 2012; Zeidan-Chulia et al.
2013).

Materials and Methods
Chemicals and Reagents

Shikimic acid, 2,2'-azobis(2-methylpropionamidine)
dihydrochloride (AAPH), 5-amino-2,3-dihydro-1,4-
phthalazinedione (luminol), 2-deoxyribose, glycine, Griess re-
agent, sodium nitroprusside (SNP), 2-thiobarbituric acid
(TBA), 4,6-dihydroxypyrimidine-2-thiol, hydrogen peroxide
(H,0,), adrenaline, catalase (CAT), 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT), dimethyl sulf-
oxide (DMSO), and 2',7"-dichlorohy-drofluorescein diacetate
(DCFH-DA) were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). For each assay, SA (10 mM) was dissolved
in phosphate-buffered saline.

Thermal Characterization

Differential scanning calorimetry (DSC) curve was obtained
in a DSC-50 cell (Shimadzu) using aluminium crucibles with
about 2 mg of samples, under dynamic nitrogen atmosphere
(50 mL min~") and heating rate of 10 °C min"" in temperature
range from 25 to 500 °C. DSC cell was calibrated with indium
(m.p. 156.6 °C; AHy,s =28.54] gfl) and zinc (m.p. 419.6 °C).
Thermogravimetry/derivative thermogravimetry (TG/DTG)
curve was obtained with a thermobalance model TGA 50
(Shimadzu) in temperature range 25-900 °C, using platinum
crucibles with 3 mg of samples, under dynamic nitrogen at-
mosphere (50 mL min~") and heating rate of 10 °C min_'. The
TG/DTG was calibrated with calcium oxalate monohydrate,
conforming to ASTM standard. Kinetic investigation of SA
degradation was obtained from TG data by application of
Ozawa’s method in which plot slope of log heating rate vs.
1/T gives activation energy of process. In dynamic experi-
ments, heating rates of 2.5, 5.0, 7.5, 10, and 20 °C min! were
used.

Total Reactive Antioxidant Potential and Total
Antioxidant Reactivity

Total reactive antioxidant potential (TRAP)/total antioxidant
reactivity (TAR) were used to determine the capacity of SA to
trap a flow of water-soluble peroxyl radical produced at a
constant rate, through thermal decomposition of AAPH
(Lissi et al. 1992). Briely, TRAP represents the nonenzymatic
antioxidant capacity of SA. This is determined by measuring
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the luminol chemiluminescence intensity of emission induced
by thermolysis of AAPH as free radical source. The system
was left to stabilize for 2 h. Then, samples were added and the
readings monitored for 2 h. Results were transformed into a
percentile rank, and the area under the curve (AUC) was cal-
culated by utilizing the Graph Pad sotware (SanDiego, CA,
USA), as previously described. The smaller the AUC is (in
comparison with the system), the higher the total reactive an-
tioxidant potential of the sample is. The TAR was calculated
as the ratio of light intensity in absence of samples (/y)/light
intensity right after SA addition (/).

Evaluation of In Vitro Lipoperoxidation—(TBARS)
Assay

Thiobarbituric acid reactive species (TBARS) assay is widely
adopted as a sensitive method for the measurement of lipid
peroxidation, as previously described (Draper and Hadley
1990). Briefly, egg yolk (lipid-rich substrate) was homoge-
nized in phosphate buffer (pH 7.4), and 1 mL of homogenate
was then homogenized with 0.1 mL of SA at different con-
centrations. The samples were mixed with 1 mL of trichloro-
acetic acid (TCA) at 10 % and 1 mL of thiobarbituric acid
(TBA) at 0.67 % and then heated in a boiling water bath for
15 min. 1,1,3,3-tetramethoxypropane (TMP) was used as a
TBARS standard. TBARS were determined by the absor-
bance at 535 nm and were expressed as percentage of
AAPH-induced damage.

Hydroxyl Radical (HO-) Scavenging Activity

Hydroxyl radicals were generated by a Fenton system (FeSO./
H,0,). When exposed to hydroxyl radicals, the sugar deoxy-
ribose (DR) is degraded to malonaldehyde, which is heating
with TBA (Paya et al. 1992). The absorbance was measured at
532 nm, and results were expressed as percentage of
hydroxyl-induced 2-deoxyribose degradation.

Nitric Oxide Scavenging Activity

Nitric oxide (NO-) scavenging was generated from spontane-
ous decompositions of sodium nitroprusside in (20 mM) phos-
phate buffer (pH 7.4). After incubation of the NO production
system, Griess reagent was added and incubated for another
15 min. The absorbance at 540 nm was determined by spec-
trophotometer (Green et al. 1982).

Cell Culture, Samples Preparation, and Treatments
The human neuroblastoma cell line SH-SY5Y, obtained from
Rio de Janeiro Cell Bank (BCRJ, Rio de Janeiro, Brazil), were

maintained in a mixture 1:1 of Ham’s F12 and Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with

@ Springer

10 % fetal bovine serum. The SH-SYSY cells were treated
with different concentrations of SA. For viability assay, cells
were seeded in 96-well plate at a density of 2x 10* cells/well
for 1 and 24 h at 37 °C. For evaluation of the redox parame-
ters, cells were seeded into flasks of 75 cm® at a density of 3 x
10° cells/well and exposed to 10 mM SA and were maintained
under these conditions for 1 h at 37 °C. All the results were
normalized by the protein content using bovine albumin as
standard. The protein concentration was measured by the
Bradford method (Bradford 1976).

SRB Incorporation-Based Assay

The sulforhodamine B (SRB) assay was used for cell density
determination, based on the measurement of cellular protein
content (Vichai and Kirtikara 2006). The absorbance was de-
termined spectrophotometrically at 515 nm, and results were
expressed as percentage of SRB incorporation.

Intracellular Reactive Species Production (DCFH-DA
Assay)

Cells were incubated with different concentrations of SA for 1
or 24 h and then challenged with H,O, at 350 M. To evaluate
the effect of SA on the production of reactive species in the
absence and presence of H,0,, we used the DCFH-DA oxi-
dation assay (Wang and Joseph 1999). This technique is based
on the ability of DCFH to be oxidized to highly fluorescent
dichlorofluorescein (DCF) in the presence of reactive species
(RS). This can be used as an index to measure the level of free
radical production in cells. Briefly, SH-SYS5Y cells were seed-
ed in 96-well plates; 100 tM DCFH-DA was then dissolved in
a medium containing 1 % FBS and added to each well. Cells
were incubated for 2 h in order to allow cellular incorporation.
Thereafter, this medium was discarded, and cells were treated
with different concentrations of SA (1 nM, 10 nM, 100 nM,
1 uM, 10 uM, 100 uM, 1 mM, and 10 mM). H,O, at 350 pM
was used as positive control for DCF fluorescence. Since sig-
nificant changes were observed only at the highest concentra-
tion (10 mM), we only used representative concentrations for
all the experiments of 10 nM, 10 uM, and 10 mM. DCF
fluorescence was read at 37 °C in a fluorescence plate reader
(Spectra Max M2, Molecular Devices, USA) with an emission
wavelength of 535 nm and an excitation wavelength of
485 nm. The results were expressed as percentage of DCF
fluorescence in relation to untreated control.

Cellular Oxidative Stress Parameters

In vitro experiments and DCFH oxidation assay were per-
formed with a wide range of SA concentrations (1 nM,
10 nM, 100 nM, 1 uM, 10 uM, 100 uM, 1 mM, and
10 mM). Since we observed significant changes only with
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the highest concentration tested (10 mM), we performed fur-
ther experiments using only the representative concentrations
of this wide range (10 nM, 10 puM, and 10 mM). For the
DCFH oxidation after the in vitro antioxidant characterization
and assessment of cell viability of SA, we used the concentra-
tion that showed the highest antioxidant activity and exhibited
a cytoprotective effect, when the cells were challenged with
H,0, (350 uM). SH-SY5Y cells were treated with SA at
10 mM during 24 h alone or in the presence of H,O, at
350 uM. Cell extracts were centrifuged, and the supernatant
was collected to evaluate parameters of oxidative stress. The
cellular non-enzymatic antioxidant defenses in these samples
were estimated by analysis of the TRAP and TAR parameters,
as previously described by (Lissi et al. 1992). The results were
expressed respectively as AUC and TAR (Zy/]) as described by
(Dresch et al. 2009). The formation of TBARS was adopted as
an index of oxidative damage to lipids (Draper and Hadley
1990). Results were expressed as nanomoles of TBARS per
milligram of protein. The activities of two important antioxi-
dant enzymes were analyzed: CAT and superoxide dismutase
(SOD). CAT (EC 1.11.1.6) activity was assayed by measuring
the rate of decrease in H,O, absorbance in a spectrophotom-
eter at 240 nm, and SOD (EC 1.15.1.1) activity was assessed
by quantifying the inhibition of superoxide-dependent adren-
aline auto-oxidation in a spectrophotometer at 480 nm (Aebi
1984). The results were expressed as units of CAT and SOD
per milligram of protein.

Statistical Analysis

The in vitro procedures were carried out with n=3 (i.e., three
vials per group) while cell culture experiments were per-
formed with n=6 (i.e., six wells per group). Experiments were
repeated four different times, and the results were expressed as
mean=standard error of the mean (SEM) of four independent
experiments. The differences among data were evaluated by
one-way analysis of variance (ANOVA) followed by Tukey’s
post hoc test, when necessary was used two-way. Data were
analyzed by using GraphPad software” San Diego, CA; ver-
sion 5.00). Differences were considered to be signiicant when
*p<0.05, ¥*p<0.01, or ***p<0.001.

Results
Physicochemical Properties of SA

Thermal analysis is a routinely used methodology for the anal-
ysis of drugs and substances of pharmacological interest. TG
and DSC curves of these substances allow the researcher to
obtain information about the physical and chemical properties
related to the thermal decomposition processes (Aratjo et al.
2003). DSC curve of SA (Fig. 2) showed a sharp endothermic
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Fig. 2 Differential scanning calorimetry (DSC) curve of shikimic acid
(SA)

peak that corresponds to melting in the range of 179 to 187 °C
(melting onset 7,,=185 °C; enthalpy change (AH)=
225 J g"). After melting, the decomposition was defined in
two endothermic stages (216 and 324 °C) and one exothermic
event (448 °C). This observation was confirmed by TG/DTG
curves that indicated thermal decomposition in the following
temperature range (mass loss): 214-296 °C (Am=24.5 %),
296-440 °C (Am=56.0 %), and carbonization initiating at
about 440 °C (Am=17.8 %) (Fig. 2).

The superposition of TG curves obtained for several
heating rates in SA is shown in Fig. 3. This figure illustrates
that TG curves were shifted for higher temperatures when
heating rates increase. Ozawa’s method was applied to data
obtained from five TG curves in order to determine the acti-
vation energy (E,) at the beginning of main thermal decom-
position step at around 214 to 248 °C. The inserted figure
presents obtained plots, which demonstrated a fairly good
correlation at five heating rates. For non-isothermal method,
activation energy (E,.) can be obtained from plot of loga-
rithms of heating rates, as a function of inverse of temperature,
resulting in a value of 125.8 kJ mol 'inN, atmosphere, from
the first stage of thermal decomposition.

In Vitro Antioxidant Potential of SA

The general antioxidant activity of SA was first evaluated by
the TRAP/TAR assays, which are widely adopted assays to
assess the non-enzymatic antioxidant activity of a given sam-
ple. TRAP and TAR measurements showed significant
(¥**p<0.0001) antioxidant capacity of SA at 10 mM
(Fig. 4a, b). The ability of SA to prevent lipid peroxidation
was measured by TBARS generated by AAPH in a lipid-rich
incubation medium (egg yolk). Incubation medium without
AAPH was used as control. As observed on Fig. 4c, SA at
10 mM was able to prevent lipoperoxidation induced by
AAPH in vitro (***p<0.0001). To measure SA antioxidant
activity against hydroxyl radical, different concentrations
(10 nM, 10 pM, and 10 mM) of SA were added to the system
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Fig. 3 Thermogravimetry/derivative thermogravimetry (TG/DTG) curve of shikimic acid (SA)

before Fe?* addition. The effect of different concentrations of
SA on potential scavenging activity of hydroxyl radicals is
shown in Fig. 4d. At the concentration of 10 mM, SA
inhibited hydroxyl radical production (***p<0.0001). At this
concentration, SA was also able to inhibit SNP-induced nitrite
production. The NO- radical generated would interact with
oxygen to produce nitrite ion (NO, ), which was assayed by
mixing with an equal amount of Griess reagent. These results
indicate that SA has a significant scavenger activity against
NO (Fig. 4e; ***p<0.0001). We tested a wide range of SA
concentrations (I nM, 10 nM, 100 nM, 1 uM, 10 uM,
100 uM, 1 mM, and 10 mM). Significant changes were ob-
served only at the highest concentration of 10 mM and thus,
we here depict only the representative concentrations of
10 nM, 10 uM, and 10 mM.

Cellular Viability and RS Production of SH-SY5Y-Treated
Cells with SA

Human neuroblastoma-derived SH-SY5Y cell line, a widely
adopted model for neurotoxicity studies, was used to elucidate
the effects of SA on cellular viability and how these effects
may correlate with oxidative stress modulation (Cheung et al.
2009; da Frota Junior et al. 2011). The cell medium was re-
placed every 2 days, and the cells were sub-cultured when
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they reached 70 % of confluence. Thereafter, SH-SY5Y cells
were subjected to incubation with different concentrations of
SA (10 nM, 10 uM, and 10 mM) during 1 and 24 h. Cell
viability was assessed by SRB incorporation assay. As ob-
served on Fig. 5a, b, SA was not cytotoxic at any SA-
studied concentration when compared with control at all time
points. We also challenged SH-SY5Y cells with H,O, and
evaluated the effect of SA on H,O,-induced loss of viability.
When cells are treated with H,O, (350 uM) for 1 h, SA at
10 mM inhibited the decrease in SRB incorporation caused by
H,0, (Fig. 6a; ***p<0.0001). At 24 h of incubation, SA had
no effect on the decrease of both SRB incorporation induced
by H,0, (Fig. 5b).

Next, we evaluated the effect of SA in SH-SY5Y in-
tracellular RS production by the DCFH oxidation assay.
As shown in Fig. 6a, 10 mM of SA induced a significant
(*¥**p<0.0001) decrease in intracellular RS production by
SH-SYSY cells upon 1 h of incubation. In cells chal-
lenged with H,O,, the same concentration also decreased
the production of intracellular RS (***p<0.0001).
Besides, at 24 h of incubation, none of the tested concen-
trations of SA triggered any significant increase on SH-
SYSY intracellular RS production. However, at concentra-
tions of 10 mM, SA was able to prevent H,O,-induced RS
production (¥***p<0.0001) (Fig. 6b).
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antioxidant potential of different concentrations of SA on free radical-
induced chemiluminescence is measured as area under a curve for
60 min. b TAR total antioxidant reactivity values are calculated as the
ratio of light intensity in absence of samples (/y)/light intensity right after
UA addition (/). All groups denote samples in the presence of AAPH
(system). ¢ TBARS a lipid-rich system was incubated with a free radical
source (AAPH), and the effect of different concentrations of SA on the
lipoperoxidation was measured by quantifying TBARS. d HO-scaveng-
ing assay hydroxyl radical-scavenging activity was quantified by using
hydroxyl-mediated 2-deoxyribose oxidative degradation in vitro, which
produces malondialdehyde (MDA) by condensation with 2-thiobarbituric

In these assays, we tested the concentrations of 1 nM,
10 nM, 100 nM, 1 uM, 10 uM, 100 uM, 1 mM, and
10 mM, but only representative concentrations of 10 nM,
10 uM, and 10 mM are depicted.

Oxidative Stress Parameters
Evaluation of the general status of oxidative stress parameters

in SH-SYS5Y cells incubated for 24 h with SA at 10 mM, with
or without H,O, at 350 puM, was first assessed by the TRAP

»)

g

g

ke

% of hydroxyl-induced
g

2-deoxyribose degradation

°

System 10nM 10pM 10 mM
SA

m

% Nitrite formation

SNP 10nM 10pM 10 mM
SA

acid (7BA). System is MDA production from 2-deoxyribose degradation
with FeSO, and H,0, alone (hydroxyl-generating system). Other groups
denote MDA production by FeSO, and H,0, in the presence of different
concentrations of SA. e NO-scavenging assay nitric oxide was generated
from spontaneous decomposition of sodium nitroprusside (SNP—sys-
tem) in the presence of oxygen, producing nitrite ions, which were mea-
sured by the Griess reaction. Nitrite production by SNP alone was com-
pared with nitrite production by SNP in the presence of different concen-
trations of SA. Bars represent mean+SEM. (Statistical difference com-
pared with system was determined by one-way ANOVA followed by
Tukey’s post hoc test)

and TAR parameters in cell homogenate samples to measure
the non-enzymatic antioxidant status of SH-SYSY cells after
treatments. As observed in Fig. 7a, b, SA alone did not exert
any effect on the non-enzymatic antioxidant status of SH-
SYS5Y cells but rescued the TRAP and TAR values of H,O»-
treated cells to control levels. Moreover, SA caused a signif-
icant (***p<0.001) decrease in TBARS formation induced by
H,0, (Fig. 7c). For screening any potential variability in the
antioxidant enzyme activity of SH-SY5Y cells after 24 h of
treatment with SA (10 mM), the cellular activities CAT and
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and 10 mM alone or together with HO, (350 uM) in the incubation
medium as described in “Materials and Methods.” Cellular viability

SOD were analyzed. SA-treated cells did not show any effect
in SOD activity (Fig. 7d). At this concentration, SA prevented
the increase in CAT activity (***p<0.001) induced by addi-
tion of H,0O,, suggesting that SA treatment decreases the
levels of H,O, inside cells (Fig. 7e).
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Fig. 6 Evaluation of intracellular reactive species (RS) production in
shikimic acid (S4)-treated cells. Cells were treated with different
concentrations of SA alone or in the presence of HO, (350 uM), and
DCF fluorescence was read at 37 °C during 1 h (a) and 24 h (b)
(endpoint) in a fluorescence plate reader (Spectra Max M2, Molecular
Devices, USA). Plotted values represent mean of 4 wells, n=6.
**%p<0.0001; number sign different to positive control (protect effect).
Two-way ANOVA was applied to all data

@ Springer

24 hours

W

[ Control

150
3 H0, (350 um)

SRB incorporation
(% of viable cells)

Untreated 10nM 10 puM 10 mM

SA

was assessed by analyzing SRB incorporation (a, b). H,O, (350 uM)
was used as positive control for cell death. Bars represent mean+SEM,
n=6, quadruplicate. ***p<0.0001 (two-way ANOVA)

Discussion

It is well known that SA presents interesting biological prop-
erties, such as anticoagulant, antithrombotic, antibacterial, and
anti-inflammatory activities (Estevez and Estevez 2012).
Besides being important from the pharmacological point of
view, SA is also essential in the synthesis of relevant com-
pounds in the pharmacological industry, and SA-based com-
pounds are used in the synthesis of anticancer and antibacte-
rial agents, hormones, or herbicides (Estevez and Estevez
2012). However, information concerning the antioxidant
properties of isolated SA molecule is still scarce, and for this
reason, we decided to perform an in vitro characterization of
the redox properties of SA against different RS. Furthermore,
we characterized the complete redox profile of SH-SYSY cells
after treatments with SA, in order to see how changes in RS
production, non-enzymatic and enzymatic antioxidant activi-
ties and oxidative alterations in proteins and/or lipids may
correlate with potential changes in the cellular viability.
When the antioxidant potential of SA was analyzed, on-
ly high concentrations of SA displayed significant differ-
ences and the ability of SA to scavenge peroxyl radicals or
quenching hydroxyl radicals was therefore efficient only at
doses of 10 mM (Fig. 4d). In addition, this concentration of
SA was able to reduce nitrite production, evidencing a po-
tential role of this molecule as a NO-scavenging agent
which could limit the inflammatory actions (acute and
chronic) of RS in biological systems (Fig. 4e). These re-
sults suggest that SA at the concentration of 10 mM may
act as a scavenger molecule and prevent NO to interact
with superoxide radicals which would generate
peroxynitrite (ONOO™), a potent oxidizing molecule capa-
ble of eliciting damage to proteins, lipids, and DNA
(Halliwell 2008a, b). The potential of phytophenols to in-
teract with free radicals is considered to be dependent on
the location of the functional groups on its structure, and
both number and configuration of donating hydroxiles of
H" are of critical relevance for a molecule to act as an
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Fig. 7 General parameters of oxidative stress in SH-SY5Y cells. Cells
were incubated for 24 h with SA (10 mM) with or without H,O,
(350 uM). a TRAP assessment of the non-enzymatic antioxidant status
of SH-SYS5Y cells after treatment with SA and H,O,_ Results are
expressed as arbitrary units. b TAR is calculated as the ratio of light in
the absence of samples (/y)/light intensity right ater sample addition (/). ¢

antioxidant. Apparently, 10 mM of SA is able to stabilize
RS, which is probably sustained by hydroxyl phenolic
groups joining to the structural rings (Rice-Evans et al.
1996).

In order to elucidate the potential effects that SA may exert
to mammalian cells, we evaluated cell viability and oxidative
stress parameters on neuronal-like SH-SYSY cells, a widely
used in vitro model for neurotoxicological studies. Within 1
and 24 h of treatment, we observed that SA alone had no
cytotoxic effect on SH-SYS5Y cells. In the presence of a toxic
concentration of H,O,, after 1 h of treatment, SA significantly
inhibited the effect of H,O, observed by the SRB-
incorporation assay, which is an index of total cell protein that
reflects changes in cellular biomass (Fig. 5a).

Production of RS in living cells was monitored by the
DCFH oxidation assay, and our results showed that SA
(10 mM) is able to reduce the basal rate of RS production
(Fig. 6a). Also, the increase in DCFH oxidation induced
by addition of H,O, was significantly inhibited by the
same concentration of SA (Fig. 6b). All these results to-
gether suggest that the cytoprotective effects of SA can be
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Effect of SA (10 mM) in lipid peroxidation measured by TBARS quan-
tification. ¢ SOD and d CAT activities were assessed as described in
“Materials and Methods.” Bars represent mean+SEM, n=6, *p<0.05;
#%<0.001;%%%p<0.0001—difference to control; "p<0.001 (protect ef-
fect), when the treatments with SA (10 mM) in the presence of H,O,
(350 uM)

due, at least in part, to its antioxidant action at cellular
level.

TRAP and TAR analyses of cell lysates indicated that
SA increased the non-enzymatic antioxidant potential of
SH-SYSY cells. The present data is in agreement with the
TRAP analysis of isolated SA and suggest that the ob-
served antioxidant actions on SH-SYS5Y cells may result
from a direct scavenging activity of RS such as H,O, and
related molecules. In addition, we also observed that SA
(10 mM) is able to prevent TBARS formation by H,0,,
suggesting a protective effect against lipoperoxidation
(Fig. 7c). Furthermore, SA alone or in combination with
H,0, did not exert changes in SOD activity but prevented
the increase of CAT activity induced by H,O,. CAT is
strongly activated when concentrations of its substrate
(H,0,) are increased in cells. Thus, CAT activity is widely
assessed as an indirect index of endogenous levels or H,O,
production. The lack of effect of SA in CAT activity, in
agreement with previous results, suggests that the antioxi-
dant effect of this molecule is not mediated by antioxidant
enzyme activation. The reduction of CAT activation by
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H,O, in the presence of SA further indicates that such
effect does not depend on CAT modulation.

SA may be obtained from the diet; it is an intermediary me-
tabolite in many edible plants since it is the starting compound in
the synthesis pathway of many phenolic compounds (Ducati
et al. 2007). To the best of our knowledge, there are no available
data on the bioavailability of dietary SA. However, additional
reports suggest that consumption of herbs or edible plants con-
taining SA results in low levels of this substance in mammal
cells (10 to 100 nM) (Bertelli et al. 1996). As reported by
Bertelli et al. (2008), incubation of peripheral blood mononucle-
ar cells (PBMCs) with SA, at concentrations of 10 and 100 nM
for 24 h did not induce changes in interleukin (IL)-6 and IL-8
baseline levels, indicating that SA alone is not able to modulate
innate immunity in antiviral terms by upregulating the secretion
of cytokines IL-6 and IL-8. Our results indicate that SA exerts its
biological effects at 10 mM, which may probably be reached in
mammalian systems only with a pharmacological administration
protocol (Bertelli et al. 2008). Nonetheless, a detailed pharmaco-
logical investigation is still missing in the literature.

In summary, we here presented a complete screening eval-
uation of physicochemical, antioxidant, and neuroprotective
properties of SA. Furthermore, through non-isothermal condi-
tions, the activation energy for the first-step decomposition
reaction of SA was also determined. We found evidence that
high concentrations of SA can act as a redox-active molecule
in vitro and general antioxidant and can protect SH-SY5Y
cells against H,O,-induced oxidative stress and loss of viabil-
ity. These effects probably involve a non-enzymatic mecha-
nism. Finally, our data invite for further investigation to elu-
cidate the potential of SA as a therapeutic agent for oxidative
stress-related neurodegenerative diseases.
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Abstract: Background and aims: Shikimic acid (SA) is present in a wide
variety of plants and microorganisms used in traditional and folk
medicine and also is an essential starting material for the synthesis of
the antiviral drug Oseltamivir (Tamiflu®). Some pharmacological actions
observed in SA-enriched products include antioxidant and anti-
inflammatory activities. Here, we investigated the anti-inflammatory and
antinociceptive actions of isolated SA. Methods: RAW 264.7 macrophage
cells were treated with bacterial LPS (1 pg/mL) and the effect of SA on
the modulation of cell viability, nitric oxide (NO) production, TNF-o,
and IL-1B content and MAPK (ERK1/2 and p38) activation was evaluated.
Besides, the anti-hyperalgesic actions of SA on in vivo model of
mechanical hyperalgesia induced by carrageenan (CG), dopamine (DA), TNF-o
and prostaglandin (PGE2) were assessed. Results: In RAW 264.7 cells, SA
suppressed LPS-induced decrease in cell viability and nitrite
accumulation to control values and inhibited up-regulation of TNF-o (65%)
and IL-1B (39%). These effects may be mediated at least in part by
inhibition of LPS-induced ERK 1/2 (22%) and p38 (17%) phosphorylation. In
mice, SA at 50, 100, and 200 mg/kg decreased formalin-induced nociceptive
behavior (around 50%) and inhibited the inflammatory nociception induced
by TNF-a and PGE2 (50 to 75% each). Moreover, SA (100 and 200 mg/kg)
significantly attenuated the mechanical hyperalgesia induced by CG and DA
(25 to 40% each). Conclusions: These results indicate that SA presents
anti-inflammatory actions with potential for development of drugs to
treat pro-inflammatory and painful conditions.
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ABSTRACT

Background and aims: Shikimic acid (SA) is present in a wide variety of plants
and microorganisms used in traditional and folk medicine and also is an essential
starting material for the synthesis of the antiviral drug Oseltamivir (Tamiﬂu®). Some
pharmacological actions observed in SA-enriched products include antioxidant and anti-
inflammatory  activities. Here, we investigated the anti-inflammatory and
antinociceptive actions of isolated SA. Methods: RAW 264.7 macrophage cells were
treated with bacterial LPS (1 pg/mL) and the effect of SA on the modulation of cell
viability, nitric oxide (NO) production, TNF-a, and IL-1 content and MAPK (ERK1/2
and p38) activation was evaluated. Besides, the anti-hyperalgesic actions of SA on in
vivo model of mechanical hyperalgesia induced by carrageenan (CG), dopamine (DA),
TNF-a and prostaglandin (PGE,) were assessed. Results: In RAW 264.7 cells, SA
suppressed LPS-induced decrease in cell viability and nitrite accumulation to control
values and inhibited up-regulation of TNF-a (65%) and IL-1B (39%). These effects may
be mediated at least in part by inhibition of LPS-induced ERK 1/2 (22%) and p38 (17%)
phosphorylation. In mice, SA at 50, 100, and 200 mg/kg decreased formalin-induced
nociceptive behavior (around 50%) and inhibited the inflammatory nociception induced
by TNF-a and PGE, (50 to 75% each). Moreover, SA (100 and 200 mg/kg) significantly
attenuated the mechanical hyperalgesia induced by CG and DA (25 to 40% each).
Conclusions: These results indicate that SA presents anti-inflammatory actions with

potential for development of drugs to treat pro-inflammatory and painful conditions.

Keywords: shikimic acid; RAW 264.7; inflammation; cytokines; mechanical

hyperalgesia; nociception.
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1. Introduction

Shikimic acid (SA) is a hydroaromatic intermediate of the shikimate pathway,
which is essential in the synthesis of aromatic metabolites in plants and
microorganisms. It is also the main precursor of cinnamic acids and flavonoids, such as
flavones, anthocyanins, flavonols, and tannins [1]. Originally extracted from Illicium
verum Hook. f. (Chinese star anise), SA has traditionally been used in Chinese medicine
as antiemetic, for treating stomach aches, insomnia, skin inflammation, and relieving
pain [2]. The methanolic extract of star anise (rich in SA) exerts diverse
pharmacological actions such as analgesic, anti-inflammatory, and antioxidant effects
[3-5]. Furthermore, SA plays a pivotal role in the synthesis of a number compounds for
the pharmaceutical industry and represents an essential starting material for the
synthesis of the antiviral drug Oseltamivir (Tamiflu®) [6].

Our group recently showed evidence for protective actions of SA in a neuronal
cell line (SH-SYS5Y) subjected to oxidative stress, thus suggesting a potential new
application for this substance in the development of new strategies to counteract
oxidative damage associated to neurodegenerative processes [7]. Others have
demonstrated that SA inhibited oxidative stress induced by H,O, in hepatocytes,
apparently through the inhibition of nuclear factor-kappa B (NF-xB) via
phosphorylation of signaling proteins including members the mitogen-activated protein
kinase (MAPK) family [8]. Oxidative stress and gene transcription mediated by NF-xB
are key components in the activation of pro-inflammatory response [9]. Some of the
pharmacological actions ascribed to natural products enriched in SA are anti-
inflammatory activities [10, 11].

Hypersensitivity of the nociceptive pathways can contribute to the inflammatory

hyperalgesia or allodynia through activation of cytokine cascade [12, 13]. Currently,
3
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pharmacological therapies available aim at the normalization of the sensitivity to pain,
but most of them present relevant side effects, little efficacy and low therapeutic
adherence [14]. Therefore, new therapeutic options to treat inflammatory pain are
constantly under investigation. In this context, new chemical entities derived from
natural products presenting promising effects offer the possibility for the development
of new drugs presenting better efficacy and performance on inflammatory pain [15].
Considering that pro-inflammatory responses and regulation of nociceptive
sensitivity share common pathways, the aim of the present study was to analyze the
effect of SA on the modulation of the cytokines TNF-a and IL-1B by LPS and on
modulation of hyperalgesia mediated by carrageenan, TNF-o, dopamine and

prostaglandin E,.

2. Materials and Methods
2.1. Materials

Shikimic acid (SA), Griess reagent, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), glycine, LPS, formalin, A-
Carrageenan (CG), purified recombinant TNF-a protein, prostaglandin E, (PGE,),
dopamine (DA) and materials used in cell culture were acquired from Sigma Chemical
Co. (St. Louis, MO, USA). Electrophoresis and western blot materials were obtained
from Bio-Rad (Hercules, USA), GE Healthcare Brazilian Headquarter (Sdo Paulo,
Brazil), and Sigma-Aldrich. Antibodies against TNF-a (ab6671) and IL-1B (ab9722)
were purchased from Abcam (Cambridge, UK). Anti-B-actin rabbit polyclonal (#4967),
phospho-ERK1/2 (#9101S), ERK1/2 (#9102S), phospho-p38 (#9211) and p38 (#9212)
and anti-rabbit or anti-mouse immunoglobulin linked to peroxidase were from Cell

Signaling (Beverly, USA). Indomethacin (INDO), dipyrone, diazepam (DZP),
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dexamethasone were obtained from Unido Quimica (Brazil). Immunoblot
chemiluminescence detection was carried out with the West Pico detection kit from
Thermo Scientific (Rockford, USA). SA was dissolved directly in DMEM (1%) and

serial dilutions were obtained from this stock solution.

2.2. RAW 264.7 cell culture and incubation

The murine macrophage cell line RAW 264.7 was obtained from Rio de Janeiro
Cell Bank (BCRJ - Rio de Janeiro, Brazil). Cells were maintained in Dulbecco's
modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) and
antibiotic antimycotic solution (100 U/ml penicillin, 100 pg/ml streptomycin and 250
ng/mL) at 37 °C in 5% CO, humidified air. Cells were used in the passages 20-30.
Macrophages were plated respectively at a density of 1 x 10° cells/mL in 96- and 6-well
plates for 24 hours. Then the cells were pretreated for 1 hour with different
concentrations of SA (1 mM or 10 mM) and treated for 24 hours with LPS (1 pg/mL).
The SA and LPS were dissolved in the DMEM 1% FBS. Supernatants were assayed for
nitrite content and the cells were used for different assays. For detection of
phosphorylated isoforms of protein kinases, cells were plated at a density of 1 x 10°
cells/mL in 6-well plates for 24 hours in DMEM 10% FBS. After that, the medium of
incubation was replaced for DMEM 1% FBS and cells were maintained at 37 °C in 5%
CO, humidified air for 3 hours. Incubation was started by adding SA (1 mM or 10 mM)

and LPS (1 ug/mL). Treatment was stopped 15 minutes later as described below.

2.3. Cell viability and morphology
After treating with either different concentrations of SA alone or in the presence

of LPS (1 pg/mL) for 24 hours RAW 264.7 cells viability was quantified by the MTT
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reduction assay as previously described [16]. Optical density was measured at 550 nm
and 630 nm. Qualitative morphology of the cell cultures was also analyzed by phase-

contrast microscopy (TE 300 - Nikon Eclipse).

2.4. Nitrite measurement

The cells were plated at a density of 100 cells/mL in 96-well plates for 24 h and
then stimulated with LPS (1 pg/mL) in the presence or absence of different
concentrations of SA for 2 hours. The culture media were collected for the assays. Nitric
oxide was measured by the detection of its stable oxidative metabolite, nitrite [17]. In
brief, 100 pL of the culture media were mixed with 100 pL of Griess reagent and then
shaken for 10 min at room temperature. Absorbance was assessed in a SpectraMAX i3

(Molecular Devices) spectrophotometer set at 540 nm.

2.5. Western blot

After incubations, cells were scraped and washed with ice-cold PBS. RIPA
buffer (50 mM Tris — HCL at pH 8, 120 mM NaCL, 1% IGEPAL, 0.5% biliary salts,
0.1% SDS), containing protease inhibitors (1 mM PMSF, 1 mM sodium orthovanadate)
was added to the cells. Lysed cells were centrifuged at 14,000 x g for 10 minutes at 4°C,
and supernatant proteins were measured by Bradford method [18]. Samples were
suspended in 2x Laemmli-sample buffer (62.5 mM Tris - HCL at pH 6.8, 1% (w/d),
10% (v/v) glycerol) and 10% of B-mercaptoethanol, and heated at 95 °C for 5 minutes.
Proteins (30 pg) were separated by SDS-PAGE (10% (w/v) acrylamide, 0.275% (w/v)
bisacrylamide gels) and electrotransferred at 100 V onto nitrocellulose membranes
using a Trans-Blot® SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad, California,
USA). Membranes were stained with Ponceau Red, washed with Tween-Tris buffered

saline (TBS-T; Tris 100 mM, pH 7.5 0.9% NaCL and 0.1% Tween 20) and then
6
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incubated for 30 minutes at room temperature with 5% Bovine Serum Albumin (BSA).
Primary antibodies were used at 1:1000 dilutions and incubated overnight at 4°C. Then,
membranes were washed with TBS-T, following incubation with species-specific HRP-
conjugated secondary antibodies at 1:3000 in TBS-T with 5 % BSA for 2 hours at room
temperature. Immunoreactivity was detected by enhanced chemiluminescence using
Supersignal West Pico Chemiluminescent kit from (Thermo Scientific)
(Luminol/Enhancer and Stable Peroxide Buffer). The densitometry analyses were

performed using Image-J® software.

2.6. Animals

Male swiss mice (20-30 g, 2-3 months of age) were used. Protocols were
approved by the Animal Care and Use Committee (CEPA/UFS 42/11) at the
Universidade Federal de Sergipe, Aracaju, Brazil. Animals were randomly housed in
appropriate cages at 21 + 2°C on a 12 h light/dark cycle (lights on 06:00-18:00 h) with
free access to food chow (Purina®, Brazil) and water. Experiments were carried out
between 09:00 AM and 14:00 PM in a quiet room. All testing was performed in
compliance with the recommendations from the International Association for the Study
of Pain (IASP) [19]. All efforts were made to minimize animal suffering and to decrease

the number of animals used. The protocols were carried out in double-blind way and.

2.7. Formalin-induced pain

The formalin test was carried out as described by Hunskaar and colleagues [20].
After acclimatization in the box of observation during 5 min, the animals (n = 8, per
group) were treated with the vehicle (saline + Tween 80 0.2%), SA (50, 100, and, 200

mg/kg, i.p.), or the reference drug indomethacin (10 mg/kg, i.p.) 30 min before the
7
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formalin 1% administration (20 pL/paw). Nociceptive response was evaluated through
the amount of time that the animal spent licking the paw between 0-5 and 15-30 min

after formalin injection [21].

2.8. Measurement of mechanical hyperalgesia induced by carrageenan (CG), TNF-a,
dopamine (DA) and prostaglandin (PGE,)

The mechanical hyperalgesia was similar to that described previously [12], with
alterations. Initially, mice were acclimated in acrylic cages (12 x 10 x 17 cm) with wire
grid floors 15-30 min before the start of testing. Von Frey test causes hind paw flexion
reflex (flinching movements) with a hand-held force transducer (electronic
anesthesiometer, Insight®, Brazil). After the paw withdrawal, the intensity of the
pressure was automatically recorded. The sensitivity to mechanical stimulation was
measured in grams and calculated by averaging four measurements. The animals were
subjected to mechanical stimuli before and after treatments.

Animals were divided into five groups (n = 8, per group), which were treated
with vehicle (saline + Tween 80 0.2%), SA (50, 100, or 200 mg/kg, i.p.) and
indomethacin (INDO, 10 mg/kg; i.p.) or dipyrone (60 mg/kg; i.p.). Thirty minutes after
treatment, subcutaneous injection into the plantar region of the hind paws was applied
using 20 uL of CG (300 pg/paw), PGE; (100 ng/paw), DA (30 pg/paw) or TNF-a (100
pg/paw). The degree of hyperalgesia was evaluated 0.5, 1, 2, and 3 after the injection

[12, 22, 23].

2.9. Evaluation of mouse motor activity
To verify any effect of SA on motor coordination, which could limit the
interpretations of the results, mice were submitted to the rota-rod task (Rota-rod

apparatus, AVS®, Brazil) consisted of a bar with a diameter of 4 cm, subdivided into
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five compartments, at 7 rpm. The animals were selected 24 hours previously by
eliminating animals that did not remain on the bar for two consecutive periods of 180
seconds. Animals were treated with diazepam (DZP, 1.5 mg/kg, i.p.), SA (50, 100, or
200 mg/kg, i.p.), or vehicle (saline + Tween 80 0.2%) and after 30 min were placed on
rotary bar. The latency to falling was measured up to 180 seconds. The results are

expressed as the mean time(s) during which the animals remained on the bar [24, 25].

2.10. Data normalization and statistical analysis

The data obtained were evaluated by one-way analysis of variance (ANOVA)
followed by Bonferroni’s post hoc test (for selected groups) or Dunnet (animal
experiments). The cell culture and animals experiments were respectively performed
with n=6 (i.e., six wells per group) and (n = 8, per group). The results were expressed as
mean + SEM. Data were analyzed by using GraphPad software San Diego, CA; version

5.00). Differences were considered to be significant when *p < 0.05 and ***p < 0.001.

3. Results
3.1. Effect of SA on cell viability and morphology of LPS-treated RAW 264.7 cells
RAW 264.7 cells were treated for 24 h with SA at 1 mM and 10 mM in the
presence or absence of LPS (1 pg/mL). While SA alone did not cause any effect on
MTT reduction, both concentrations of SA blocked the decrease in cell viability induced
by LPS (Fig. 1A). The protective effect of SA was also observed in the morphology
changes induced by LPS. In cells co-treated with SA, the level of cell spreading and
pseudopodia induced by LPS was reduced, indicating suppression of cell

activation/differentiation.
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3.2. Effect of SA on LPS-induced nitrite accumulation in RAW 264.7 cells

Next, RAW 264.7 cells were pre-treated with SA for 1 hour and then exposed to
LPS (1 pg/mL) for 24 hours. The treatment with SA alone at 1 mM and 10 mM did not
change the levels of nitrite in the culture medium (Fig. 2). As expected, LPS treatment
increased the accumulation of nitrite, but SA caused a significant inhibition of this

effect, indicating an inhibition in NO production.

3.3. Effect of SA on pro-inflammatory cytokines induced by LPS in RAW 264.7 cells
To evaluate whether SA is able to attenuate the induction of pro-inflammatory
cytokines by LPS, we assessed the total levels TNF-a and IL-1B in RAW 264.7 cells by
western blot. As shown in Fig. 3A and 3B, cells treated with SA at 1 mM and 10 mM
had no changes in TNF-a and IL-1P levels. As expected, LPS induced a significant
increase in the content of these cytokines. This effect was inhibited by SA at 10 mM,
when TNF-a decreased by 65% and IL-1f had an inhibition around 40% (Fig. 3A and

B).

3.4. Effect of SA on LPS-induced ERK 1/2 and p38 phosphorylation in RAW 264.7
cells

The protein kinases ERK 1/2, p38 and JNK are involved in the modulation of
pro-inflammatory responses elicited by LPS during macrophage activation. We thus
investigated the effect of SA on LPS-induced ERK1/2, p38 and JNK phosphorylation.
Pre-treatment with SA at 10 mM exerted a mild but significant inhibition of LPS-
induced phosphorylation of ERK 1/2 (Fig. 4A) and p38 (Fig. 4B). ERK 1/2 also
presented a significant inhibition by SA at 1 mM (Fig. 4A). We did not observe any

effect of SA on JNK phosphorylation in either the presence or absence of LPS (data not
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shown). In addition, cells treated only with SA did not present any changes in the

phosphorylation levels of ERK 1/2 and p38 (Fig. 4A and 4B).

3.5. Effect of SA on formalin-induced nociception in mice

We also investigated whether SA could exert any effect on formalin-induced
nociception in vivo. Briefly, 30 minutes after treatments with vehicle (control) and SA
at 50, 100, and 200 mg/kg of mice weight, animals received an injection of 1.0 %
formalin solution into the plantar surface of the hind paw. After injection, an acute
nociceptive behavioral response consisting in licking and biting of the injected paw was
observed. These behavioral alterations were analyzed in two periods: zero to 5 minutes
(first phase, in which a neurogenic pain is elicited by direct stimulation of the
nociceptors) and 15 to 30 minutes (second phase, in which the inflammatory pain
results from release of inflammatory mediators). As shown in Fig. 5A, different doses
of SA did not affect neurogenic pain (first phase). However, SA at 50, 100, and 200
mg/kg inhibited formalin-induced nociceptive behavior in the phase associated to
inflammatory pain (second phase), as shown in Fig. 5B. These results indicate that SA
has an antinociceptive effect through the inhibition of inflammatory mediators. In these
experiments, indomethacin (10 mg/kg; i.p.) was used as a standard anti-inflammatory

agent.

3.6. Effect of SA on CG, TNF-a, DA, and PGE;-induced mouse paw mechanical
hyperalgesia

We next analyzed whether SA was able to increase sensitivity threshold induced
by mechanical stimuli after administration of CG and mediators of the inflammatory

cascade, such as TNF-o, PGE, and DA. As show in Fig. 6A, after 60 minutes of
11
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treatment, SA (100 and 200 mg/kg) significantly reduced the sensibility induced by CG.
This effect was maintained for 180 minutes. These doses produced an effect similar to
indomethacin (10 mg/kg). Data analysis indicated that SA exerted an anti-hyperalgesic
action in this model.

The inhibitory effect of SA on mechanical hyperalgesia induced by TNF-a is
shown in Fig. 6B. All doses reduced the effect of TNF-a. SA 50 and 100 mg/kg
demonstrated effective responses 60 minutes after administration. In addition, SA at 200
mg/kg markedly increased the paw withdrawal threshold, at all times, similarly to
indomethacin. We also studied the effect of SA on hyperalgesia induced by DA and
PGE,. All doses of SA reduced inflammatory hyperalgesia induced by PGE; (Fig. 6C).
On the other hand, SA only at 100 and 200 mg/kg reduced mechanical hyperalgesia

induced by DA (Fig. 6D).

3.7. SA does not affect motor activity
In the test to measure the impact of acute SA treatment on the locomotor
spontaneous activity, SA did not alter the general locomotor activity at all doses studied

(50-200 mg/kg) (Fig. 7).

4. Discussion

Previous studies have already reported pharmacological effects of SA and its
derivative triacetylshikimic acid, including anti-inflammatory, antioxidant and
neuroprotective actions [7, 10, 26]. Here we investigated anti-inflammatory and
antinociceptive actions of SA in different models. We used RAW 264.7 cells to evaluate
the effect of SA on nitrite accumulation, induction of TNF-o and IL-1B, and MAPK
activation induced by LPS. The antinociceptive action of SA was evaluated in vivo,

using different inducers of nociceptive responses. LPS is a promoter of activation and
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cell differentiation of the myeloid phenotype into macrophage phenotype [27-30].
Myeloid phenotype is proliferative and macrophage phenotype is non-proliferative. To
assess the effect of SA on the pro-inflammatory actions of LPS, in our study RAW
264.7 cells were subjected to serum reduction to 1% FBS, in order to decrease the
proliferative stimulation induced by 10% FBS. LPS incubation in serum-deprived
medium leads to activated macrophage phenotype, and continuous exposure of LPS in
these conditions results in progressive loss of cell viability with time, as cells are
maintained in an activated state due to TLR4/MyD88 complex stimulation [27-30].
Earlier studies have shown a neuroprotective role of SA through reduction of
reactive oxygen species (ROS) and reactive nitrogen species (RNS), which are crucial
secondary messengers that trigger inflammatory responses [7, 31]. During oxidative
stress, inflammatory mediators responsible for increasing hyperalgesia are induced [32,
33]. Additionally, some studies have demonstrated that 3,4-oxo-isopropylidene-
shikimic acid (ISA) reduces the inflammatory process induced by
trinitrobenzenesulfonic acid in rat models of acute colitis. In part, the anti-inflammatory
effect of ISA has been associated to its antioxidant activity [26]. This potential
multimodal action in the modulation of ROS, RNS and pro-inflammatory cytokines
suggests that the anti-inflammatory effect of SA is multiple and can be related to a
possible analgesic action [10]. During the course of inflammatory diseases and pain,
several mediators, including ROS, RNS and cytokines, are excessively produced by
immune system cells, such as macrophages and monocytes. Due to the complex
pathophysiology of chronic inflammatory diseases, significant efforts have focused on
identifying novel drugs that prevent the evolution of inflammation at earlier stages,
when gene transcription of crucial pro-inflammatory mediators, such as TNF-a, IL-1B

and IL-6, is activated [34, 35]. In particular, IL-1f is an important component in the
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initiation and amplification of the inflammatory response. TNF-a, regarded as a potent
pro-inflammatory mediator, can increase the production of other cytokines [36].

SA significantly reduced nitrite production and inhibited LPS-stimulated TNF-a
and IL-1P expression. Possibly, these effects were, at least in part, mediated by the
inhibition of ERK 1/2 and p38 phosphorylation, which are widely known to modulate
intracellular cascades evoked by LPS. We did not observe any effect of SA on JNK,
another protein kinase that is activated in response to LPS during RAWS 264.7
activation. Nonetheless, other mediators of LPS-evoked signaling may also be involved
in this effect. MAPKs are directly involved in the up-regulation of pro-inflammatory
cytokines in cells of the immune system [37]. In RAW 264.7 cells, the up-regulation of
NO, TNF-a and IL-1p levels by LPS was extensively demonstrated to be dependent on
MAPKSs activation, and either specific or non-specific inhibitors of MAPKs were
observed to exert anti-inflammatory actions on this cellular model [38-41]. Such
investigations focused on the ability of compounds with potential anti-inflammatory
action to inhibit MAPKs, as this effect is directly associated to decrease LPS-triggered
cytokine and NO production associated to macrophage activation [40, 42, 43]. As
modulators of cytokine production and release, MAPKs also emerge as important
modulators of neural plasticity and inflammatory responses; therefore studies on
MAPKSs regulation of pain have dramatically increased in the last decade [44, 45].
MAPKs inhibitors have been shown to alleviate hyperalgesia and allodynia in
inflammatory and neuropathic pain models, although these inhibitors have little or no
effect on early physiological pain perception [46].

The formalin test is an animal model of inflammatory pain that generates
biphasic behavioral responses and persistent nociception [47]. Furthermore, this model

involves activation of spinal glia and behavioral hyperalgesia [48, 49]. The early phase
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(neurogenic pain) results from acute activation of nociceptive primary afferent fibers,
followed by C-fiber stimulation. This may be selectively blocked by analgesics with a
central action, such as morphine. The late phase (inflammatory pain) has been
recognized by the central sensitization of spinal cord circuits associated with
inflammatory reactions in the peripheral tissue. Moreover, the C-fiber activity during
the early phase is responsible for sustaining the sensitization of dorsal horn neurons,
therefore contributing to the late phase nociceptive behavior [20, 50, 51].

In this study we have shown that SA inhibits the late phase, thus confirming a
peripheral mechanism of action while also suggesting the involvement of a central
mechanism of analgesic effect. Furthermore, the inflammatory pain is very sensitive to
the action of NSAIDs and corticosteroids [52]. The inhibition of nociception in the late
phase suggests a probable anti-inflammatory action of SA, which presents the effective
partition of pro-inflammatory mediators, such as TNF-a and IL-1p, indicating that SA
acts in a peripheral way, similar to the NSAIDs that are effective against mild and
moderate pain.

The mechanical hyperalgesia induced by CG, TNF-o, PGE, and DA in mice is
responsible by spinal microglia activation, which can contribute to increased production
of glial mediators [53]. It has been recognized that glial mediators, such as TNF-a, IL-
1B, IL-6 and brain-derived neurotrophic factor (BDNF) can modulate both excitatory
and inhibitory synaptic transmission [54]. Our studies show that the acute pretreatment
with SA increased threshold sensitivity towards mechanical stimuli in CG, TNF-a,
PGE, or DA-induced mechanical hyperalgesia, which indicates that this compound
inhibits the inflammatory cascade by the reduction in ERK 1/2 and p38
phosphorylation, at least partially. Besides, these results indicate that SA has significant

anti-hyperalgesic and anti-inflammatory properties. The antinociceptive activity of a
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subextract of joso berries (Juniperus oxycedrus), which contains high levels of SA, has
been reported on peripheral models of pain and seems to involve the inhibition of
inflammatory mediators [55].

TNF-a is a potent inflammatory cytokine, which can act as neuromodulator in
the spinal cord dorsal horn after peripheral injury, thus enhancing inflammatory and
neuropathic pain [56-58]. This cytokine exhibits a crucial role in the hyperalgesia
through increased glutamate release from the terminals of C-fibers, leading to enhanced
excitatory synaptic transmission; this, in turn, results in a potent induction of pain
circuit [57]. We demonstrated that SA was able to decrease the hyperalgesic response
induced by TNF-o, which further indicates the importance of SA in modulating
inflammatory cascade, as observed with the treatment with indomethacin.

Hyperalgesia evoked by PGE, and DA may further enhance inflammatory
mediators and phosphorylation of MAPKs, which has been implicated in signaling
pathways involved in neural plasticity, peripheral sensitization and pain processing [23,
59]. This nociceptive model has been used to understand pain mechanisms and identify
new molecular targets for pharmacological intervention, and also for the identification
of non-steroidal anti-inflammatory drugs (NSAIDs) and new opioids development. In
this study, PGE; and DA-induced hypernociception is reduced by pre-treatment with
SA. Taken together, these data suggest that antinociceptive activity of SA is due to
cytokines inhibition and decreased ERK 1/2 and p38, thus suggesting a possible
blockade of sensitization or activation of the nociceptor.

According to Bertelli et al. [11], SA is able to modulate IL-8 and IL-6
expression at baseline. Furthermore, SA and its chemical analog, 3,4-oxo-
isopropylidene-shikimic acid, are potent inhibitors of cytokines and other pro-

inflammatory factors, such as TNF-a, NF-«B, PGE, and malondialdehyde (MDA),
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which contribute to the analgesic and anti-inflammatory profiles suggested to SA [60-
62]. Moreover, LPS can produce changes in inflammatory markers, pain sensitivity
(such as hyperalgesia) and negative affection, such as negative mood, which can be
associated with peak IL-6 increases [63]. Here, we demonstrated that SA inhibits LPS-
induced inflammatory response, so it is possible that the anti-hyperalgesic effect
produced by SA is related with inhibition of pro-inflammatory cytokines, such as IL-6,
TNF-o and IL-1.

IL-1p and TNF-a are essential cytokines in several signaling events of the
inflammatory response. The release of IL-1p is mediated by p38 MAPK. TNF-a is up-
regulated in pain pathways after injury and secreted by immune and glial cells. TNF-a
induces MAPKs phosphorylation and activates NF-kB [48]. Up-regulation of MAPKs
may lead to uncontrolled stimulation of microglia and, therefore, to the exaggerated and
continued production of pro-inflammatory mediators, leading to excitotoxicity and
nociceptive hypersensitivity [35]. These reports further strengthen our findings and
demonstrate a significant role of SA in the regulation of pain by decreasing pro-
inflammatory cytokines production through an inhibitory effect on ERK 1/2 and p38
phosphorylation.

In conclusion, our findings indicate that SA suppresses inflammatory events
including NO production and the expression of pro-inflammatory cytokines such as
TNF-a and IL-1B in RAW264.7 cells stimulated with LPS. These effects might be
mediated, at least in part, through inhibition of ERK 1/2 and p38 MAPKSs. This study
also demonstrated the analgesic profile of SA in a mice model. This was the first study
that identified the antinociceptive and anti-inflammatory effects of SA. In addition,
these results encourage effort to better understand the mechanism of SA action in

inflammatory and pain processes. This extends previous findings to the potential
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therapeutic value of SA on inflammatory pain and further suggests in-depth assessment
of the therapeutic value of SA as a novel analgesic for a broad spectrum of

inflammatory painful conditions.
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Figure Legends

Fig. 1. Effects of SA on cellular viability and morphology of RAW 264.7 cells. (A)
Viability of RAW 264.7 cells after LPS and/or SA treatments. Cells were pre-
incubated with 1 mM or 10 mM of SA for 1 hour and then stimulated with LPS (1
png/mL) for additional 24 hours as described in “material and methods” section.
Cellular viability was assessed by analyzing MTT assay. Bars represent mean =+
SEM, n=6, quadruplicate. ***p<0.001 versus control group; (#) p<0.001 versus
LPS (one-way ANOVA followed by Bonferroni selected groups comparison post
hoc test). (B) Phase contrast micrographs show morphological changes of RAW
264.7 cells after 24 hours of treatments with SA (1 mM or 10 mM) in the presence

or absence of LPS (1pg/mL).

Fig. 2. Effects of SA on LPS-induced nitrite levels in RAW 264.7 cells. Nitrite
production by cells incubated for 24 h in the presence of LPS (1ug/mL) with or
without SA 1 and 10 mM was quantified in the incubation medium by the Griess
method. Bars represent mean £ SEM, n=6, quadruplicate. ***p<0.001 versus
control group; (#) p<0.001 versus LPS (one-way ANOVA followed by Bonferroni

selected groups comparison post hoc test).

Fig. 3. Effect of SA on the LPS-induced TNF-a and IL-1B immunocontent in RAW
264.7 cells. Cells were pre-incubated with 1 mM or 10 mM of SA for 1 hour and
then stimulated with LPS (1 pg/mL) for additional 24 hours as described in
“material and methods” section. Graphs show the relative quantification of TNF-a
(A) and IL-1B (B) in relation to B-actin levels. Representative images (western

blots) are shown. Bars represent mean + SEM, n=6, quadruplicate. ***p<0.001
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versus control group; (#) p<0.001 versus LPS (one-way ANOVA followed by

Bonferroni selected groups comparison post hoc test).

Fig. 4. Effect of SA on the LPS-induced phosphorylation of ERK 1/2 and p38 in RAW
264.7 cells. Cells were pre-incubated with 1 mM or 10 mM of SA for 1 hour and
then stimulated with LPS (1 pg/mL) for additional 24 hours as described in
“material and methods” section. Graphs show the relative quantification of p-ERK
1/2 (A) and p-P38 (B), in relation to its total content. Representative images
(western blots) are shown. Bars represent mean + SEM, n=6, quadruplicate.
**%p<0.001 versus control group; (#) p<0.001 versus LPS (one-way ANOVA

followed by Bonferroni selected groups comparison post hoc test).

Fig 5. Effects of SA on formalin-induced mice nociception. Vehicle (control), SA (50,
100, and 200 mgkg), indomethacin were administered i.p. 0.5 hour before
formalin injection. (A) Represents the first phase and (B) represents second phase
of formalin-induced nociception. Each column represents mean = S.E.M. (n=8).
*p<0.01 or **p<0.001 versus control (one-way ANOVA followed by Dunnet post

hoc test).

Fig 6. Effects of the acute administration of vehicle, SA (50, 100, or 200 mg/kg; i.p.),
and indomethacin on (A) carrageenan, (B) TNF-a, (C) dopamine, and (D), PGE,-
induced mechanical hyperalgesia. Each point represents the mean = SEM of the
paw withdrawal threshold (in grams) to tactile stimulation of the ipsilateral hind
paw. *p<0.05 **p<0.01 versus control group (one-way ANOVA followed by

Dunnet post-hoc test).
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Fig. 7. Time (s) on the Rota-rod observed in mice after i.p. treatment with vehicle
(control), SA (50, 100, and 200 mg/kg) or diazepam (DZP, 1.5 mg/kg). The motor
response was recorded for the following 180 s. after drug treatment. Statistical
differences versus control group were calculated using one-way ANOVA,

followed by Dunnet post-hoc test (n=8). *p<0.001.
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Figure 6
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Click here to download high resolution image

200-

30.00

ROTA-ROD TEST

60.00
Observation

120.00

[ Vehicle

[ sA (50 mg/kg)
Il sA (100 mg/kg)
Il sA (200 mg/kg)
E=lozP (1.5 mgikg)

82




PARTE III
DISCUSSAO E CONCLUSOES

83



3. DISCUSSAO

Nos ultimos anos, diversos pesquisadores tém investigado o potencial terapéutico
dos compostos naturais que apresentam uma ampla variedade de atividades biologicas.
Estas atividades estdo relacionadas com a a¢do de prevenir ou reduzir o impacto do stress
oxidativo em doengas inflamatorias diretamente relacionadas a dor (Sanchez et al., 2015).

O ACH apresenta evidente relevancia farmacéutica por atuar como precursor na
sintese de compostos com significativos efeitos antioxidantes, analgésicos e anti-
inflamatorios (Wang et al., 2011; Estévez and Estévez, 2012; Xing et al., 2012). Sendo
assim, o presente estudo caracterizou as propriedades redox-ativas do ACH frente a
diferentes EROs e ERNs. Além disso, para avaliar o possivel potencial neuroprotetor desse
composto, utilizamos a linhagem SH-SY5Y, como um modelo in vitro de lesdo neuronal
provocada pelo H,O,. Todavia, também ¢ considerado de grande interesse o conhecimento
das propriedades fisico-quimicas do ACH através das técnicas de calorimetria exploratoria
diferencial (DSC) e termogravimetria/termogravimetria derivada (TG/DTG). De acordo
com Ionashiro (2004), estas técnicas de analises térmicas fornecem informacdes da
variagdo de massa, estabilidade térmica, ponto de fusdo e pureza das amostras, entre
outras, sendo frequentemente empregadas na avaliagdo do estado fisico e quimico de
farmacos livres (Aradjo et al., 2003).

O presente estudo descreve pela primeira vez a caracterizagdo térmica do ACH.
Este processo permitiu a avaliacdo das propriedades fisicas do ACH enquanto o mesmo foi
submetido a uma programacao controlada de temperatura. Através da analise da curva de
DSC do ACH podemos verificar um pico endotérmico intenso com intervalo de 179 a 187
°C e com as seguintes caracteristicas: Melting onset (7m= 185 °C; Energia de entalpia —
(AH) = 2251 g'l). Apo6s a fusdo, a decomposi¢cdo do composto foi demonstrada em dois

eventos endotérmicas (216 e 324 °C) ¢ um exotérmica (448 °C). Estes resultados além de
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fornecerem evidéncias a cerca da energia necessaria para elevar o estado de agitacdo
molecular do ACH, onde o composto no estado so6lido passa para o estado liquido também
demonstra as fases do processo de decomposi¢ao (Menezes et al., 2015). Além disso, a
DSC mede as variagdes de energia térmica a fim de manter em equilibrio as temperaturas
da amostra durante o evento térmico (Yoshida et al.,, 2010). Esses resultados foram
confirmados pela técnica de TG/DTG, onde a decomposicdo do composto foi medida em
cada evento térmico e os resultados foram representados em forma de curvas (Moreira et
al., 2016). E importante ressaltar que em cada evento térmico ocorreram as percentagens
de perda de massa (Am). Desta maneira a DTG transforma os eventos de perda de massa
em picos para facilitar a visualizagdo destes eventos. Sendo assim, nos intervalos de
temperatura entre: 214 - 296 °C (Am = 24.5%), 296 - 440 °C (Am = 56.0%) em torno de
440 °C (Am = 17.8%), essa diminui¢do de percentagem de perda de massa possivelmente
pode estar relacionado ao do processo de carbonizagdo do composto. Outro dado
importante obtido através da aplicagdo da andlise da curva TG foi a cinética de
decomposi¢cdo do ACH. Apds a determinacdo da faixa de temperatura de decomposi¢do do
ACH, foram tragadas cinco curvas TG que foram submetidas ao método de Ozawa, com a
finalidade de se obter os parametros cinéticos da rea¢do. Com esse método, calculamos a
energia de ativacdo no inicio da decomposicdo entre as temperaturas (214 - 248°)
(OZAWA, 2000). Para complementar os resultados também aplicamos o método nao
isotérmico, onde a energia de ativagdo foi medida a partir do primeiro estagio de
decomposigdo térmica e resultou em um valor de 125.8KJ mol™. A partir da analise desses
resultados, podemos mensurar a energia necessaria que o ACH apresenta para iniciar uma
reacdo (Georgieva et al., 2012). A andlise dos dados apresentou uma boa correlagdo nas
cinco taxas de aquecimento. Esses resultados sdo de suma importancia para a realizacdo

dos estudos farmacologicos relacionados a caracterizagdo de novos farmacos, pois ajuda na
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determinagdo do grau de pureza, andlise da estabilidade e principalmente na avaliacdo da
decomposic¢do térmica dos farmacos.

O estudo do envolvimento do estresse oxidativo e nitrosativo na patologia das
doengas neurodegenerativas e inflamatdrias ainda ¢ um dos assuntos mais abordados pela
comunidade cientifica (Sultana et al., 2013; Sanchez et al., 2015). Para compreender essa
relagdo ¢ preciso entender que as EROs e ERNs apresenta um duplo comportamento
atuando na regulacdo do sistema imune e como moléculas sinalizadoras no processo de
diferenciagdo celular (Hultqvist et al., 2009). Contudo um desequilibrio entre a produgdo
de ERs e a atuagdo das defesas antioxidantes (enzimaticas e ndo enzimaticas),
possivelmente esta relacionado a incapacidade dos antioxidantes endégenos em controlar o
dano oxidativo/nitrosativo nos alvos bioldgicos (Cuzzocrea et al., 2001; Lopez-Alarcon
and Denicola, 2013). Adicionalmente, o envolvimento do estresse oxidativo com as
doencas neurodegenerativas se deve em parte ao fato do SNC ser um dos 6rgdos mais
sensiveis ao estresse oxidativo principalmente devido, aos altos niveis de lipidios
peroxidaveis e as defesas antioxidantes endogenas relativamente baixas (Halliwell, 2006a;
Sultana et al., 2013). Dentro desse contexto, a ingestdo de uma dieta rica em antioxidantes
possivelmente, pode diminuir o risco de desenvolver patologias como algumas doencas
neuroldgicas (Pandey and Rizvi, 2009; Lopez-Alarcon and Denicola, 2013; Vepsildinen et
al., 2013). Sendo assim, a caracterizagdo redox de compostos bioativos que estdo presentes
em alimentos funcionais e sdo utilizados frequentemente pela populacdo no tratamento de
diversas patologias, se faz necessaria.

Adicionalmente, além de analisarmos a caracterizacdo fisico-quimica do ACH,
também avaliamos o perfil redox in vitro do composto frente a diferentes EROs/ERNs. A
analise do perfil redox ¢ geralmente utilizada para verificar se o0 composto vai atuar como

uma molécula antioxidante ou pro-oxidante frente a diferentes reacdes. Isso sugere que
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potentes antioxidantes em uma determinada reagdo podem sofrer auto-oxidagdo e gerar
substancias reativas e assim, também atuar como pro-oxidantes, dependendo da
composi¢ao do sistema (Gelain et al., 2006; Halliwell, 2008). No presente estudo, nos
observamos que o ACH na concentragdo de 10 mM apresentou uma alta capacidade e
reatividade antioxidante total, atuando principalmente na captura dos radicais peroxila
(ROO¢*) gerados a partir da decomposi¢io térmica de 2,2 -azobis-(2-amidinopropano)
(ABAP). Além de atuar como um excelente antioxidante o ACH também diminuiu os
niveis de peroxidac¢do lipidica. Dessa maneira, € possivel que a diminuicao das substancias
reativas ao acido tiobarbittirico (TBARSs) estejam relacionadas a capacidade do ACH em
remover o OHe, gerado através da reacdo de Fenton e responsavel pela iniciagdo da LPO
(Halliwell, 2006b). Adicionalmente, o ACH nessa mesma concentracao reduziu a producao
de nitrito, evidenciando um possivel papel no controle de processos inflamatorios. Esses
resultados sugerem que o ACH pode estar atuando na remo¢ao do NO impedindo assim a
interagdo dessa ER com o O, e evitando a forma¢do do ONOO", uma molécula oxidante
que pode agir sobre residuos de tirosina, induzir a LPO e causar danos no DNA (Bolafos
et al., 2009; Yuste et al., 2015). Além disso, o ACH possivelmente pode modular
processos inflamatdrios através da redugcdo do NO. Essa hipdtese ¢ sustentada pela redugao
dos niveis de NO e melhora no quadro de pacientes com doengas inflamatdrias (Barrachina
et al., 2001; Sharma et al., 2007). Por outro lado, o AIC, um derivado do ACH, foi capaz
de atenuar a elevagdo dos niveis de peroxidagdo lipidica, de OH® e O,*- em cérebro de
ratos com lesdo isquémica (Ma et al, 2004). O efeito antioxidante do ACH contra
diferentes ERs em modelo in vitro, possivelmente pode ser explicado pela estrutura
quimica desse hidrocarboneto aromdatico. Compostos naturais com evidente agdo
antioxidante possuem anéis aromaticos com substituintes hidroxilicos, que atuam

principalmente como doadores de hidrogénio ou elétrons, desempenhando um importante
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papel na captagdo e neutralizacdo de radicais livres (Rice-Evans et al., 1996; Rosch et al.,
2003).

Embora esteja bem estabelecida a importancia da caracterizagdo redox in vitro de
compostos naturais, a sua acdo a nivel celular também deve ser analisada. Um bom
antioxidante ndo ¢ apenas um composto redutor e neutralizador de ERs, mas sim uma
molécula capaz de exercer sua acdo antioxidante através da modulagcdo da capacidade
antioxidante ndo enzimatica, dos niveis de lipidios peroxiddveis e da expressdo das
atividades enziméticas em um ambiente celular frente a um indutor de dano oxidativo. E
valido salientar que a participacdo de diferentes componentes da célula representam um
importante papel no desenvolvimento da resposta antioxidante (Jones, 2006; Lopez-
Alarcon and Denicola, 2013).

No presente estudo, nds avaliamos o efeito do ACH na viabilidade celular, no
controle dos niveis intracelular de EROs, assim como na modula¢ao dos parametros de
estresse oxidativo em células SH-SYSY expostas ao H,O0,. E valido salientar que a
concentracdo do H,O, que inibe 50% do efeito (viabilidade celular, ICsg) foi calculada por
analise de regressao nao-linear. Adicionalmente, em todos os tratamentos as células foram
incubadas com meio de cultura contendo apenas 1% de soro fetal bovino (SFB) a fim de
evitar resultados falso-positivos, uma vez que o SFB reduz a sensibilidade dos métodos
(Von Asmuth et al., 1991; Thomas et al., 2015).

No presente estudo, nds observamos que diferentes concentragdes (10 nM, 10 pm e
10 mM) de ACH nao diminuiu a viabilidade celular, ou seja, ndo foram citotoxicas. Além
disso, as células expostas ao H,O, (350 um) durante 1 e 24 horas apresentaram uma
diminui¢do significativa da viabilidade celular. Nas células que foram pré-tratadas com
ACH e que receberam o insulto pré-oxidante, ndo ocorreu diminui¢do significante da

viabilidade. Esse efeito citotdxico foi, em parte, inibido pelo ACH somente nas células que

88



receberam o insulto durante 1 hora. Possivelmente esse efeito protetor pode estar
relacionado a capacidade do ACH em atenuar o aumento dos niveis intracelular de EROs
induzidos pelo H»O,. Essa hipotese foi confirmada através da avaliacdo do efeito de
diferentes concentracdes do ACH na auséncia e na presenca do H,O; durante o ensaio de
oxidacdo da diclofluorosceina (DCFH-DA). Todas as concentragdes de ACH controlaram
os niveis de ERs, em um ambiente celular altamente oxidante, apresentando assim um
efeito antioxidante frente a um insulto oxidativo causado pelo H,O,. O H,O; ¢ utilizado
como fonte exdgena de EROs, por apresentar uma vida longa estavel, ser altamente
soluvel, difusivel e capaz de atravessar a membrana celular e alterar morfologicamente as
células neuronais com subsequente morte celular por apoptose (Whittemore et al., 1995;
Zhu et al., 2005). (Zhu et al., 2005). Além desses efeitos, estudos indicam que o H,O, atua
diretamente na oxidag¢do de lipidios, proteinas e DNA, assim como na alteracdo das defesas
antioxidantes enzimaticas (Halliwell, 1999; Zhu et al., 2005; Bavari et al., 2016).

De acordo com as diversas atividades bioldgicas do ACH e seu efeito antioxidante
frente a diferentes ERs, a andlise da a¢do desse composto sobre parametros oxidativos em
células SH-SYSY expostas ao H,O, se faz necessaria. No presente estudo, houve um
aumento do potencial antioxidante ndo enzimatico nas células SH-SYSY pré-tratadas com
ACH e expostas ao H,O,. Tal resultado indica que esse aumento do potencial antioxidante
no ambiente celular provavelmente resulte da alta capacidade do ACH em quelar o ROOe.
Provavelmente a acdo antioxidante do ACH possa decorrer da inibigdo ou retardo na
formacdo de ERs impedindo assim os danos oxidativos induzidos pelo HO,.
Adicionalmente, 0 ACH também controlou o aumento da TBARs. Provavelmente esse
efeito protetor contra a LPO se deve ao fato do ACH prevenir ou inibir a oxidagao lipidica
induzida pelas ERs. A reducdo do estresse oxidativo correlacionado ao aumento do

potencial antioxidante redutor total e a diminui¢do da LPO observado nas células pré-
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tratadas com ACH e desafiadas com H,0,, confirmam a hipotese de que o ACH protege as
células SH-SYSY através da inibigdo da morte celular induzida pelo H,O, e manutencdo
do ambiente redox celular. Estes resultados estdo de acordo com alguns estudos in vitro e
in vivo que comprovaram o efeito antioxidante do ACH e AIC (Manna et al., 2014).

O aumento da disponibilidade do H,O, pode alterar seriamente os processos de
sinalizagdo celular ¢ diminuir as defesas antioxidantes enzimaticas (Matés, 2000; Veal et
al., 2007). A modulagdo dos niveis das enzimas antioxidantes, tais como SOD, catalase
(CAT) e glutationa peroxidase (GPx), estdo diretamente relacionadas a alteracdo da
resposta celular frente ao estresse oxidativo (Michiels ef al., 1994). Assim, pode-se sugerir
que a diminui¢do na atividade da SOD exercida pelo ACH pode estar relacionado a
capacidade desse composto em controlar os niveis de ERs uma vez que, a diminui¢do nos
niveis de O,°- pode diminuir a atividade dessa enzima (Halliwell e Gutteridge,
2006(Halliwell, 1999)). Além disso, o ACH nio alterou a atividade in vitro da CAT, mas
preveniu o aumento dessa enzima induzido pelo H,O,. Entretanto, a diminuicdo da
atividade da CAT, pode estar relacionada aos elevados niveis do substrato (H,O,) que pode
alterar a atividade dessa enzima (Halliwell e Gutteridge, 2006). Sendo assim, a atividade
antioxidante do ACH provavelmente ndo estar relacionada a modulagdo das enzimas
antioxidantes.

Nos ultimos anos, uma grande variedade de estudos tem investigado o efeito de
compostos naturais com relevantes atividades bioldgicas, associadas a prevengao e redugdo
do stress oxidativo em doencas inflamatérias diretamente relacionadas a dor (Quintans et
al., 2014; Silva et al., 2015; Araujo-Filho et al., 2016). Esse espectro de modulagdo
antioxidante e anti-inflamatoria gerou a hipotese de que o ACH poderia modular a
expressdo aumentada de citocinas (TNF-a e IL-B), do NO e das MAPKs (ERK1/2 e P38)

em um modelo cléssico de inflamagao induzido pelo LPS. Adicionalmente, o ACH poderia

90



também inibir a hiperalgesia mediada pela CG, TNF-a, PEG; e DA em modelo animal.

Para confirmar essa hipOtese nds analisamos o comportamento do ACH em
macrofagos RAW 264.7 ativados pelo LPS. Essa linhagem ¢ altamente responsiva e
imunoativa 4 essa molécula. Este indutor de inflamacdo atua principalmente nas vias de
sinalizagcdo envolvidas na resposta imunoldgica, induzindo o aumento da expressdo de
citocinas (TNF-q, IL-1B, IL-6), NO e a ativacdo das MAPKs (Mogensen, 2009; Joo et al.,
2014). Sendo assim, substancias capazes de modular a resposta imunologica através do
controle da expressdao aumentada de mediadores pro-inflamatdrios, podem atuar como um
excelente composto anti-inflamatoério usado no tratamento de diversas doencgas
inflamatorias (Hsing et al., 2011; Guimaraes et al., 2012).

De acordo com os nossos resultados, o ACH reduziu significativamente a produ¢ao
de NO, a expressdao do TNF-a e IL-B e das MAPKs (ERK 1/2 e P38) estimuladas pelo LPS
na concentragdo de 1 ug/mL. A concentragdo do LPS foi escolhida baseada nos estudos de
Gasparotto et al., (2013). Esses resultados associados ao efeito antioxidante dessa
molécula em um ambiente altamente oxidativo, sugere que o ACH possa estar controlando
o processo inflamatério através da modulacdo de ERs. Em concordancia com essa
hipotese, em estudos realizados por Manna et al., (2014), o ACH reduziu os danos
oxidativos produzidos pelo H,0O,, através da modulacdo das ERs e do NF-kB.
Adicionalmente, em um modelo inflamatorio de colite, os efeitos antioxidantes ¢ anti-
inflamatorios apresentados por um derivado do ACH foram decorrentes da redugdo dos
niveis plasmaticos de NO e PGE,, assim como a diminui¢do da expressdo da iNOS e
COX-2. Esses resultados foram associados a capacidade do AIC modular da expressdo do
NF-kB (Xing et al., 2013).

Atualmente, a compreensdo do papel do sistema imunologico na modulagdo e

processamento da dor pode ajudar na identificacdo de novos alvos terapéuticos usados no
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controle da dor (Grace et al., 2014). A relagao entre dor ¢ sistema imune cresceu bastante
desde as observacdes clinicas realizadas na década de 70 onde pacientes com dor cronica
apresentaram, além da hiperalgesia, que ¢ uma resposta sistémica classica em condigdes de
dor cronica, outros sintomas, como: letargia, depressdo e ansiedade. A concomitancia do
comportamento da doenga com a dor cronica ¢é, portanto, sugestivo de uma atividade
imunoldgica subjacente (Grace et al., 2014). Adicionalmente, a dor inflamatoria esta
relacionada a sensibilizacdo de nociceptores que compdem a via nociceptiva, levando
assim a sensacdo dolorosa em resposta a estimulos nocivos (hiperalgesia) e aos ndo
nocivos (alodinia) (Cunha et al., 2005). Em concordancia com esses dados, podemos
sugerir que compostos com atividade anti-inflamatéria associada principalmente ao
controle dos mediadores de inflamacdo poderiam também atuar na modulacdo da dor.
Sendo assim, para determinar se o ACH possui atividade antinociceptiva in vivo, nos
analisamos a acdo desse composto na nocicep¢ao induzida pela formalina, na hiperalgesia
mecanica mediada por CG, TNF-a, PGE, e DA e por fim, avaliamos o seu efeito sobre o
desempenho motor.

No presente trabalho observou-se que o ACH no teste da formalina inibiu a
nocicepcao na segunda fase, atuando assim de uma maneira periférica no controle da dor
leve e moderada. O teste da formalina ¢ um modelo animal de dor inflamatoria que gera
respostas comportamentais bifasica e a nocicepg¢ao persistente (Fu et al., 2000). A primeira
fase (dor de origem neurogénica), caracteriza-se pelo estimulo direto da formalina no
nociceptor. A segunda fase (dor inflamatoria) resulta da sensibiliza¢do central dos circuitos
da medula espinhal associados as reagdes inflamatoérias no tecido periférico (Hunskaar and
Hole, 1987; Mccall et al., 1996). Baseados nesses dados podemos sugerir que o efeito
antinociceptivo apresentado pelo ACH nesse modelo de dor inflamatoria pode estar

relacionado a uma possivel atividade anti-inflamatdria apresentada por esse composto.
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Na andlise da hiperalgesia mecanica induzida por CG, o TNF-a, PGE, e DA em
camundongos machos Swiss, o pré-tratamento agudo com ACH aumentou a sensibilidade
do limiar nociceptivo mediado por esses estimulos mecéanicos. E valido salientar que na
hiperalgesia induzida por carragenina ocorre o aumenta da liberagdo de mediadores pro-
inflamatorios, como o TNF-a, € a quimiocina derivada de queratindcitos (KC). A KC atua
na hipernocicepg¢ao inflamatéria através da liberacdo de aminas simpatomiméticas, como a
DA. Adicionalmente, o efeito hipernociceptivo induzido pelo TNF-a ¢ responsavel pela
ativacao do receptor TNF-R1 com consequente liberagdo da IL-1p (Cunha et al., 2005).
Esta interleucina, além de promover a liberacdo de prostandides, também induz o aumento
da expressdo da COX-2 e da iNOS, responsaveis pela biossintese de PGE, e produgdo
aumentada de NO, respectivamente (Cunha et al., 1992; Molina-Holgado ef al., 2000).

O TNF-a e IL-1P além de atuarem diretamente na sensibilizacdo dos nociceptores
também sdo responsaveis pela ativacdo das MAPKs (Wajant et al., 2003; Ji et al., 2014).
As MAPKSs estdo diretamente envolvidas na modulacdo de respostas inflamatorias e na
plasticidade neural (Ji et al, 2009). As cinases reguladas por sinais extracelulares
(ERK1/2) sao responsaveis por ativar fatores de transcri¢do, induzir a liberagdo de
mediadores pré-inflamatorios e nociceptivos representando assim o seu papel no
desenvolvimento e manutencdo da dor (Cruz et al., 2005). A p38 regula a sensibilizacdo
periférica e espinal, através da expressdo de mediadores pro-inflamatorios intensificando
assim o processamento da dor (Kumar et al., 2003). E importante ressaltar que todos esses
mediadores estdo diretamente associados a exacerbacdo dos processos de dor (Ellis and
Bennett, 2013; Ji et al., 2014).

De acordo com todos esses dados podemos sugerir que a¢do antinociceptiva do
ACH possa decorrer da sua atividade antioxidante, assim como da capacidade desse

composto em controlar os niveis de NO, TNF-a e IL-1B e inibir a ativacio das MAPKs
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(ERK 1/2 e p38) mediada pelo LPS. Diversos estudas utilizam o LPS como um indutor de
inflamacfiao e hipernocicep¢ao, visto que essa endotoxina pode produzir alteragcdes nos
marcadores inflamatorios, sensibilidade a dor (tal como hiperalgesia) e induzir o aumento
da IL-6, TNF-a e IL-1B (Wegner et al., 2014). Todos esses mediadores inflamatorios
atuam diretamente na sensibilizacdo dos nociceptores (George et al., 2005; Xu et al., 2013;
Jietal, 2014). Em concordancia com esses resultados em estudos realizados por Bertelli
et al. (2008), o ACH modulou a expressao da IL-8 e IL-6, essas citocinas estdo envolvidas
na hiperalgesia induzida por agentes inflamatorios. Além disso, o ACH e o seu derivado
AIC atuaram como potentes inibidores de citocinas e de outros fatores pro-inflamatorios,
tais como TNF-a, NF-kB, prostaglandina E2 (PGE;) e malondialdeido (MDA), o que
contribui para o perfil analgésico e anti-inflamatorias apresentado por esse composto (Sun
etal., 2016).

Baseado na andlise dos nosso resultados o ACH atuou como uma molécula
antioxidante, anti-inflamatéria e antinociceptiva. Entretanto para validar a atividade
antinociceptiva do ACH, a avaliacdo do efeito desse composto sobre a coordenagdo
motora, se faz necessario. Desta forma, os nossos resultados mostraram que o ACH ndo
alterou o desempenho motor dos animais nas doses avaliadas. Estes resultados comprovam
que a atividade antinociceptiva do ACH ¢ decorrente do seu efeito analgésico e ndo de uma
possivel acdo depressora dos centros que coordenam a atividade motora a nivel do SNC
(Millan, 2002).

Embora as diversas atividades bioldgicas, como antioxidante, anti-inflamatdria e
antinociceptiva, tenham sido investigadas nesse estudo, a acdo do ACH como um
composto neuroprotetor ainda necessita ter a validade e mais esclarecida, o que podera ser
verificado em testes de neuroprote¢do utilizando modelos de neurotoxicidade induzida em

animais. Além disso, para validar a eficidcia farmacoldgica desse composto, sdo

94



necessarios estudos adicionais in vivo.
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4, CONCLUSOES

Os resultados obtidos na presente Tese permitem concluir que:

* ACH necessita de uma temperatura elevada para iniciar o processo de decomposicao;

* O ACH ¢ um composto antioxidante capaz de atenuar a morte celular induzida pelo
H,0, em células de neuroblastoma SH-SY5Y;

* O ACH apresentou atividade anti-inflamatoria, através da inibicdo da produgdo de NO e
citocinas pro-inflamatorias, tais como TNF-a e IL-1P e inibibi¢do da ativacdo das MAPKs
(ERK1/2 e p38 MAPK) em um modelo de inflamagdo induzido pelo LPS em células RAW
264.7,

* O ACH bloqueou a hiperalgesia mediada pela formalina, CG, TNF-a, PEG; ¢ DA em
camundongos;

* O ACH nao alterou a coordenagdo motora dos animais, comprovando assim o seu efeito

antinociceptivo.
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